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Comparative study of pollination biology of two closely related alpine
Primula species, namely Primula beesiana and P. bulleyana
(Primulaceae)
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Abstract The comparative pollination biology of a population of Primula beesiana, a population of P bulleyana,
and an overlapping population of these two species in Yulong Shan, Yunnan Province, China, was studied in 2004 and
2005. The results indicate that both P beesiana and P bulleyana are typical heterostylous and obligate outcrossing
species; the main pollinators of the two species were bees and butterflies. At the sites of all three populations, the
main pollinating visitors of the two species showed preference for one of the two species, resulting in the ethological
isolation of the two species by the pollinators. This ethological isolation contributes to the reproductive isolation
of the two species, which supports the hypothesis that P beesiana and P bulleyana are two distinct species. The
reproductive isolation of the two species (ethological isolation) is probably an important mechanism in maintaining
species boundaries in the genus and has contributed to the species diversification of Primula in the area. In addition,
gene exchanges between P, beesiana and P bulleyana has occurred to some extent in the overlapping population, but

whether natural hybridization has contributed to species diversification in Primula remains to be determined.
Key words pollination biology, Primula beesiana, Primula bulleyana, reproductive isolation.

Among flowering plants, biological diversity is a
direct consequence of speciation and the evolution of
reproductive isolation is central to the speciation pro-
cess (Kay, 2006). The crucial step in the separation of
two populations of a sexually reproducing species into
two new species (i.e. speciation) is the acquisition of
reproductive isolation between them. Such isolation en-
sures that the populations can evolve independently of
each other and so end up with radically different geno-
types and phenotypes (Charlesworth & Charlesworth,
2000). Understanding the types of barriers that con-
tribute to reproductive isolation will help elucidate the
conditions under which speciation is likely to occur and
the role of natural selection in speciation (Charlesworth
& Charlesworth, 2000; Kay, 2006). Previous studies
have shown that much of our knowledge of isolating
mechanisms comes from cases in which the taxa are
currently found in at least partial sympatry and that
most of the taxa are incipient or very closely related
species (Hodges & Arnold, 1994; Melendez-Ackerman
et al., 1997; Fulton & Hodges, 1999; Ramsey et al.,
2003; Kay, 2006; Martin & Willis, 2007; Tang et al.,
2007; Yang et al., 2007). Therefore, pollination biol-
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ogy on sympatric or partially sympatric closely related
species may provide the most relevant data on the nec-
essary conditions for the speciation of a clade.

Primula is one of the largest and most widespread
genera in Primulaceae. Approximately 430 species in
this genus are distributed throughout the moister and
cooler regions of the Northern Hemisphere (Richards,
2002). The region of the Himalayas and western China
has the greatest concentration of species and the great-
est diversity of Primula, with over half of all Primula
species found in, and most restricted to, this region.
The Sino-Himalayan region is therefore regarded as the
geographical origin and diversity distributional center
of the genus (Wedderburn & Richards, 1992; Richards,
1993, 2002; Arnold & Richards, 1998).

The reproductive biology of the genus Primula
(Primulaceae) first became known through the inves-
tigations of Darwin (1877) on distyly. Since then, to
study distyly and its relationship with Primula repro-
duction, the pollination biology and mating systems of
some species have been well studied, but most of these
species are in Europe, Japan, and North America (Orn-
duff, 1979, 1980; Schou, 1983; Campbell et al., 1986;
Miller et al., 1994; Washitani et al., 1994a, 1994b; Mat-
sumura & Washitani, 2000; Brys et al., 2004). The pol-
lination biology and ecology of alpine Primula species,
especially in the region of the Himalayas and western
China, are little known.
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Primula beesiana Forrest and P bulleyana For-
rest are two plants belonging to the section Proliferae
in Primula. Both plants are distributed in the Lijiang
range of Yunnan Province and the Muli area of Sichuan
Province, China (Chen & Hu, 1990; Hu & Kelso, 1996).
Although both plants are distributed in the same area,
there is little overlap of the distributions of the two plants
in the field; we have only found one overlapping popula-
tion. The two plants have the same ecological conditions
of growth, being found in marshy mountain meadows
and on the sides of ditches and streams at 2500-3300 m
above sea level (a.s.l.). Primula beesiana and P bul-
leyana are structurally very similar, with the only dis-
tinguishing characters of the two plants being flower
color and calyx segments. In P beesiana, the flowers
are rose-carmine and yellow-eyed with an orange tube,
and the sepal-lobes are sharp; however, in P bulleyana,
the flowers are red in bud and deep orange when mature,
and the sepal-lobes are awl-like. In the dried state, when
the color of the flowers may be destroyed, the two plants
can readily be confused. In addition, the two plants are
interfertile in the garden (Chen & Hu, 1990; Richards,
1993, 2002). Based on their distribution, morphologi-
cal similarity, and interfertility in cultivation, scholars
had different ideas about their classification. Some re-
garded the two plants as two distinct species (Smith &
Fletcher, 1941; Chen & Hu, 1990; Hu & Kelso, 1996),
but some treated P beesiana as a subspecies of P bul-
leyana (Richards, 1993, 2002). Therefore, a study of the
comparative pollination biology of the two plants may
be helpful in understanding the relationship between
the two plants and provide insights into the origins of
species diversity of Primula in this area.

In the present study, the pollination biology of a
population of P beesiana, a population of P bulleyan,
and an overlapping population of these two species was
investigated over a 2-year period. We conducted de-
tailed comparative observations of pollination biology
and tested the breeding system of the two species, fo-
cusing on the following four questions: (i) are these two
species obligate outcrossing species; (ii) what are the
main pollinators of these two species; (iii) do the main
pollinators prefer to visit one of the two species; and (iv)
what reproductive isolation mechanisms are responsible
for the two species?

1 Material and Methods

1.1 Study plant and study site

Both Primula beesiana and P, bulleyana are peren-
nial herbs. The scapes are 20-35 cm long, elongated to
70 cm in fruit; umbels 2—8, superimposed, each whorl
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8—16 flowered. Flower buds bloom from the basal umbel
to the distal umbel sequentially. Flowers are heterosty-
lous, the populations consisting of two types of plants
that differ in their floral morphology. One type, called
the long-styled or pin morph, bears flowers with a long
style and short stamens; the other, called the short-styled
or thrum morph, bears flowers with short styles and long
stamens.

Field studies were conducted in the Yulong Shan
range, in Lijiang, Yunnan Province, southwest China,
during the flowering seasons of 2004 and 2005. The
location of the P beesiana population was near Weihai
village (27°00'15.0" N, 100°10'70.7"" E; 3020-3050 m
a.s.l.). In order to avoid the destruction of plants by
grazing, field experiments were performed in a south-
facing disused agricultural garden surrounded by a short
wooden fence. At this site, P beesiana was the dominant
species, with thousands of individuals. The P bulleyana
population was located in a meadow by the Heishui
river (27°01'35.6” N, 100°10'34.7” E; 3100 m a.s.l.),
with individuals growing alongside a stream. At this
site, P bulleyana was also the dominant plant, growing
in association with red-flowered Primula poissonii and
other species. The overlapping population was located at
a distance of approximately 1 km from the P bulleyana
population (27°01'53.1” N, 100°10'21.7” E; 2950 m
a.s.l). At this site, individual plants of P beesiana and
P, bulleyana grew in groups of each species. During the
rainy season, from May to September, the climate of
the Yulong Shan at altitudes of 2950-3100 m a.s.l. is
foggy, cool, and wet, with most days cloudy. Daily mean
air temperatures and humidity for the flowering season,
recorded at the meteorological station at Yunsanping in
Yulong Shan at a similar altitude, were approximately
12°C and 90%, respectively.

1.2 Observations of floral phenology

In the flowering seasons of 2004 and 2005, 10 inflo-
rescences of each morph in these three populations were
inspected each day. At each inspection, newly opened
and newly faded flowers were marked, and floral mor-
phological changes, flowering period, flower lifespan,
anther dehiscence, and stigmatic status recorded. To de-
termine the floral morphological traits in the two plants,
the stigma and anther heights (maximum height from
the base of the ovary), corolla diameter, corolla tube
diameter at the mouth, relative anther—stigma distance,
and corolla tube length were measured to +0.1 mm us-
ing a Vernier calipers for 100 randomly selected flowers
from 100 individuals of each morph in the P beesiana
and P. bulleyana populations in 2004.

In the P, beesiana and P, bulleyana populations, the
spatial structure and the frequency of pins and thrums
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in the population were determined by counting all flow-
ering plants in 20 random 1-m? plots during the flower-
ing season of 2004. To determine whether the morphs
were randomly distributed, clumped, or segregated, the
nearest-neighbor analysis of Pielou (1961) was used:
flowering plants were taken at random in these two pop-
ulations, their morphs and the morph of the nearest
neighbor were determined, and the data analyzed by a
2 x 2 contingency table.

1.3 Pollen:ovule ratio

The pollen:ovule ratios (P/O) of the two plants were
estimated according to the methods of Cruden (1976)
and Dafni (1992). A total of 21 flowers from 21 different
individuals of each morph in either species were chosen
at random, the number of pollen grains and ovules in
each flower determined, and the mean+SD calculated.

1.4 Observations and collection of flower visitors

Flower visitors to the two plants and their ad-
jacent plants at each site were observed in the field
over the peak of flowering, in an area of approximately
25 x 25 m. Observations were performed from 07:30 h
in the morning to 18:00 h in the evening under different
weather conditions. Observation periods were divided
into 15-30-min intervals. Many previous studies have
stated that night-flying insects are important in the pol-
lination system of Primula (Darwin, 1877; Lubbock,
1905; Woodell, 1960). To monitor whether night-flying
insects visited the plants of the two species, we con-
ducted observations from 20:00 to 00:00 h on 16, 19,
and 20 June 2004 at the P beesiana population and
on 18, 19, and 21 June 2005 at the P bulleyana popula-
tion under different weather conditions. The behavior of
flower visitors was observed and documented by pho-
tography. The visitation frequency of different visitors
to flowers per inflorescence per hour was observed and
recorded. The captured insect visitors were brought to
the laboratory for identification and to examine them
for the presence of pollen under an optical microscope.
Voucher specimens of the insect visitors have been de-
posited in the Kunming Institute of Botany, Chinese
Academy of Sciences.

1.5 Breeding system experiments

To investigate the breeding system and the effec-
tiveness of insect visitors in pollen transfer, within each
morph eight experimental treatments of 10 plants, each
atrandom, and an open-pollinated treatment of 15 plants
in the P beesiana and P bulleyana populations were es-
tablished in mid-June 2004 and 2005. The treatments
were as follows: (i) Treatment 1, emasculated and un-
bagged; (ii) Treatment 2, emasculated and bagged; (iii)
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Treatment 3, emasculated and netted; (iv) Treatment
4, hand pollinated and bagged (autogamy); (v) Treat-
ment 5, hand pollinated and bagged (geitonogamy);
(vi) Treatment 6, non-manipulated and bagged; (vii)
Treatment 7, intramorphs crossed and bagged; (viii)
Treatment 8, inter-morphs crossed and bagged; and (ix)
Treatment 9, open pollination. All manipulations were
conducted prior to anther dehiscence, with the excep-
tion of the selfing treatment (Treatment 4; these plants
were self-pollinated at the time of anther dehiscence
and then emasculated). The early opened flowers (an-
ther dehisced flowers) were removed from the plants,
except for the open-pollinated treatment. For Treatment
6 (non-manipulated and bagged), flowers were bagged
from bud to calyx closure stages and the bags were then
removed. Bags were used to prevent pollination by in-
sects and air-disseminated pollen, whereas nets served
only to prevent insects from visiting the flowers.

1.6 Statistical analysis

Differences in mean values of morphological pa-
rameters, pollen grain number, ovule number, and
pollen:ovule ratios between the two species were tested
by one-way ANOVA for both morphs of either species.
All tests were performed using spss version 13.0 (SPSS,
Chicago, IL, USA).

2 Results

2.1 Floral phenology of Primula beesiana and P.
bulleyana

Primula beesiana and P bulleyana both flowered
from late May until mid-July; in the Yulong Shan range,
peak flowering occurred between mid-June and early
July. The flowers of pin morph and thrum morph opened
at almost the same time in the same population of the
two species. The lifespan of a single flower in both
morphs of the two species (from the petals opening to
stamens and petals being lost) was 6-9 days. At the peak
of flowering, there were usually two whorls of umbels
in the flower (10-30 flowers) in both species. Anther
dehiscence usually occurred 1-24 h after the opening
of the petals. It was also observed that the anthers of
some flowers dehisced before the opening of the corolla
in both morphs of the two species. The stigma surface
usually started to become wet at the same time as the
corolla started to open and the stigma remained wet
throughout anther dehiscence in both species.

2.2 Floral traits of P. beesiana and P. bulleyana
Parameters describing the floral morphology of the
two species are presented in Table 1. In each species,
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Table 1 Floral morphological traits of Primula beesiana and P. bulleyana

Corolla Corolla Stigma Anther Stigma-—anther Corolla tube
Species Morph diameter tube length heights height distance diameter at
(mm) (mm) (mm) (mm) (mm) the mouth (mm)
P beesiana Pin 21.7+2.0 123+ 1.0 11.9+1.0 72409 47+04 1.5+04
Thrum 219+2.0 12.6 £1.0 74+09 120+ 1.0 4.6+0.3 1.9+04
P, bulleyana Pin 221+£13 124 £0.9 11.3+£0.7 7.0 £ 0.6 43+04 1.4+£03
Thrum 22.54+09 131+ 1.1 7.6 £0.6 11.5+09 39+0.7 1.9+04

Values are means =+ s.d. (unit: mm)

the corolla diameter and corolla tube length of pins and
thrums did not differ significantly, but the corolla tube
diameter at the mouth of thrums was significantly larger
than that of pins (P beesiana F = 62.5, P < 0.001;
P bulleyana F = 116.1, P < 0.001). This is because
the anthers of thrums are borne near the mouth of the
corolla tube, whereas the anthers of pins are borne near
the middle of the corolla tube. The stigma and anther
height differed significantly in the two morphs (stigma
height: P beesiana F = 1251.0, P < 0.001; P, bulleyana
F =1658.2, P < 0.001; and anther height: P beesiana
F = 13544, P < 0.001; P bulleyana F = 1509.7,
P < 0.001). In both species, the relative stigma—anther
distance showed that the stigma position roughly coin-
cided with the anther position of the opposite morph.
The flower color of pins and thrums was the same within
each species, but the rose-carmine color of P beesiana
flowers was significantly different from the deep orange
color of the flowers of P bulleyana.

In 20 random 1-m? plots of the P beesiana popu-
lation, of 262 flowering individuals, 136 plants were
pins and 126 plants were thrums. The ratio of the
two morphs was approximately 1:1 in the population.
Nearest-neighbour analysis also gave the same result.
Of 110 randomly selected plants, 47.3% were pins and
52.7% were thrums. Of these, 23 pin plants had a
same morph individual as their nearest neighbor and
30 thrums had another thrum individual as their nearest
neighbor (x2 = 0.054 < x20.05.1 = 3.84; P 0.05, coeffi-
cient of segregation S = —0.05). In the P, bulleyana pop-
ulation, of 235 flowering individuals, 114 plants were
pins and 121 plants were thrums. The ratio of the two
morphs was also approximately 1:1 in the population.
Nearest-neighbour analysis also yielded the same result.
Of 100 randomly selected plants, 46.0% were pins and

54.0% were thrums. Of these, 22 pin individuals had
a plant of the same morph as their nearest neighbor,
and 28 thrums had another thrum individual as nearest
neighbor (x? = 0.028 < x20.05.1 =3.84; P>0.05,5 = —
0.003). From these data it can be concluded that the two
morphs are randomly distributed in both populations.

2.3 The P/O ratio of P. beesiana and P. bulleyana

The numbers of pollen grains, ovule numbers per
flower and the P/O ratios of the two species are given in
Table 2. In both species, the number of pollen grains
in pin flowers was significantly greater than that in
thrum flowers (P beesiana F = 134.101, P < 0.001;
P bulleyana F = 77.283, P < 0.001), but the num-
ber of ovules per flower did not differ between the two
morphs (P beesiana F = 0.015, P = 0.903; P bul-
leyana F = 0.064, P = 0.802). The P/O ratio in pin
flowers was significantly higher than that in thrum flow-
ers (P beesiana F = 86.777, P < 0.001; P bulleyana
F =52.726, P < 0.001).

2.4 Insect visitors and their behavior

2.4.1 Primula beesiana population site Based on
our observations and the collection of foraging insects
at the site during the two flowering seasons (2004 &
2005), a total of 10 species of insects (belonging to
eight families and three orders) were found to be active
(Table 3). These included five butterfly species, three
bumblebee species, and two beetle species. Hypolimnas
misippus, Bombus richardsi, and Bombus lucorum were
the most common visitors in the community. Hypolim-
nas misippus and B. lucorum were the main visitors to
P, beesiana, visiting at a high frequency on clear days
(Fig. 1a). Examination of pollen loads showed that many

Table 2 Ovule and pollen numbers of Primula beesiana and P. bulleyana

Species Morph No. No. pollen grains/ No. ovules/ P/O
flowers flower (P) flower (O) ratio
P, beesiana Pin 21 796 000 £ 109 000 139+ 19 5820 £ 1100
Thrum 21 434 000 £ 93 000 140 £23 3150 £ 720
P, bulleyana Pin 21 682 000 £ 106 000 137+ 10 5030 £ 980
Thrum 21 438 000 £ 70 000 138 £ 12 3010 £ 600

Data are the mean +s.d.
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Table 3 Flower visitors and their rewards

Population Insect* n Foraging object
Primula beesiana Pachliopta 1 Pollen, nectar
population aristochiae
Colias fieldii 2 ?
chinensis
Fabriciana 4 ?
adippe.
Hypolimnas 29 Pollen, nectar
misippus
Udara dilecta 2 ?
Bombus richardsi 32 Pollen
Bombus lucorum 38 Pollen, nectar
Bombus sp. 2 Pollen, nectar
Cicindela sp. 3 Nectar or pollen
Rhizotrogus 2 Nectar or pollen
fraxinioola
P, bulleyana Aporia bieti 27 Pollen, nectar
population Amegilla 18 Pollen, nectar
calceifera
Micrapis florae 23 Pollen, nectar
Argyreus 12 Pollen, nectar
hyperbius
Byasa polyeuctes 1 Pollen, nectar
polyeuctes
Adiscus 2 ?
nigripennis
Overlapping Hypolimnas 20 Pollen, nectar
population misippus
Bombus lucorum 17 Pollen, nectar
Aporia bieti 18 Pollen, nectar
Argyreus 15 Pollen, nectar
hyperbius

Fabriciana adippe 8 Pollen, nectar

*Insects were identified by Professor Li-Zhen WANG of Yunnan Univer-
sity (Kunming, China).

pollen grains of P beesiana were attached to the pro-
boscis of H. misippus and B. lucorum. These insects
only visited P beesiana and we did not observe their
visitation to other plant species at the site. They were
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likely to be the most effective pollinators and preferred
P, beesiana to other plant species in this habitat. Bom-
bus richardsi was active in the community but, for the
entire time of observation, we never saw one visiting
P beesiana. Bombus richardsi just visited the yellow-
flowered plants: Lotus corniculatus var. japonicus, Ra-
nunculus sceleratus, Potentilla crenulata and Fragaria
nilgerrensis. The other seven species of insects, namely
four butterfly species (Pachliopta aristochiae, Colias
fieldii chinensis, Fabriciana adippe, and Udara dilecta),
two beetle species (Cicindela sp. and Rhizotrogus frax-
inioola), and one Bombus sp., were few in number and
only one or a small number of them visited P beesiana
during the observation period across 2004 and 2005
(Table 3). Nocturnal insect pollination activity for P
beesiana was not observed from 20:00 to 00:00 hours
on 16, 19, and 20 June 2004 under different weather
conditions.

2.4.2 Primula bulleyana population site Six species
of insects (belonging to six families and three orders)
were found to be active at the site, namely three but-
terfly species, two bee species and one beetle species
(Table 3). Aporia bieti, Amegilla calceifera, Micrapis
florae, and Argyreus hyperbius were the most common
visitors and, because all individuals surveyed carried P
bulleyana pollen, they were the main pollinators for P
bulleyana. On clear days they visited P bulleyana at a
high frequency (Fig. 1b) and showed a pollination pref-
erence for P bulleyana. In the observations made across
the 2 years, these insects were found to visit P bulleyana
only and they were not observed visiting plant species
with flowers of other colors. Two other insects, namely
Byasa polyeuctes polyeuctes and Adiscus nigripennis,
were also found to visit P bulleyana, but only one or
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Fig. 1. Visitation frequency of insects at the peak of flowering. a, Primula beesiana population. (¢), Hypolimnas misippus; (A), Bombus lucorum; (B),
others. b, Primula bulleyana population. (W), Amegilla calceifera; (¢), Aporia bieti; (o), Argyreus hyperbius; (A), Micrapis florae; (O), other visitors.
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a small number of visits was recorded in the 2 years
(Table 3). Nocturnal insect pollination activity for P
bulleyana was also not observed under different weather
conditions.

2.4.3 Overlapping population site Five species of
insects were found to be active at the site. Hypolimnas
misippus and Bombus lucorum were the main pollina-
tors for P beesiana, whereas Aporia bieti and Argyreus
hyperbius were the main pollinators for P bulleyana.
Thus, the main pollinators for the two plants in the pop-
ulation were very similar to those observed in separate
P, beesiana and P, bulleyana populations, with each pol-
linating species showing a pollination preference for a
particular species. However, there were shared pollina-
tors in the population for the two plants. It was observed
that a few Fabriciana adippe visited both species in the
overlapping population.

The behavior of the main pollinators for P beesiana
and P, bulleyana was almost the same. Upon visiting the
flowers of P beesiana and P. bulleyana, the pollinators
clung to the flower petals and, in the course of foraging,
inserted their long proboscis into the tube of the corolla
to gather nectar and/or pollen. The pollen at the mouth
ofthe corolla tube (thrum) or in the middle of the corolla
tube (pin) would then attach to their proboscis. When
this forager visited another flower, it would leave or take
more pollen, thus mediating pollen transfer between
different flowers.

Weather had a significant effect on pollinator activ-
ity for both species in the alpine area. In clear weather,
bees started becoming active in these populations at
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about 08:00 h and continued through to 17:30-18:30 h
(Fig. 1a, b); peak activity was observed at 12:00-
13:00 h. Butterflies appeared at 09:00 h and persisted
through to 18:00 h, with a peak in activity at 14:00—
15:00 h. However, the main pollinators were sensitive
to weather changes. When it started to rain, the pol-
linators would disappear quickly and, when it began
to clear, they would reappear in the population very
soon.

2.5 Fruit-set and seed production

Fruit-set and seed production data from the breed-
ing system experiments are presented in Table 4. The
data suggest that the number of flowers of pins and
thrums of the open-pollinated plants in each species
is similar; there was no significant difference in the
number of flowers produced by the two morphs in ei-
ther species. In the breeding system experiments, only
Treatments 1 (emasculated and unbagged), 8 (inter-
morphs crossed and bagged), and 9 (open pollination)
produced fruit and seed normally in both species. Treat-
ments 2 (emasculated and bagged), 3 (emasculated and
netted), and 6 (non-manipulated and bagged) did not
produce fruit. Some plants subjected to Treatments 4
(hand pollination and bagged; autogamy), 5 (hand pol-
lination and bagged; geitonogamy), and 7 (intramorphs
crossed and bagged) produced several fruits and seeds
in both species, but the production ratios were very
low; only a few flowers developed into fruits and the
number of seeds produced per capsule was also very
low.

Table 4 Fruit-set and seed production in breeding system experiments of Primula beesiana and P bulleyana

No. fruits Mean seeds per
Plant Treatment* No. plants No. flowers (% fruits per flower) capsule
Pin Thrum Pin Thrum Pin Thrum Pin Thrum
P, beesiana 1 20 20 472 470 371 (78.6%) 373 (79.3%) 83.8 86.0
2 20 20 507 541 0 0 0 0
3 20 20 593 578 0 0 0 0
4 20 20 321 325 29 (9.0%) 11 (3.4%) 12.1 7.1
5 20 20 295 293 30 (10.2%) 19 (6.4%) 13.8 10.4
6 20 20 657 652 0 0 0 0
7 20 20 279 273 40 (14.3%) 27 (9.9%) 12.5 8.5
8 20 20 242 240 215 (88.8%) 200 (83.3%) 86.8 89.4
9 30 30 2240 2184 1776 (79.2%) 1748 (80.0%) 87.2 89.6
P, bulleyana 1 20 20 510 498 409 (80.2%) 390 (78.3%) 86.2 84.4
2 20 20 468 490 0 0 0 0
3 20 20 503 476 0 0 0 0
4 20 20 297 315 21 (7.0%) 15 (4.7%) 8.9 7.5
5 20 20 312 298 36 (11.5%) 17 (5.7%) 11.2 5.4
6 20 20 288 306 0 0 0 0
7 20 20 263 252 36 (13.7%) 20 (7.9%) 10.4 8.2
8 20 20 250 266 226 (90.4%) 82.1(82.3%) 88.6 86.2
9 30 30 2146 2230 1694 (78.9%) 1802 (80.8%) 88.9 86.8

"Treatment 1, emasculated and unbagged; Treatment 2, emasculated and bagged; Treatment 3, emasculated and netted; Treatment 4, hand pollination
and bagged (autogamy); Treatment 5, hand pollination and bagged (geitonogamy); Treatment 6, non-manipulated and bagged; Treatment 7, intramorphs
crossed and bagged; Treatment 8, inter-morphs crossed and bagged; and Treatment 9, open pollinated.
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3 Discussion

The floral traits of P beesiana and P. bulleyana indi-
cate that the two plants are typical heterostylous species
and are closed in floral morphology. In the breeding
system experiments, flowers with self-pollination rarely
set seeds, demonstrating that P beesiana and P bul-
leyana are obligate outcrossing species. In addition,
the high P/O ratios in both morphs were also closer to
those reported by Cruden (1976) for obligate outcross-
ing species (P/O = 5859.2) than that for facultative
outcrossing species (P/O = 796.6). These reproduc-
tive characteristics are consistent with the floral mor-
phology of P beesiana and P bulleyana: heterostylous
flowers, which are associated with a sporophytic self-
incompatibility system that prevents intramorph fertil-
ization and encourages outcrossing between pins and
thrums.

3.1 Pollinators for alpine Primula species

Observations in the field and the collection of vis-
itors to the three populations suggested that P beesiana
and P, bulleyana had similar insect visitors, mainly bees
and butterflies. There has been considerable argument
about the pollinators of Primula species since the work
of Darwin (1877). Based on previous studies (Wood-
ell, 1960; Ornduff, 1980; Schou, 1983; Campbell et al.,
1986; Miller et al., 1994; Washitani et al., 1994a), the
present study and our observations of P poissonii and
P, secundiflora (Z.-K. Wu et al., unpubl. data, 2003), we
conclude that Hymenopterans (Bombus spp.) and Lep-
idopterans (butterfly spp.) are important pollinators for
most primulas, especially for alpine species, because
their long proboscis can easily reach the nectar at the
base of a long corolla tube in primulas. When these in-
sects forage in different flowers, pollen transfer occurs
between different flowers. Studies in other alpine zones
have also shown that Hymenopterans and Lepidopterans
are frequently important pollinators at high elevations
(Arroyo et al., 1982; Levesque & Burger, 1982; Miller
etal., 1994).

3.2 Reproductive isolation and its systematic im-
plication

Insect-pollinated flowers have some means by
which they attract insects: bright colors and strong
scents are two of the most obvious (Woodell, 1960).
In the case of P beesiana and P bulleyana, although
they had similar main visitors (i.e. bees and butterflies),
color probably played an important role in pollinator
selection. In all three populations, the main visitors to
P, beesiana and P, bulleyana could apparently detect the
plants by color and discriminated strongly between the
plants. At the P beesiana population site, the main visi-
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tors to P beesiana would not visit other colored species
blooming simultaneously; at the P bulleyana population
site, the main pollinators of P bulleyana also showed a
pollinator preference for P bulleyana; at the overlap-
ping population site, although there were some shared
visitors for the two species, the number of these visitors
was small and the main visitors to the two plants were
the same as those in their own separate populations.
Therefore, although it was incomplete, there was a pol-
linators ethological isolation between the two species
that contributed to the reproductive isolation between
the two plants.

Reproductive isolation is essential for the process
of speciation (Widmer et al., 2009) and is the basis
of the biological species concept (BSC; Dobzhansky,
1940; Mayr, 1942). For P. beesiana and P bulleyana,
although there are different ideas regarding their classi-
fication, the present study suggests that there is repro-
ductive isolation between the two species, which sup-
ports the hypothesis that P beesiana and P bulleyana
are two distinct species. However, morphological sim-
ilarity and interfertility suggest that they are incipient
and closely related species pairs. Because there are no
fossil records of Primula, we are unable to deduce the
evolutionary history of these two species. It is possible
that P bulleyana and P beesiana diverged from an un-
known ancestor and then adapted different pollinators
and occupied different places.

In the region of the Himalayas and western China,
many Primula species are sympatric or partially sym-
patric in distribution; these plants usually differ in floral
traits and remain distinct from each other. However, we
are unable to draw a definitive conclusion based on the
results of the present study for P beesiana and P bul-
leyana that ethological isolation is the most important
mechanism for reproductive isolation in Primula. Fur-
ther studies of reproductive isolation of many sympatric
or partially sympatric closely related species pairs are re-
quired. The differences in the floral traits between closed
species pairs of Primula in this area clearly suggest that
the mechanisms of reproductive isolation between P
beesiana and P bulleyana (ethological isolation) may
be of general importance in maintaining species bound-
aries in the genus and has contributed to the species
diversification of Primula in the area.

Natural hybridization is common in flowering
plants, with one recent survey concluding that hybrids
comprise 6—22% of all angiosperm species (Ellstrand
et al., 1996). In Primula, most species can inter-cross
in the same section, but it is unusual to find hybrids
in the field. At the overlapping population site of P
beesiana and P bulleyana, we found a few individ-
uals with a medium color between the two species.
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Natural hybridization possibly occurred in this popula-
tion to some extent, but we did not find the medial type
occupying a new habitat or site. Therefore, although
gene exchanges between P beesiana and P bulleyana
occur to some extent in the overlapping population,
whether natural hybridization has contributed to species
diversification in Primula remains unclear and requires
further comparative studies on many species pairs and
their hybrids to resolve.

Acknowledgements  The authors thank Professor
David RANKIN (University of Edinburgh, Edinburgh,
UK) for help with the language and helpful suggestions
on the manuscript, Professor Li-Zhen WANG (Yunnan
University, Kunming, China) for identifying insects, and
Dr. Shu-Dong ZHANG (Kunming Institute of Botany,
Kunming, China) for identifying plant specimens. This
research was supported by the National Natural Science
Foundation of China (grant no. 30571137), Yunnan Nat-
ural Science Foundation (2009) A001, and the Support
Plan of the National Forest Science and Technology of
China (grant no. 2006BADO01A18).

References

Arnold ES, Richards AJ. 1998. On the occurrence of unilateral in-
compatibility in Primula sect. Aleuritia Duby and the origin
of Primula scotica Hook. Botanical Journal of the Linnean
Society 128: 359-368.

Arroyo MTK, Primak R, Armesto J. 1982. Community studies in
pollination ecology in the high temperate Andes of Central
Chile. I. Pollination mechanisms and altitudinal variation.
American Journal of Botany 69: 82-97.

Brys R, Jacquemyn H, Endels P, Van F, Blust GDE. 2004. Re-
duced reproductive success in small populations of the self-
incompatible Primula vulgaris. Journal of Ecology 92: 5—
14.

Campbell CS, Famous NC, Zuck MG. 1986. Pollination biology
of Primula laurentiana (Primulaceae) in Maine. Rhodora
88:253-260.

Charlesworth B, Charlesworth D. 2000. Reproductive isola-
tion: Natural selection at work. Current Biology 10: 68—
70.

Chen F-H, Hu C-M. 1990. Primulaceae. In: Flora Republicae
Popularis Sinicae, Vol. 59, Part 2. Beijing: Science Press.
115-120.

Cruden RW. 1976. Pollen—ovule ratios: a conservative indicator
of breeding systems in flowering plants. Evolution 31: 32—
46.

Dafni A. 1992. Pollination ecology. New York: Oxford University
Press. 59-89.

Darwin C. 1877. The different forms of flowers on plants of the
same species. London: John Murray.

Dobzhansky T. 1940. Speciation as a stage in evolutionary diver-
gence. American Naturalist 74: 312-321.

Ellstrand NC, Whitkus R, Rieseberg LH. 1996. Distribution

2010

of spontaneous plant hybrids. Proceedings of the National
Academy of Sciences USA 93: 5090-5093.

Fulton M, Hodges SA. 1999. Floral isolation between Aquilegia
Formosa and Aquilegia qubescens. Proceedings of the Royal
Society B 266: 2247-2252.

Hodges SA, Arnold ML. 1994. Floral and ecological isolation be-
tween Aquilegia formosa and Aquilegia pubescens. Proceed-
ings of the National Academy of Sciences USA 91:2493—
2496.

Hu C-M, Kelso S. 1996. Primulaceae. In: Wu CY, Raven PH eds.
Flora of China, Vol. 15. Beijing: Science Press; St. Louis:
Missouri Botanical Garden Press. 143—144.

Kay KM. 2006. Reproductive isolation between two closely re-
lated hummingbird pollinated neotropical gingers. Evolu-
tion 60: 538-552.

Levesque CM, Burger JE. 1982. Insects (Diptera, Hymenoptera)
associated with Minuartia groenlandica (Caryophyllaceae)
on Mount Washington, New Hampshire, U.S.A. and their
possible role as pollinators. Arctic and Alpine Research 14:
117-124.

Lubbock J. 1905. Notes on the life history of British flowering
plants. London: Macmillan.

Martin NH, Willis JH. 2007. Ecological divergence associated
with mating system causes nearly complete reproductive
isolation between sympatric Mimulus species. Evolution 61:
68-82.

Matsumura C, Washitani I. 2000. Effects of population size and
pollinator limitation on seed-set of Primula sieboldii popu-
lations in a fragmented landscape. Ecological Research 15:
307-322.

Mayr E. 1942. Systematics and the origin of species. New York:
Columbia University Press.

Melendez-Ackerman E, Campbell DR, Waser NM. 1997. Hum-
mingbird behavior and mechanisms of selection on flower
color in I[pomopsis. Ecology 78: 2532-2541.

Miller J, Litvak M, Kelso S, Vargo A. 1994. Comparative repro-
ductive biology of two alpine primrose species. Arctic and
Alpine Research 26: 297-303.

Ornduff R. 1979. Pollen flow in a population of Primula vulgaris
Huds. Botanical Journal of the Linnean Society 78: 1-10.

Ornduff R. 1980. Pollen flow in Primula veris (Primulaceae).
Plant Systematics and Evolution 135: 89-93.

Pielou EC. 1961. Segregation and symmetry in two-species pop-
ulations as studied by nearest-neighbor relationships. The
Journal of Ecology 49: 255-269.

Ramsey J, Bradshaw HD, Schemske DW. 2003. Components of
reproductive isolation between the monkeyflowers Mimu-
lus lewisii and M. cardinalis (Phrymaceae). Evolution 57:
1520-1534.

Richards AJ. 1993. Primula, 1st edn. London: Batsford.

Richards AJ. 2002. Primula, 2nd edn. London: Batsford.

Schou O. 1983. The distyly in Primula elatior (L.) Hill (Prim-
ulaceae), with a study of flowering phenology and pollen
flow. Botanical Journal of the Linnean Society 86: 261—
274.

Smith WW, Fletcher HR. 1941. The genus Primula: section can-
delabra. Transaction and Proceedings of the Botanical So-
ciety of Edinburgh 33: 139-144.

Tang LL, Yu Q, Sun JF, Huang SQ. 2007. Floral traits and iso-
lation of three sympatric Aquilegia species in the Qinling

© 2010 Institute of Botany, Chinese Academy of Sciences



WU & ZHANG: Pollination biology of two alpine Primula species 117

Mountains, China. Plant Systematics and Evolution 267:
121-128.

Washitani I, Kato M, Nishihiro J, Suzuki K. 1994a. Importance
of queen bumble bees as pollinators facilitating inter-morph
crossing in Primula sieboldii. Plant Species Biology 9: 169—
176.

Washitani I, Osawa R, Namai H, Niwa M. 1994b. Patterns of
female fertility in heterostylous Primula sieboldii under
severe pollinator limitation. Journal of Ecology 82: 571—
579.

Wedderburn FM, Richards AJ. 1992. Secondary homostyly in

© 2010 Institute of Botany, Chinese Academy of Sciences

Primula L.: evidence for the model of the S supergene. New
Phytologist 121: 649-650.

Widmer A, Lexer C, Cozzolino S. 2009. Evolution of reproduc-
tive isolation in plants. Heredity 102: 31-38.

Woodell SRJ. 1960. What pollinates primulas? New Scientist 8:
568-571.

Yang CF, Gituru RW, Guo YH. 2007. Reproductive isolation of
two sympatric Louseworts, Pedicularis rhinanthoides and
Pedicularis longiflora (Orobanchaceae); how does the same
pollinator type avoid interspecific pollen transfer? Biologi-
cal Journal of the Linnean Society 90: 37—48.



