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† Background and Aims Flexistyly is a sexual dimorphism where there are two morphs that differ in the temporal
expression of sexual function and also involve reciprocal movement of the stigmatic surface through a vertical
axis during the flowering period. The adaptive significance of flexistyly has been interpreted as a floral mechanism
for outcrossing, but it may also function to reduce sexual interference in which styles and stigmas impede
the pollen export. Here these two explanations of flexistyly were tested in Alpinia blepharocalyx through a hand-
pollination experiment.
† Methods Hand-pollinations were performed in two temporal morphs and consisted of two sequential pollination
treatments, namely self-pollination in the morning and inter-morph pollination in the afternoon (treatment 1) or
conversely inter-morph pollination in the morning and self-pollination in the afternoon (treatment 2), and two sim-
ultaneous self- and inter-morph cross-pollination treatments either in the morning (treatment 3) or in the afternoon
(treatment 4). Seed paternity was then determined to assess relative success of self- versus cross-pollen using allo-
zyme markers.
† Key Results In the sequential pollination treatments, whether the stigmas of recipients are receptive in the
morning is crucial to the success of the pollen deposited. When the cataflexistylous (protandrous) morph served
as pollen recipient, early-arriving pollen in the morning can sire only a very small proportion (,15%) of seeds
because the stigmas were then unreceptive. However, when the anaflexistylous (protogynous) morph served as
pollen recipient, early pollen did gain a large competitive advantage over the late pollen, particularly when cross-
pollen arrived first. Simultaneous self- and inter-morph cross-pollination indicated that outcross-pollen is more
competitive than self-pollen on receptive stigmas.
† Conclusions Differential maturing of male and female organs in Alpinia blepharocalyx is sufficient for selfing
avoidance, obviating the need for style movements. Instead, the upward style curvature of the cataflexistylous
morph in the morning and the anaflexistylous morph in the afternoon most likely represents a means of reducing
interference with pollen export.
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INTRODUCTION

Hermaphroditism, the presence of female and male sex
organs within one flower, is the predominant sexual
condition in flowering plants. The prevalence of this sex
system reflects its advantage of economizing on the
resources allocated to pollinator attraction and/or the
potential reproductive assurance in the absence of mates
or pollinators (Charnov, 1982; Lloyd, 1987). However,
when female and male sex organs are expressed simul-
taneously and housed together within a flower, hermaphro-
ditism can cause intra-floral self-fertilization and
subsequent inbreeding depression. Therefore, inbreeding
avoidance has been widely accepted as a major driving
force shaping floral traits and the evolution of plant
mating systems (Charlesworth and Charlesworth, 1987;
Barrett, 2003). Another disadvantage of hermaphroditism,
i.e. the potential for physical interference between male
and female floral functions, had been largely ignored until
Lennart van der Pijl first clearly pointed it out in 1978
(van der Pijl, 1978). Sexual interference in hermaphroditic

animal-pollinated plants stems from functional conflicts
between pollen dispersal and receipt during pollination
and mating, which may result in gamete wastage
and reduce mating opportunities (Barrett, 2002a).
Reproductive losses resulting from sexual interference may
not involve the genetic costs of inbreeding depression.
Lloyd and Webb (1986) proposed that sexual interference
is one of the most important selective forces driving the
evolution of floral traits. Segregation of sex organs either
in space (herkogamy) or in time (dichogamy) has been
viewed as an adaptation that avoids interference and
increases reproductive success (Lloyd and Webb, 1986;
Webb and Lloyd, 1986; Bertin and Newman, 1993). The
interference hypothesis has been examined for a limited
number of species (Kohn and Barrett, 1992; Griffin et al.,
2000; Harder et al., 2000; Fetscher, 2001; Cesaro et al.,
2004; Routley and Husband, 2006).

Now documented in 24 species of the Zingiberaceae
(Kress et al., 2005), flexistyly is a novel floral strategy,
unique and ‘active’ floral dimorphism achieved by both
changing the position of the style and separating the
maturation of male and female organs at different
times (Cui et al., 1995; Li et al., 2001a; Li et al., 2002;* For correspondence. E-mail zhangdy@bnu.edu.cn
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Zhang et al., 2003; Takano et al., 2005). Flexistylous
populations are composed of equal frequencies of two
style morphs of hermaphrodites that differ in the direction
of movement that styles undergo during flowering. Styles
of flowers that disperse pollen in the morning are curved
upwards, so that stigmas are spatially separated from
anthers and cannot contact pollinators; at this time stigmas
are still unreceptive (Zhang et al., 2003). At noon, after
the male function is complete, styles grow downwards into
a position where stigmas can contact pollinators (Fig. 1A).
Patterns of style growth in the reciprocal morph are
reversed, with stigmas receiving cross-pollen in the
morning and upward style curvature occurring in the after-
noon (Fig. 1B). The upward style curvature in both
morphs is unlikely to be an anti-selfing mechanism, since
the stigmas when held in an upward position either are
unreceptive (cataflexistylous morph) or have already
received cross-pollen (anaflexistylous morph). The occur-
rence of 1:1 morph ratios in natural populations of flexisty-
lous species (Li et al., 2001a) suggests that a single
diallelic locus governs the two morphs with anaflexistylous
morph dominant to cataflexistylous morph (Renner, 2001;
Barrett, 2002b; Zhang and Li, 2002).

Dichogamy and herkogamy have been regarded by
some (e.g. Richards, 1997; Li et al. 2001a, b), as mechan-
isms that function solely to promote outcrossing.

Flexistyly involves both heterodichogamy and herkogamy,
and this redundancy seems unnecessary if flexistyly is
only to promote outcrossing. Furthermore, heterodicho-
gamy in the absence of style movement could not alleviate
physical interference between anther and stigma function,
resulting in losses of pollen dispersal. The aim of this
study was to demonstrate that heterodichogamy in a flexis-
tylous plant, Alpinia blepharocalyx, is sufficient for avoid-
ing self-fertilization; thus, herkogamy via style movement
most likely functions to reduce conflict between the male
and female functions. To assess the role of heterodicho-
gamy in avoiding self-fertilization, the siring success
of self- vs. cross-pollen applied sequentially or simul-
taneously to stigmas of A. blepharocalyx was compared. If
style movement functions to avoid self-fertilization, the
anaflexistylous styles with their stigmas pollinated by
outcross-pollen from the other morphs in the morning
would have no need to curve up at noon, unless the self-
pollen deposited on the stigmas in the afternoon is compe-
titively superior to the outcross-pollen, which will prove to
be untrue through the experiments conducted in this study.

MATERIALS AND METHODS

Study organism and sites

Alpinia blepharocalyx K. Schum. is a self-compatible,
clonal, flexistylous perennial herb, usually 1–3 m tall
(Zhang et al., 2003). The inflorescences are terminal on
leafy shoots and 20–30 cm long. The flower has a very
special structure, a conspicuous three-lobed labellum pro-
duced by the fusion of two staminodes, which are flesh-
coloured and red with a yellow centre. The labellum forms
a tube, the free part of which is expanded and forms a
landing platform for pollinators. Only one fertile stamen
with two anthers develops and the style extends through
the anthers. Bracteoles are green and elliptic, dry and
brittle, and fall off at anthesis. During blooming each
inflorescence produces two to ten open flowers per day,
and each flower lasts 1 d. Flowering occurs from March to
late April and capsules ripen by August–September.

All hand-pollination experiments were carried out in a
monsoon evergreen broad-leaved forest in the Caiyanghe
nature reserve of Simao, Yunnan province, southwestern
China (228300N, 1018220E; 1200 m a.s.l.). Here, the plants
of A. blepharocalyx are distributed in the evergreen broad-
leaved forest dominated by Betula alnoides and Alnus
nepalensis along several valleys (Zhang et al., 2003). The
outcrossing rates of cataflexistylous and anaflexistylous
morph in this population were estimated to be
0.615 + 0.115 and 0.751 + 0.097, respectively (Sun,
2006). Experimental manipulations were conducted in
March–April 2004.

Methods

To evaluate the effect of heterodichogamy on self-
fertilization in this flexistylous plant, hand-pollination
treatments were carried out in two temporal morphs,
using a pair of pollen donors consisting of self-pollen and

Anther

StigmaA

B

FI G. 1. A sketch of style movement in Alpinia blepharocalyx. Anthers
are held in the same position throughout the 1-d flowering period, but
shed pollen only when styles in the upward position. (A) Cataflexistylous
(protandrous) style; (B) anaflexistylous (protogynous) style. The arrow

with a dotted line indicates the direction of style movement.
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cross-pollen from the other morph. The plants used as
pollen donors or recipients were chosen on the basis of
the dissimilarity of the alcohol dehydrogenase (ADH)
locus, such that anaflexistylous plants were homozygous
for allele A and cataflexistylous plants were homozygous
for allele B. Progeny expressing genotype AB must have
resulted from cross-pollination between two morphs.

Two types of hand-pollination treatments were executed
on two temporal morphs: sequential pollinations and mixed-
donor pollinations. In sequential pollination, pollen donors
were chosen in the following order: (1) self-pollination in
the morning plus inter-morph cross-pollination in the after-
noon; and (2) inter-morph cross-pollination in the morning
plus self-pollination in the afternoon. Mixed-donor pollina-
tion was carried out using each of the mixed pair of pollen
donors consisted of an equal mass of pollen from the same
number of flowers of two pollen donors in the following
treatments: (1) self- and inter-morph cross-pollen applied
simultaneously in the morning; and (2) self- and inter-
morph cross-pollen applied simultaneously in the afternoon.

Flowers on recipient plants were bagged prior to
anthesis and re-bagged after hand-pollination to exclude
pollinators. Hand-pollinations were performed in the
morning (1030 h to1130 h) and afternoon (1600 h to
1700 h), respectively. When anaflexistylous flowers were
used as pollen donors in the morning when the pollen sacs
had not dehisced, the indehiscent anthers were opened and
pollen collected. In sequential hand-pollination treatments,
the entire stigmatic surface with the first pollen application
was covered, so that early pollen could gain an advantage
due to better access to the stigmatic surface. An approxi-
mately equal mass of pollen from the self- vs. cross-donors
was mixed in the vial during the applications.

The siring success of each type of donor could be deter-
mined by scoring seed from pollination treatments. Seeds
were assayed for the enzyme system ADH (EC 1.1.1.1) by
using vertical slab polyacrylamide gel electrophoresis.
Allozymes were extracted by using a Tris–HCL–PVP
buffer (pH 7.5) and kept at 2208C until assayed on 7 %
polyacrylamide gel. A continuous Tris–glycine buffer
system (pH 8.3) was used. The treatment of self-pollination
in the morning and inter-morph pollination in the afternoon
on anaflexistylous flowers produced 18 fruits and all seeds
from these fruits were scored electrophoretically; the other

treatments produced over 30 fruits and 20 fruits were ran-
domly selected from each treatment and all seeds assessed
from these fruits (Table 1). The null hypothesis of equal
proportion of the seeds sired by self- vs. cross-donors was
assessed by using a chi-square test of the goodness-of-fit.
The two-way ANOVA was performed to assess differences
in the proportion of selfed seeds and the number of seeds
per fruit among the treatments using SPSS 13.0.

RESULTS

The proportion of selfed seeds per fruit shows significant
variation among treatments (F ¼ 7.05, d.f. ¼ 3,
P , 0.001) and between morphs (F ¼ 10.93, d.f. ¼ 1,
P , 0.001), and also a significant morph � treatment
interaction (F ¼ 200.81, d.f. ¼ 3, P , 0.001), indicating
that the response to hand-pollination treatments was not
the same in the two morphs. The proportion of seeds sired
by self- versus outcross-pollen donors is subject to the
position of the stigmas of recipients at the time of hand-
pollinations. In the treatments of cataflexistylous flowers
serving as recipients, when the stigma is curved downward
to the anther and receptive in the afternoon, late donors
sired significantly more seeds than early donors, with the
mean proportions (+s.e.) of seeds sired by early-deposited
pollen per fruit being 0.11 + 0.025 (selfing) and
0.11 + 0.032 (outcrossing), respectively (Fig. 2). In cata-
flexistylous flowers, the fact that early-deposited pollen in
the morning did not have a competitive advantage may
be due to temporal patterns of stigma receptivity in
A. blepharocalyx: the stigmas are simply unreceptive when
still curved up in the morning (Zhang et al., 2003). In the
treatments where anaflexistylous flowers served as recipi-
ents and the stigmas are receptive in the morning, early
donors sired significantly more seeds than late donors. In
these cases, the mean proportions of seeds sired by the
early-arriving pollen were 0.90 + 0.039 (selfing) and
0.99 + 0.006 (outcrossing), respectively (Fig. 2).

In contrast, the results of mixed-donor pollinations
indicated that when the stigmas of recipients are at the
position able to contact pollinators (and receptive), viz.
cataflexistylous stigmas in the afternoon and anaflexisty-
lous stigmas in the morning and afternoon, inter-morph
pollen donors sired significantly more seeds than

TABLE 1. Summary of hand-pollination treatments, numbers of recipients used in each treatment, fruit set, the number of seeds
per fruit, and total number of progeny scored

Treatment
Morphs as
recipients

Total no. of
flowers

Fruit
set

No. of seeds per
fruit (n)*

Total no. of progeny
scored

(1) Self-pollination in AMþ cross-pollination
in PM

Cata-M 199 0.59 24.2 + 0.90 (80) 494
Ana-M 29 0.62 18.33 + 1.58 (18) 330

(2) Cross-pollination in AMþ self-pollination
in PM

Cata-M 107 0.64 27.33 + 1.49 (40) 502
Ana-M 31 1.00 25.25 + 0.94 (24) 503

(3) Self- and cross-pollen applied simultaneously
in AM

Cata-M 145 0.48 20.2 + 1.14 (42) 363
Ana-M 42 0.81 19.6 + 0.87 (20) 392

(4) Self- and cross-pollen applied simultaneously
in PM

Cata-M 186 0.55 27.81 + 0.96 (44) 526
Ana-M 73 0.44 20.53 + 1.72 (30) 429

* n ¼ number of fruits inspected.
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self-pollen donors (Fig. 3). But in the treatment of simul-
taneous pollinations with cataflexistylous stigmas above
the anthers in the morning, self-pollen donors sired more
seeds than inter-morph cross-pollen donors (P ¼ 0.0588;
Fig. 3). This result may be due to variation in pollen
maturity between self- and inter-morph pollen when
stigmas become receptive gradually. Pooling data from
all pollination treatments showed that inter-morph cross-
pollen is more competitive than self-pollen under simul-
taneous pollinations (P , 0.001).

Moreover, when the cataflexistylous morphs served as
recipients, the proportions of seeds sired by self- or inter-
morph cross-pollen donors applied in the morning from
sequential pollinations (0.11 and 0.10, respectively) are
significantly smaller than those by the same donors in
mixed pollinations applied in the morning (0.53 and 0.47,
respectively). This further indicated that early-arriving
pollen in the morning could not gain a competitive advan-
tage over late-arriving pollen in the afternoon on the
stigmas of the cataflexistylous morph.

The number of seeds produced per fruit shows signifi-
cant variation among treatments (F ¼ 8.33, d.f. ¼ 3,
P , 0.001) and between morphs (F ¼ 16.45, d.f. ¼ 1,
P , 0.001). In both morphs prior self-pollination resulted
in fewer seeds per fruit than prior cross-pollination
(Table 1), suggesting that early inbreeding depression
might occur.

DISCUSSION

Flexistyly is not only an example of heterodichogamy
(Renner, 2001), but it is also an example of herkogamy
via style movement. Flexistyly results both in a
reduction in within- and among-flower (geitonogamous)

self-pollination within an individual and a reduction in
cross-pollination among individuals of the same morph (Li
et al., 2001a; Zhang et al., 2003), but apparently does not
come to a full stop with self-fertilization (Sun, 2006).
Selfing could arise from incomplete pollen removal due to
insufficient pollinators (Zhang et al., 2003) and/or pollen
carryover, both of which are, however, unrelated to style
movement. The present study illustrates that the heterodi-
chogamy component of flexistyly in A. blepharocalyx can
be sufficient to avoid self-pollination, and to explain style
movement it is necessary to resort to an alternative expla-
nation: reduction of sexual interference.

The function of dichogamy depends on the rates of
pollen deposition and removal, which, in turn, depend on
pollinator visitation rates and foraging behaviour (Griffin
et al., 2000). In flexistylous Alpinia species, the visit fre-
quencies of the pollinators show a bimodal pattern during
the day, in a good match with the floral behaviour of
the flexistylous plants (Li et al., 2001b; Takano et al.,
2005). In the cataflexistylous morph, anthers dehisce
before stigmas become receptive in the morning (Zhang
et al., 2003), and the late-deposited pollen in the afternoon
showed significant competitive advantage, regardless of
prior pollination in the morning (Fig. 2). In this
case, early-arriving self-pollen may have difficulty in
adhering to unreceptive stigmas and thus seems not to
derive an advantage from early arrival. Stigmas of cata-
flexistylous flowers become receptive after they are located
at the position of pollination. Long delays between
self-pollination and pollen germination (Spira et al., 1996)
or the environment of the stigmatic surface may negate
any advantage of early-arriving pollen. If cataflexistylous
styles were not curved up in the morning but were kept
in a downward position during the 1-d flowering period,
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FI G. 2. The mean proportion of seeds per fruit sired by self-pollen
(mean + s.e.) following sequential pollinations in the cataflexistylous
morphs (Cata-M) and anaflexistylous morphs (Ana-M) of Alpinia
blepharocalyx. Chi-squared tests were used to compare observed values
with the expected ratio of 1:1 if siring success of self- and outcross
donors is equal, and a significance level of P , 0.001 was found

for all cases.
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morph (Cata-M) and anaflexistylous morph (Ana-M) of Alpinia blepharo-
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except for mixed pollination in the morning for Cata-M (P ¼ 0.0588).
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self-fertilization would still be unlikely due to the timing
of stigma receptivity and the weaker competitive ability of
self-pollen (Fig. 2).

In the anaflexistylous morph, where stigmas are
receptive in the morning before anthers dehisce in the
afternoon, protogyny provides opportunities for the receipt
of outcross-pollen before self-pollen is shed. This synchro-
nous protogyny is very effective in reducing self-
fertilization even though anaflexistylous styles are kept in
a downward position and are unable to curve up in the
afternoon (Fig. 2). Actually, not to curve up in the after-
noon may even benefit the plant because it can assure
reproduction in the case of insufficient outcross-pollen or
pollinators in the morning, although in A. blepharocalyx
strong selection prevents selfed offspring from reaching
reproductive maturity as a result of inbreeding depression,
which was evaluated by using allozyme markers to
measure changes in the inbreeding coefficient from parents
to offspring (S. Sun, unpubl. res.). Taken together, hetero-
dichogamy primarily protects self-compatible, flexistylous
plants from the harmful effects of self pollination, while
reciprocal style movements primarily reduce interference
between male and female function.

The experimental results from simultaneous mixed-donor
hand-pollination treatments showed that when the stigmas
are receptive, cross-pollen is more competitive than self-
pollen (Fig. 3), further reducing the need for avoiding
self-pollination. Barrett et al. (2000) proposed that the
function of all stylar polymorphisms in plants is to
increase the precision of cross-pollination and reduce lost
mating opportunities associated with self-interference. If
both stigmas and anthers in flexistylous plants are housed
in approximately the same position within a flower to
facilitate pollen removal and deposition, stigmas below
anthers may obstruct pollen export and be pollinated by
self-pollen, resulting in pollen discounting. Flexistyly is
effective both to avoid self-fertilization and to resolve
sexual conflict between male and female function. It
reduces gamete wastage and increases mating opportu-
nities through more effective pollen dispersal.
Nevertheless it is also noted that prior self-pollination in
our experiments results in both smaller fruit set and sig-
nificantly fewer seeds per fruit for both morphs (Table 1).
Thus it cannot be ruled out that style movement also
functions to enhance female reproductive success.

Future manipulative studies on style movement are
needed to demonstrate its functional significance in
pollen–stigma interference. For instance, styles of anaflex-
istylous flowers may be manipulated not to curve up in the
afternoon. If the male fitness of manipulated flowers is
reduced in comparison with intact flowers, then this would
constitute strong direct evidence for pollen–stigma
interference.
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