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Growth discrepancy between filament and
style facilitates self-fertilization in
Brandisia hancei (Paulowniaceae)

YONG-QUAN REN,* YOU-PIN XU,* TING ZHANG,* YONG-PENG MA† and TOBIAS MARCZEWSKI†
*Institute of Environment and Life Science, Kaili University, Kaili, and †Kunming Institute of Botany, Chinese Academy of
Sciences, Kunming, China

Abstract

Self-pollination has been hypothesized to be beneficial in environments where pollina-
tors are rare as it can provide reproductive assurance. This study presents evidence for an
autonomous self-fertilization mechanism in the winter flowering plant, Brandisia hancei.
To determine changes in the spatial separation of stigma and anthers, the length of style
and stamens was recorded. Additionally, pollination treatments were carried out to test
fruit-set and seed production. Brandisia hancei is herkogamic in the early flowering
stages. However, different growth rates of the filament and style lead to contact of stigma
and anthers in the later stages, thereby facilitating self-pollination. The highest seeds
number is produced under an out-crossing scenario but plants produce a considerable
number of seeds even when purely selfed. Although pollinators are scarce, autonomous
selfing alleviates the pollen limitation in B. hancei. Self-fertilization in B. hancei seems to
be an adaptive strategy to ensure reproduction when pollinators are scarce.

Keywords: Brandisia hancei, growth discrepancy, pollinator limitation, reproductive assurance,
self-fertilization.
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Introduction

Reproduction is one of the key processes in the life history
of all living organisms, impacting directly on the evolu-
tionary success of an individual, and determining its con-
tribution to future generations. Obligate out-crossing
plants depend on the transfer of pollen between individu-
als to realize this important step. Whilst this ensures
higher genetic diversity of the offspring, reproductive
success can be compromised when pollinators are scarce
during the flowering time. Low probability of pollination
can result in various evolutionary responses, and some
species follow the pathway to autogamous selfing when
ovules would otherwise remain unfertilized (Jarne &
Charlesworth 1993; Barrett 2003). Under conditions

where pollinators are unreliable, individual plants that
evolve the ability to self-fertilize should have a selective
advantage as they will be able to produce offspring even
in the absence of pollinators (Lloyd 1979; Kalisz et al.
1999).

Self-fertilization ensures reproductive success for
plants that suffer from severe pollen limitation (e.g. Kalisz
& Vogler 2003; Ma et al. 2012). Three different types of
self-fertilization have been distinguished, based on when
they occur during the life of the flower: pre-, competing-
and delayed self-pollination (Lloyd & Schoen 1992). When
plants evolve with competing or delayed self-pollination,
this will normally lead to some form of mixed mating,
which is likely to have fewer negative fitness effects than
forms with overall higher rates of selfed offspring. Poten-
tially this could be one of the most successful strategies, as
a response to pollinator unpredictability due to, for
example, a very changeable habitat or yearly temperature
fluctuations during the flowering period.
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There are about 11 species (eight species in China) in
the genus of Brandisia (Hong et al. 1998), which is for-
merly placed in Scrophulariaceae, and now is included
in the family of Paulowniaceae in the APG III system
(Angiosperm Phylogeny Group 2009). Brandisia plants
are distributed in mountainous areas of subtropical
eastern Asia, and most of the species flower from
summer to autumn (Hong et al. 1998). However,
Brandisia hancei Hook. f. blossoms in winter and early
spring from late November to March in the following
year. Pollinators are often scarce in this cold season, and
effective pollination can be unreliable. The purpose of
the present study was to determine the reproductive
strategy of B. hancei. Specifically, we address the follow-
ing questions. (i) What is the breeding system of
B. hancei? (ii) Is B. hancei capable of self-pollination, and
if so, how is selfing effected in this winter and early
spring flowering plant?

Materials and methods

Study species and site

Brandisia hancei is an evergreen shrub growing to about
2 m in height. Plants grow primarily in forests or along
forest edges, and can be found in south and southwest
China (Hong et al. 1998). Flowers are axillary, with a
broadly campanulate calyx and corolla (Fig. 1a). The color
of the corolla is orange-red; the lower lip-lobes are ligulate
and the upper lip-lobes are triangular. The flower bud is
enclosed by the calyx, with the corolla emerging in later
stages of development (Fig. 1b), reaching about 2 cm in
length when completely unfolded. The style curves down-
wards and, for a long time after initial opening of the
flowers, remains longer than the anthers (Fig. 1c).
However, when mature, the stamens reach the upper lip
(Fig. 1d,e). The flowering period extends from November
to March the following year, and each plant produces

Fig. 1 (a) Flowers of Brandisia hancei with the pollinator, Apis cerana. (b–e) Flowers of B. hancei at several stages after opening; black arrows
indicate the position of the stigma, and white arrows indicate the position of the anthers. (b) Flower bud shortly before opening of corolla.
(c) Young flower showing marked herkogamy. (d) Older flower with anthers just touching the bottom of the stigma. (e) Flower near the
end of its life expectancy with the anthers enclosing the stigma. (f) Black arrow indicating viable pollen grains (red) and white arrow
indicating non-viable pollen grains (un-stained). (g) Released blue bubbles indicating stigma receptivity by the benzidine-hydrogen
peroxide method.
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367.90 ± 63.08 (n = 10) flowers during this period. Our
experiments were carried out in one population of
B. hancei, which is situated on a hill near Kaili City,
Guizhou province, south-western China (26°31′N
107°53′E; altitude, 690 m).

Measurements of relative stigma-anther positions

From 25 February to 1 March 2013, we measured the
growth rates of pistils and stamens of two flowers on 10
individuals of B. hancei. The base of the calyx, where the
sepals connect to the pedicel, was used as the measure-
ment reference point. On each selected flower, the dis-
tance between the base of the calyx and the tip of the
anther (Hsta), as well as the distance between the base of
the calyx and the stigma (Hpis) were measured nine times
over a period of 4 days throughout the lifespan of the
selected flowers. On the morning of 25 February, 20
freshly opened flowers were tagged and measured for the
first time. Measurements were then taken 10, 24, 34, 48, 58,
72, 82 and 96 h after the opening of the respective flowers.

Preliminary testing of pollen viability and
stigma receptivity

Five flowers, in which the anthers were just coming into
contact with the stigma, were collected. Pollen viability
was estimated by the 2, 3, 5-triphenyl tetrazolium chloride
(TTC) method, and stigmatic receptivity was evaluated by
the benzidine-H2O2 test (Liu et al. 2001). All anthers of the
five flowers were placed inside a glass test tube and 4 mL
0.5% TTC was added; anthers were then incubated for
30 min at 30°C. After incubation, a drop of liquid contain-
ing pollen grains was transferred to a glass slide and
examined under a microscope at 100 × magnification.
Pollen grains (viable pollen stained red) were then pho-
tographed in five optical fields per slide and counted.
Pollen viability was determined as the ratio of the viable
pollen grains to the total pollen grains in all five optical
fields, and the test was replicated four times with 20
flowers altogether. For the stigma-receptivity test, all 20
stigmas were immersed in a solution of benzidine-H2O2 to
observe the released bubbles. The stigma was deemed
receptive when blue bubbles emerged and enlarged on
the top of the stigma.

Pollination treatments

Pollination treatments were carried out in two consecu-
tive years, in late February in both 2012 (30 individuals)
and 2013 (20 individuals). Six flower buds on each of the
50 individuals of B. hancei were subjected to one of the
treatments and afterwards bagged with parchment paper

bags, if not stated otherwise. To test the breeding system
and potential pollen limitation (Aizen 2005; Ai et al. 2013)
in B. hancei, the six treatments were as follows: (i) natural
pollination (N), in which flowers were not manipulated
and not bagged; (ii) autonomous self-pollination (A), in
which flowers were bagged, but not otherwise manipu-
lated; (iii) hand self-pollination (S), in which flowers were
manually pollinated with pollen from the same flower and
bagged afterwards; (iv) hand cross-pollination (C), in
which flowers were emasculated before anthesis, manu-
ally cross-pollinated with pollen from different individu-
als and then bagged (individuals used as pollen donors
were about 3 m away from the manipulated plant in 2012,
and about 20 m away in 2013); (v) supplementary pollina-
tion (P), in which flowers were freely exposed to pollina-
tors but additionally were cross-pollinated at the end of
their lifetimes when close to wilting; and (vi) partheno-
genesis (PA), in which flower buds were bagged and
anthers were removed before flowering. After all flowers
had wilted the bags were removed and fruit set was
assessed. Additionally, seeds were counted for all fruits.

Flower visitor observations

Floral visitors of B. hancei were observed on 6 days in
mid-March 2012. Observations were conducted by two
observers simultaneously for a total of 46 hours each: from
12.00 to 18.00 on 10 March, from 08.00 to 18.00 on 11 March,
from 08.00 to 12.00 on 12 March, from 12.00 to 18.00 on 17
March, and from 08.00 to 18.00 on both 18 and 19 March.
During these periods each observer recorded insects visit-
ing 12 previously selected fully open flowers. Insects that
collected pollen and contacted stigmas were classified as
pollinators (Li & Huang 2009). All types of flower visitors
were photographically recorded and identified.

Data analysis

None of the flowers set fruit without pollination, when
testing for parthenogenesis (PA), and hence no further
statistical analysis was carried out for this treatment. A
two-way ANOVA was used to compare differences
between years and treatments for fruit set and number of
seeds per fruit. Multiple comparisons were conducted
using an LSD test. All analyses were performed using
SPSS 13.0 for Windows (SPSS, Chicago, IL, USA), and all
presented data and figures are given as means ± standard
error (SE), with n being the sample size.

Results

Floral biology, relative stigma-anther positions, pollen
viability and stigma receptivity

On the basis of preliminary observations, the flowering
period of B. hancei at the study site was generally from late
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November to March the following year. Flowers lasted
(from opening to wilting) 7.48 ± 0.50 days (n = 30) during
the observed flowering period (25 February to 10 March
2013). The time of first pollen release was consistently 2
days after the opening of the flowers. In young flowers,
shortly after opening, the stigma was significantly project-
ing above the tip of the anthers (Fig. 1c), and the style was
always longer (Hpis = 20.83 ± 0.33 mm) than the stamens
(Hsta = 18.76 ± 0.32 mm, n = 20). After the opening of
the flowers, both pistil and stamen continued to grow.
However, the stamens grew considerably faster, resulting
in the anthers coming into contact with the stigma around
72 hours after initial opening of the flowers (Figs 1d,2), and
as the flowers aged further the anthers started projecting
above the stigma (Figs 1e,2). The last measurement (around
96 hours after initial opening of the flowers) generally
showed that stamens were now longer than the pistil:
Hpis = 25.10 ± 0.35 mm; Hsta = 25.53 ± 0.31 mm (n = 20).
Throughout the elongation process of style and stamens,
pollen grains were released by the anthers. At the time

when the anthers came into close contact with the stigma,
pollen viability remained 42.66 ± 4.07% (n = 2414, Fig. 1f),
and the stigma remained receptive (Fig. 1g). Hence, once
the stigma came into closer proximity to the anthers, the
potential for self-pollination was likely to be increased.

Pollination treatments

The results of the two-way ANOVA showed that pollina-
tion treatments had significant effects on fruit set, while the
differences between years were not significant (Table 1).
Fruit set from natural pollination (treatment N) was signifi-
cantly lower than fruit set from hand self-pollination (treat-
ment S, P = 0.015), hand cross-pollination (treatment C,
P = 0.008) or supplementary pollination (treatment P,
P = 0.028) treatments. Fruit set from autonomous self-
pollination (treatment A) was not significantly different to
that from treatments N, S and P (all P > 0.05), while it was
significantly lower than that from treatment C (P = 0.028).
No significant differences among treatments S, C and P
were observed (all P > 0.05). In the parthenogenesis (PA)
treatment, no flowers (n = 50 in total) set fruit in 2012 or
2013. The results of the two-way ANOVA showed that
pollination treatments had significant effects on seed
number per fruit, and the difference between years was not
significant, while the years × treatments interaction was
significant (Table 1). Seeds obtained per fruit from treat-
ment C were significantly more than those from treatments
N (P < 0.001), A (P < 0.001), S (P < 0.001) and P (P = 0.004).
Seeds per fruit from treatment A were significantly fewer
than those from treatments N (P = 0.032), S (P = 0.001), C
(P < 0.001) and P (P < 0.001). No significant differences
among treatments N, S and P were observed (all P > 0.05).
These results indicated that B. hancei was self-compatible
and autonomously self-pollinated despite the occurrence
of out-crossing advantages (Table 2).

Flower visitor observations

During our observations, Apis cerana (Apidae) was the
only flower visitor that carried pollen grains and came

Fig. 2 Changes in the position of the stamen and pistil at nine
time-points over 4 days (n = 20); data are means ± SE. , the
distance between the base of the calyx and the tip of the anther
(Hsta); , the distance between the base of the calyx and the
stigma (Hpis) .

Table 1 Two-way analysis of variance (ANOVA) testing for the impact of pollination treatments and years on fruit set and number of
seeds per fruit

Source Sum of squares Degrees of freedom Mean square F-value P-value

Fruit set
Years 2012 and 2013 266.876 1 266.876 5.537 0.078
Treatments 1526.042 4 381.511 7.915 0.035

Seed number
Years 2012 and 2013 13724.000 1 13724.000 2.312 0.130
Treatments 342526.846 4 85631.712 14.427 <0.0001
Years × Treatments 77853.580 4 19463.395 3.279 0.013
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into contact with the stigma when foraging on flowers
(Fig. 1a). Apis cerana was therefore considered a pollinator.
However, A. cerana visited flowers of B. hancei only on
warm and sunny days, and visitation rates were very low.
No flower visitors were observed on 10, 11, 12 and 17
March, 2012. When it was warmer on 18 and 19 March,
visitation rates by A. cerana were 0.1042 and 0.2417 visits
per flower per hour, respectively. Taking the data for all 6
days into account, visitation rates by A. cerana were as low
as 0.0752 visits per flower per hour. Foraging time on each
flower ranged from 2 to 25 seconds.

Discussion

Our results provide evidence for an autonomous mecha-
nism for self-fertilization in B. hancei. Despite marked
herkogamy (separation of anther and stigma) favoring
out-crossing in the early stages of flower development,
cessation of style growth after the flowers have been open
for about 2 days leads to the filament and style coming
into contact during later floral development, allowing
self-pollination to occur. This self-pollination mechanism
conforms well to the delayed self-fertilization according
to the classification of autogamy modes (Lloyd & Schoen
1992). Although measurements of relative stigma-anther
length were conducted at only one site in this study, our
personal observations revealed the presence of the same
mechanism in other B. hancei populations. To our knowl-
edge, this is the first report of a self-fertilization mecha-
nism contributing to reproductive assurance in the genus
of Brandisia.

It could be predicted that B. hance is an out-crossing
species because it has long-lasting flowers featuring
bright colors, shows a high amount of nectar secretion,
and dichogamy and herkogamy can be observed in young
flowers. However, taking into account the flowering
period of B. hancei, the potential for pollinator limitation
becomes evident, which is supported by the present
study. The flowering period of B. hancei lasts from late
November to March the following year, which coincides
with the coldest season in Guizhou. Minimum tempera-
tures generally range between −13.1 and −4.4°C during

this time (Yang & Long 2011), contributing to the low
frequency of pollinator movements. Only A. cerana visited
flowers of B. hancei, and moreover visitation rates were
very low even in mid-March, which is the warmest month
during the flowering season of B. hancei (0.0752 visits per
flower per hour in total).

Winter-flowering plants often experience a shortage of
pollinator service, as pollinator activity is to a large extent
influenced by temperature (Aizen 2003; Fang et al. 2012). It
is therefore generally accepted that self-pollination can be
beneficial in environments where pollinators are rare, as it
provides reproductive assurance (Nagy et al. 1999; Kalisz
& Vogler 2003; Carrió et al. 2008; Zhang & Li 2008).
Delayed self-pollination (DSP) is considered to be a suc-
cessful strategy to promote out-crossing in the early stages
while assuring reproduction, especially when very
limited reproductive success occurs in the early stages.
DSP can be achieved through several mechanisms, which
include bending of the stigma towards the anther (Zhang
& Li 2008) or facilitation of pollen transfer to the stigma
through anther movements (Liu et al. 2006; Shivanna
2012). The change of growth rates of stamen and pistil has
been reported in other plants, and hypothesized before to
contribute to self-pollination (Kalisz et al. 1999; Ma et al.
2012), as the spatial overlap of stigma and anther gener-
ally occurs while the stigma is still receptive, hence allow-
ing for successful self-pollination.

Compared with natural pollination, fruit set increased
after supplementary pollination, while no significant dif-
ferences in seed production were found, indicating incon-
spicuous pollen limitation in B. hancei. Pollen limitation
may favor the evolution of self-compatibility as selfing
offers reproductive assurance (Knight et al. 2005) and
pollen limitation has been considered to be less problem-
atic in autogamous species (Larson & Barrett 2000). We
also found no significant differences in fruit set between
autonomous self-pollination and natural pollination treat-
ments, which suggested that self-fertilization alleviated
the pollen limitation and was indeed favored for repro-
ductive success in B. hancei. The highest fruit set and seed
production were both obtained in the out-crossing treat-
ment, and the increase in seed production was especially

Table 2 Fruit set and seeds per fruit from each pollination treatment

Pollination treatments
Fruit set (%) Seeds per fruit (no.)

2012 (n = 30) 2013 (n = 20) 2012 2013

Natural pollination (N) 50 75 198.07 ± 20.24 (n = 15) 211.73 ± 19.07 (n = 15)
Autonomous self-pollination (A) 66.67 80 165.85 ± 13.14 (n = 20) 161.13 ± 24.13 (n = 16)
Hand self-pollination (S) 86.67 95 223.69 ± 17.47 (n = 26) 255.63 ± 15.89 (n = 19)
Hand cross-pollination (C) 93.33 100 245.00 ± 9.85 (n = 28) 334.05 ± 21.23 (n = 20)
Supplementary pollen (P) 86.67 85 241.58 ± 13.09 (n = 26) 226.12 ± 21.96 (n = 17)

Data for seeds per fruit are means ± SE, with n being the sample size.
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obvious in 2013 when pollen donors were about
20 m away (Table 2), indicating out-crossing advantages.
Although out-crossing seems to be favorable in B. hancei,
and is promoted in the early stages of flowering, delayed
self-pollination assures reproduction in the absence of
pollinators, in which case the stigma will not have
received out-crossing pollen grains when contact between
stigma and anthers occurs.

Our study indicates that B. hancei is self-compatible and
autonomously self-pollinated, making it possible to
ensure reproduction in the harsh winter and early spring
environment when pollinators are scarce. However, due
to different growth rates of filament and style, self-
pollination is delayed in B. hancei, thereby enabling
cross-pollination of flowers in the early stages. This self-
fertilization mechanism may be of great significance for
plants that flower in a time of pollinator scarcity, as in
winter and early spring. Furthermore, identification and
clarification of the reproductive strategy of this species
can be crucial for other studies investigating adaptation,
species diversity and population structure.
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