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Abstract 
Rhododendron platypodum Diels is an endangered ornamental plant distributed in the 

high-elevation subtropical regions of China. Known as one of the “queen flower”, its popu-

lation is restricted to three sites in China, with only few individuals. To explore the reasons 

for poor population regeneration and provide theoretical basis for genetic breeding to sup-

port its popularization and application of this native garden tree species, field investigation 

and artificial pollination experiment were conducted to test the flowering characteristics 

and breeding system of R. platypodum in Zhaoyun Mountain, Chongqing. The results 

revealed that: (1) the flowering period of R. platypodum began in mid-April and ended in 

late May, lasting 36 days, with an average flowering duration of 9.15 days per flower. (2) 

Pollen viability was highest in the morning and evening, peaking on third day after flow-

ering, while stigma receptivity was highest between the second and third days. (3) The 

value of hybridization index and the pollen-ovule ratio indicated a partial self-compatibility 

and facultative outbreeding of this species. (4) Artificial pollination experiments showed no 

evidence of parthenogenesis or automatic self-pollination, and the fruit set rates for xeno-

gamy, geitonogamy were higher than those for self-pollination, with artificial pollination 

yielding higher fruit set rate than natural pollination. (5) The primary effective pollinators 

of R. platypodum were identified as Bombus sp. and Apis cerana sinensis. Our research 

found that instead of long flowering period, high pollen viability and simultaneous mature 

of stigma and pollen, high geitonogamy relying on pollinators for effective production 

and the pollen restriction are more likely to have adverse effects on the population of R. 

platypodum. Further factors such as limitation in seed dispersal, germination challenges, 

and environmental requirement for seedlings and saplings may contribute to the endan-

germent of R. platypodum.

Introduction
Reproduction is a critical phrase in the life cycle of plants, serving as a fundamental guarantee 
for the survival and propagation of plant species. To understand the mechanism underlying 
the endangerment of a species, studying its reproductive biology is essential [1,2]. The plant 
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breeding system, comprising floral morphological traits, floral organ expression, flower 
opening degree and style, self-compatibility and mating system, significantly influences plant 
phenotypes and evolutionary route [3–5]. The breeding process, along with pollinator and 
pollination modes, plays a decisive role in shaping the genetic composition and fitness of plant 
offspring [6–9]. Flowering plant reproduction primarily depends on their mating system, 
which encompass all supporting organs involved in gamete fusion and zygote formation, 
especially their reproductive organs [10]. Therefore, factors such as the flower type, morpho-
logical characteristics, color, blooming mode, blooming time, and traits affect the efficiency 
and reproduction success [11–13]. In addition to human interference, reproductive disorders 
are among the leading causes plants endangerment [9,14,15]. For instance, low fruit and seed 
setting rates are key factors in the endangerment of species like Emmenopterys henryi Oliv. 
[16], Xanthoceras sorbifolium Bunge [17], Styrax zhejiangensis [18] and Buchanania lanzan 
[19]. These challenges often arise from the loss of reproductive organs function, or limitation 
in the pollination processes [20].

Rhododendron is one of the world’s four major garden flowers and often known as the 
“king of woody flowers”, comprises more than 900 species distributed in Asia, with 576 
species found in China, over 74% of which are endemic [21]. The southwestern Hengduan 
Mountains serve as the richest distribution and evolutionary center of Rhododendron 
plants. Numerous studies have been conducted on the floral characteristics, flowering 
dynamics, and breeding systems of various Rhododendrons species [22–31]. These studies 
reveal that the breeding systems of most Rhododendron species favor hybrid mating system 
predominantly involving outcrossing [21], while species such as Rhododendron sinofalconeri 
[32] and Rhododendron longipedicellatum [33] exibit mixed mating system, incorporating 
both self-crossing and outcrossing. However, no research has been reported on the breeding 
system of R. platypodum.

Rhododendron platypodum is an evergreen shrub or small tree that grows on rocky ter-
rains or in dense forests at high altitudes. This species is listed as vulnerable (VU) in China 
Red List of Biodiversity - Higher Plants Volume [34] and the Red List of Rhododendrons [35]. 
However, Wang et al. [36] reassessed its conservation status and classified it as endangered 
(EN) species. Studies on R. platypodum have revealed that it exists in only three populations 
in China, distributed across the steep cliffs and ridges of Jinfo Mountain, Zhaoyun Moun-
tain and Baima Mountain in Chongqing, with a total population of approximately 377 indi-
viduals [37]. Typical community associations include R. platypodum +  Fargesia spathacea 
and R. platypodum +  Litsea cubeba [38]. Although the diameter class of the population is 
complete, some survey quadrats lacked small seedlings [37,38]. The population characteris-
tics of R. platypodum are significantly influenced by many environmental factors, especially 
the surface transmittance and soil type on seedling density and the surface transmittance on 
plant flowering [37]. These indicated that the poor habitat may have some influence on its 
reproductive ecology.

Research on pollination ecology is crucial for understanding the potential regeneration 
bottleneck of endangered species [1], as pollen and seed dispersal, which underpin population 
regeneration and structure maintenance [39,40], are highly affected by environment condi-
tions. This process is often considered to be “the most vulnerable stage in the plant life cycle” 
[41]. Consequently, studying the reproductive ecology of such species is essential for ensuring 
continuous population regeneration [42]. This study investigated the flowering characteristics 
and breeding systems of R. platypodum through field investigation and artificial pollination 
experiment conducted in Zhaoyun Mountain, Chongqing, to provide a theoretical basis for 
its conservation promotion as a native garden tree species and the sustainable utilization of 
Rhododendron plant resources.

number: cstc2018jxjl00009). The funders had 
no role in study design, data collection and 
analysis, decision to publish, or preparation of 
the manuscript

Competing interests: The authors have 
declared that no competing interests exist.



PLOS ONE | https://doi.org/10.1371/journal.pone.0319513  March 27, 2025 3 / 16

PLOS ONE Flower traits and breeding system of Rhododendron platypodum diels

Materials and methods

Study site and material
This research was conducted at the natural distribution site on Zhaoyun Mountain, cho-
sen for its large population distribution and representation of all age classes of R. platy-
podum. Voucher specimens are preserved in the plant specimen room of the National 
Positioning Observation and Research Station of Mountainous Urban Forest Ecosystem 
of Chongqing (CQCSDWZ) at Chongqing Academy of Forestry Sciences. This natural 
population is located in Zhaoyun Mountain, Wulong District, Chongqing, near the junc-
tion of Chongqing and Guizhou Province, ranging from 29°11’40.85“to 29°12’18.61”N, 
between 107°26’42.72” and 107°28’44.33”E. The region experiences a subtropical humid 
monsoon climate with an average annual temperature of 12 °C, average annual precip-
itation of 1350 mm, relative humidity exceeding 80%, and about 1150 hours of annual 
sunshine. The soil types include mountainous yellow soil and yellow-brown soil. Cover-
ing approximately 18 ha, this population inhabits a relatively stable environment, with 
slops ranging from 21° to 47° and aspects facing east, south, southwest and southeast.  
Human disturbance in this plot is severe. R. platypodum primarily grows on the ridges, 
plains, and slopes at altitudes of 1733–1882 m. The majority of this population consists 
adult trees capable of flowering and fruiting with basal diameters ranging from 2 to 40 cm 
and ages between 10 and 300 years. Seedlings are rare, indicating that this population is 
overall degraded.

Floral phenology and floral characteristics observation
The flowering dynamics, visitor activity and frequency, and effective pollination frequency 
of R. platypodum were observed in Zhaoyun Mountain. Based on the previous observation, 
five adult trees were randomly selected and marked in early May to monitor the flowering 
dynamics. Observations were conducted at a fixed times to record the start, end, and dura-
tion of the flowering period. Changes in the marked inflorescence buds, the order of flower 
opening, the duration of blooming, and other indicators of 20 flower buds were observed 
and recorded daily from 10:00 to 10:30 am. In order to document and record the visit of 
pollinating insects, eight flowering inflorescence were randomly selected during the flower-
ing period on clear days. Photos were taken using a digital camera (Canon EOS R50) from 
10:00 to 10:20 am and from 15:30 to 15:50 pm. Visiting insects were captured for species 
identification.

Pollen Vitality and Stigma Viability Characteristics
The pollen vitality of R. platypodum was measured using the TTC (2,3,5-triphenyltetrazolium 
chloride) method [43]. Unopened buds were labeled, and samples were collected and tested 
every hour from 9:00 am to 19:00 pm on the second day after flowering to analyze hourly 
changes in pollen vitality. Daily changes in pollen vitality were documented at 9:00 am for 
nine consecutive days. Fresh pollen were collected and placed in a 2 mL test tube, where it 
was gently crushed using a dissecting needle. Then, one drop of 0.5% TTC staining solu-
tion was added to the test tube, and the samples were incubated in the dark at 37°C for 15 
minutes. After incubation, the test tube was shaken to disperse the pollen evenly. The TTC 
staining solution containing the pollen was transferred to a glass slide using pipette, and the 
pollen cells were gently dispersed with a dissecting needle. Four temporary mounts were 
prepared using above method. Staining results were observed and photographed by a micro-
scope (SAGA SG30). Red-stained pollen grains indicated active pollen, while unstained ones 



PLOS ONE | https://doi.org/10.1371/journal.pone.0319513  March 27, 2025 4 / 16

PLOS ONE Flower traits and breeding system of Rhododendron platypodum diels

represent inactive pollen grains. In this study, five replicates were performed for pollen vitality 
testing.

Stigma receptivity was determined using benzidine-hydrogen peroxide method [44]. The 
column stigmas of R. platypodum at each flowering stage were placed in a 10 mL transpar-
ent plastic centrifuge tube containing benzidine-hydrogen peroxide reaction solution. The 
solution was prepared with a volume fraction ratio of 1% benzidine (by mass), 3% hydrogen 
peroxide (by volume), water in a 4:11:22 ratio. Under a steriomicroscope by observing the 
pistil found out, the stigma surrounded by a large number of blue bubbles around indi-
cated strong receptivity. If no bubbles formed and stigma remained unchanged in blue, that 
means the stigma has no receptivity. Five replicates were conducted for stigma testing in 
this experiment.

The pollen ovule ratio (P/O) was determined using the standard and method of Cruden 
[45]. Seven buds with unopened anthers were picked from different plants. The number of 
pollen and ovules in each flower was counted to calculate the ratio.

Breeding system analysis
In May 2019, the inflorescences from well-growing, sun-facing R. platypodum located in 
the upper middle of the crown were selected and treated as follows before flowering: (1) 
Open-pollination: In this treatment, no bagging, emasculation or artificial pollination were 
applied to the flower, allowing them to remain in their natural state to observe the affinity of 
R. platypodum under wild conditions. (2) Self-pollination: To test the self-compatibility of 
the same flower on one plant, the buds were covered with a sulfate paper bag before flower-
ing. After flowering the bag was removed and the flower was pollinated artificially using the 
pollen of the same flower, and then re-enveloped again after pollination. (3) Geitonogamy 
(transfer of pollen to a different flower on the same plant): Flower buds were emasculated 
using a sterilized scissors and covered with a sulfate paper bag. On the third day of flowering, 
pollen of different flowers from same plant were used for artificial pollination. After pollina-
tion, the flower was re-enveloped by sulfate paper bag to test the geitonogamous pollination. 
(4) Xenogamy (cross-pollination): Buds were emasculated and bagged as in the geitonogamy 
treatment. On the third day of flowering, pollen from plants with flower opening at least 10 
meters away was used for pollination. After pollination, the flower was re-enveloped with 
the paper bag to test for cross-compatibility. (5) Wind pollination: Flower buds were emas-
culated and covered with a 60-mesh bag (with an aperture of about 0.25 mm). (6) Autono-
mous self-pollination (cleistogamy): No emasculated flower buds were covered by sulfate 
paper bags to test spontaneous pollination. (7) Parthenogenesis (reproduction from an ovum 
without fertilization): Flower buds were covered with sulfate paper bag after emasculation 
without artificial pollination. The number of flowers in a single inflorescence was recorded 
for all seven treatments, with 20 inflorescences per treatment. On October 3, 2019, the fruits 
of each treatment were collected and, counted. The fruit-setting rate was calculated as fol-
lows: Fruit setting rate Number of fruits per flower Number of f= / llowers accept treatment 100%×  .

Statistical analysis
The data were analyzed statistically using SPSS ver. 22 (IBM SPSS Statistics for Win-
dows). Descriptive statistics were used to calculate the means and standard deviations. 
One-way ANOVA was performed to analyze the differences among the hourly and  
daily change in pollen vitality and the artificial pollination treatments. Means were 
compared using Duncan’s multiple range test and the values were considered  
significant at p <  0.05.
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Results

Flowering phenology period and floral traits
In natural condition, the flowering period of R. platypodum population lasted 36 days, from 
mid-April to late May. The inflorescence of R. platypodum opened gradually from bottom to 
the top, with slight differences in flowering time in upper flowers due to factors such as loca-
tion and light conditions. The average flowering time for a single inflorescence was about 15 
days. In the early three days, the flowering proportion of the inflorescence was 6.82%. From 
4th to the 6th day after emergence, the flowering entered a centralized opening phase with a 
flowering ratio of 12.08% on the 4th day, 18.65% on the 5th day, and 22.1% on the 6th day. 
From 7th to 15th day, it maintained a sporadic opening stage (Fig 1). The flowering period 
of a single flower lasted 9.15 days. The opening process of a single flower can be divided into 
bud stage, beginning flowering stage, blooming stage and fading stage (Fig 2). The leaves of 
R. platypodum were first sprout, followed by flowers and the leaf development and flowering 
stages overlaped partially.

The terminal inflorescence of R. platypodum consist of racemose umbels with an average 
length of (53.66 ±  0.73) mm and an average flower number of (15.07 ±  0.54). The length of 
light green peduncle is (33.53 ±  0.35) mm. The length of small calyx is (2.06 ±  0.07) mm. 
Corolla showed funnel-shaped bell, with 7 oblate lobes, pink or pinkish-red, without  
spots. The corolla diameter is (40.88 ±  1.48) mm, and the corolla lobe depth is (13.15 ±  0.41) 
mm. The number of stamens is (14.67 ±  0.21), with an average the length about (28.53 ±  0.76) 
mm. The white filament at the base has white soft hairs, and the anthers are light brown. The 
pistil has a length of (39.69 ±  0.8) mm, with a light green, disc-shaped stigma that turns brown 
when mature. The style is light green, and the ovary is superior, both densely covered with 
white glands. During the bud stage, the stigma of R. platypodum is enclosed by the petals. The 
buds are long oval, with a rose-red color. The stigma is yellowish-green and immature, secret-
ing no mucus when the flowers are opened by tweezer (Fig 2A). At the beginning of flowering, 
the flowers slightly unfold, but do not reach their full bloom. The petals become light in color 
and the stigma begins to secrete mucus. Linear, viscous filamentous pollen overflows from the 
anther apical pore (Fig 2B). During the blooming period, the corolla turns pink, fully opens, 

Fig 1.  Flowering ratio of racemose umbels of Rhododendron platypodum.

https://doi.org/10.1371/journal.pone.0319513.g001

https://doi.org/10.1371/journal.pone.0319513.g001
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and the stigma curves into an arch shape with mucus. The stamens and pistils separate, and 
the anthers contain the highest amount of pollen (Fig 2C). During the withering period, the 
corolla turns white with brown spots begin to appear on it, then corolla gradually shrinks. 
The stigma slightly darkens, still secreting mucus, the anthers have disperse, and the filaments 
begin to wither (Fig 2D).

Pollen vitality and stigma acceptability
The pollen vitality of R. platypodum was highest in the morning and evening, while a sig-
nificant decrease observed in the afternoon. The pollen vitality of R. platypodum from 9:00 
to 10:00 and 16:00 to 19:00 was significantly higher than that from 13:00 to 14:00 (Table 1). 
Therefore, from the perspective of pollen vitality, morning and evening is more favorable for 
the pollination activity of R. platypodum.

The pollen vitality of R. platypodum increased rapidly in the initial days of flowering and 
then declined as flowering progressed. On the first day of flowering, the pollen vitality of R. 

Fig 2.  Flowering stage of racemose umbels of Rhododendron platypodum . A.the bud stage; B. the beginning flow-
ering stage; C.the blooming stage; D. the fading stage.

https://doi.org/10.1371/journal.pone.0319513.g002

https://doi.org/10.1371/journal.pone.0319513.g002
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platypodum reached 60.08%, continued to increase on the second day, and peaked at 96.91% 
on the third day. Subsequently, it rapidly decreased to 4.03% by the eight day of flowering and 
gradually became inactive (Table 1). Therefore, the pollination time of R. platypodum after 
blooming is relatively short. We counted the days based on pollen activity higher than 50%, it 
was determined that effective pollination period is approximately about 5 days.

The hourly and daily changes in the stigma receptivity of R. platypodum are statistically 
summarized in Table 1. Hourly variation revealed that stigma receptivity peaked from 12:00-
13:00 in the noon and around 18:00 in the afternoon of R. platypodum. The stigma receptivity 
was observed from 9:00 to11:00 and 14:00 to 17:00 but lost by 19:00. These results suggest that 
midday and evening periods are most favorable for pollination from the perspective of stigma 
acceptability in R. platypodum. In daily changes, stigma receptivity persisted during the first 
5 days of flowering, with the strongest receptivity occurring on the second and third days, 
making them the most conducive to pollination.

Hybridization index and pollen-ovule ratio
The hybridization index of R. platypodum was estimated by Dafni’s standard [44]. The corolla 
diameter was (40.88 ±  1.48) mm >  6 mm, denoted as 3. Its flower has both pistil and stamen, 
which mature simultaneously, denoted as 0. Additionally, the stigma is curved and positioned 
higher than the anther during flowering, resulting in spatial separation, denoted as 1. Therefore, 
the hybridization index of R. platypodum is 4, which can be inferred that the breeding system of 
R. platypodum is partially self-compatible, primarily cross-pollinated, and reliant on pollinators.

The average P/O value of R. platypodum was 750.57. According to Cruden’s [45] evaluation 
criteria of breeding system type, this value categorizes R. platypodum belongs to the facultative 
out-crossing breeding system.

Breeding system analysis
According to Fig 3, the open-pollination group has a high fruit setting rate of (79.94 ±  1.61) 
%, significantly surpassing than that of self-pollination group, wind pollination group, insect 
pollination group, and single wind pollination group. The fruit setting rate of the self-
pollination group was (4.63 ±  1.87)%, representing 5.79% of the open-pollination group. This 

Table 1.  Changes of pollen viability (mean ±  SE) and stigma receptivity of Rhododendron platypodum. “+” indicates that the stigma has acceptability. “++” indi-
cates that the stigma has strong acceptability. “-” indicates that the stigma is inadmissible. Different letters in column indicate significant difference, p <  0.05.

Time of the day Pollen 
viability
 (%)

Stigma receptivity Flowering day Pollen viability (%) Stigma receptivity

9:00 96.48 ± 1.28 a + 1 60.08 ± 3.15 c +
10:00 97.13 ± 1.43 a + 2 83.18 ± 1.67 b ++
11:00 95.27 ± 1.29 ab + 3 96.91 ± 0.54 a ++
12:00 94.67 ± 0.81 ab ++ 4 84.83 ± 1.3 b +
13:00 83.45 ± 2.22 c ++ 5 61.96 ± 1.98 c +
14:00 87.06 ± 2.05 bc + 6 43.16 ± 1.73 d –
15:00 88.95 ± 3.31 abc + 7 18.64 ± 1.17 e –
16:00 97.95 ± 0.59 a + 8 4.03 ± 0.58 f –
17:00 96.61 ± 0.88 a + 9 0.62 ± 0.2 g –
18:00 97.27 ± 1.32 a ++
19:00 97.79 ± 0.87 a –

https://doi.org/10.1371/journal.pone.0319513.t001

https://doi.org/10.1371/journal.pone.0319513.t001
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indicates that while R. platypodum is capable of producing fruits through self-pollination, the 
pollination efficiency and fruit setting rate were relatively low. classifying it as a facultative 
heterozygous species. The wind pollination group, autonomous self-fertilization, and single 
wind pollination group did not produce seeds, indicating that the pollination process of R. 
platypodum could not be completed solely by wind pollination and required assistance of 
insects or humans in this process. The seed setting rates of geitonogamy group and xenogamy 
groups were significantly higher than in the open-pollination group, reaching (89.23 ±  2.6) % 
and (89.98 ±  2.21) %, respectively (Fig 3). This suggests that artificial pollination can further 
enhance the pollination efficiency of R. platypodum compared to natural pollination.

Visiting Insects
The main pollinating insects of R. platypodum were identified as Bombus sp., Apis cerana, and 
Drosophila sp. Statistical analysis of camera records revealed that Bombus sp. had the highest 
average visiting frequency of a single inflorescence, reaching (21.38 ±  1.32) times per hour, 
which was significantly higher by 1.63 and 1.27 times compared to A. cerana and Drosophila 
sp., respectively. The visiting frequency of A. cerana (16.88 ±  0.97 times/h) was significantly 
lower than that of Bombus sp. but significantly higher than that of Drosophila sp. (13.13 ±  1.38 
times/h). Among the three insect groups, Bombus sp. also demonstrated the highest effective 
pollination frequency (13.88 ±  1.13 times/h), which is significantly higher than that of A. 
cerana and Drosophila sp. The effective pollination frequency of Bombus sp. was 1.54 times 
higher than A. cerana, while no effective pollination frequency was observed for Drosophila 
sp. (Fig 4).

Discussion
Previous studies have found that the natural habitat of R. platypodum is characterized by shal-
low soil layers, poor soil fertility, poor site conditions, fragmented habitats, sparse seedlings, 
slow and difficult population regeneration [37, 38], all of which contribute to its gradually 
endangered status [36]. Factors leading to endangerment of plants mainly includes internal 

Fig 3.  Fruit setting rate of Rhododendron platypodum under different treatments. A: Open-pollination. B: 
Self-pollination. C: Geitonogamy. D: Xenogamy. E: Wind pollination. F: Autonomous self-pollination. G: Partheno-
genesis. Different letters indicate significant difference, p <  0.05.

https://doi.org/10.1371/journal.pone.0319513.g003

https://doi.org/10.1371/journal.pone.0319513.g003
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attributes and external interference, with reproductive system disorders being a key inter-
nal factor [9]. Researching on the flowering biology and breeding system of R. platypodum 
is therefore critical for understanding its endangerment mechanisms and informing future 
conservation strategies.

Floral traits (including flower color, structure, aroma, etc.) and opening pattern (flower 
size, number of flowers, etc.) play a significant role in attracting pollinators, as well as influ-
encing the efficiency of self- and cross- pollination, ultimately affecting pollination success 
[2,46,47]. Wang et al. [48] found that pollinators favor inflorescences over individual flowers. 
In this study, R. platypodum was observed to have large corolla, with fragrance free pink flow-
ers, non-folding petals and high floral density during its flowering period. These traits coupled 
with the presence of nectaries, classify it as an entomophilous flower [49–50], attracting 
pollinator such as Bombus and Apis cerana [2,51]. Flower traits can evolve to adapt to distinct 
pollinators [52–54], with large flowers and low pigment content (i.e., anthocyanin and carot-
enoid) being particularly attractive to bees [55]. The cylindrical, funnel-shaped corolla and 
shallow color of R. platypodum is well-adapted to the body structure and preference of (bum-
ble)bees. Field observations revealed that flies only briefly stayed at the edge of the corolla of 
R. platypodum (4–7 seconds without contacting with the stamens and pistils, whereas (bum-
ble)bees burrowed into the interior of flowers, and stayed for a slightly longer period of time 
to collect pollen. During this process, pollen adhere to their feet and abdomen, which was 
subsequently transferred to the stigma of other flowers, facilitating cross-pollination. The ter-
minal raceme umbel of R. platypodum with its dense floral arrangements, the average anthesis 
of inflorescence duration was (13.4 ±  0.75) days, which facilitates the movement of pollinators 
between different inflorescences, making self- or cross- pollination within the same plant 
inevitable. This aligns with findings on R. machongensis [28]. Additionally, studies on R. fer-
rugineum have shown the absence of pollinators, long stamen do not facilitate self-pollination, 
while short stamen provide reproductive guarantee for the population [22]. Rhododendron 
species possess stamens of varying lengths, and their role in reproduction remains to be fur-
ther studied.

Floral display significantly influences pollen dispersal patterns through its attraction to 
pollinators, which in turn affects the mating system of plants [56]. In general, floral display 
with more flowers are more conspicuous than those with fewer flowers, thereby attracting a 
higher number of pollinators [57]. In this study, R. platypodum exhibited synanthesis, with the 
pistil and stamen maturing simultaneously—a characteristics also observed in Rhododendron 

Fig 4.  Main pollinators and single inflorescence pollination of Rhododendron platypodum . Different letters 
indicate significant difference, p <  0.05.

https://doi.org/10.1371/journal.pone.0319513.g004

https://doi.org/10.1371/journal.pone.0319513.g004
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siderophyllum and Rhododendron fortunei [26,58]. Most rhododendrons exhibit diplogamy 
[24], indicating the possibility of self-pollination, which has also been confirmed in artificial 
pollination experiments (Fig 3). The pollen viability of R. platypodum peaked 96.91% on the 
third day of flowering, which was higher than that of existing rhododendrons [21,31,59]. 
However, its pollen vitality remained above 50% for only 5 days, and dropped significantly 
after 7 days, indicating high initial vitality but a short viability period in R. platypodum, which 
is unfavorable to the pollination success of this species. Moreover, some studies found that the 
pollination activity of European bees in apple orchards correlates significantly with local tem-
perature, solar radiation and wind speed [60]. In present study, the site experienced frequent 
rain (29 days during flowering period), accompanied by cooling and strong winds, which 
may also affect the activity frequency of pollinating insects [61], thereby affecting the pollina-
tion efficiency of R. platypodum. When the stigma receptivity was at its peak, pollen activity 
was also highest, indicating the co-maturation of stamen and pistil of R. platypodum. How-
ever, during this period, the style of R. platypodum was curved and arched, with the stigmas 
positioned higher than the stamens, resulting in spatial ectopic (herkogamy) phenomenon 
that helps bisexual plants effectively avoid self-mating [62]. Such spatial separation accom-
modates spatial locations accommodate different pollinators, promoting effective pollination. 
For instance, de Vos et al. [63] found a separation greater than 1 mm between stamens and 
stigma in mature Primula halleri flowers favors outbreeding. In our study on R. platypodum, 
the length difference between stamens and stigma was 11.16 mm, significantly exceeding 
1 mm, strongly suggesting a preference for outbreeding [64]. This phenomenon has also been 
confirmed in the experiment of autonomous self-pollination with resulting of no fruit be set. 
In subsequent breeding, pollen can be collected at 16:00 on the third day of flowering for pol-
lination, or the stigma of 2-3 days after flowering can be pollinated at 12:00-13:00, which may 
improve pollination efficiency and setting more fruits.

Based on the calculation of outcrossing index (OCI) and pollen/ovule ratio (P/O), the 
breeding system of R. platypodum classified as facultative outcross type, self-compatible, and 
sometimes requires pollinators [44,45], aligning with the breeding systems of R. siderophyllum 
[26], R. maxiongense [28], and R. faberi [29]. The P/O ratio, an indicator of male resource allo-
cation, was 750.57 in this study, closely aligned with values indicative of facultative xenogamy 
[45]. This suggests that the breeding system of R. platypodum leans more towards an out-
breeding system, consistent with findings on endemic and endangered plant of Opisthopappus 
longilobus and Opisthopappus taihangensis grown at cliff habitat [65].

In order to accurately determine the breeding system of R. platypodum, artificial polli-
nation tests were conducted to enhance the reliability of findings [66]. The absence of fruit 
set in bagging treatment without emasculation and bagging with emasculation treatment, 
indicating that R. platypodum does not undergo automatic self-pollination or parthenogen-
esis. Fruit set was observed in both artificial self-pollination and artificial cross-pollination 
treatments, confirming that R. platypodum is compatible with both self- and cross- polli-
nation, similar to R. longipedunculus, R. ferrugineum and R. vialii [28,33]. Additionally, the 
fruit setting rates in these artificial self-pollination and artificial cross-pollination treatments 
were higher than those observed under natural pollination, suggesting that R. platypodum 
experiences pollen restriction [67–70], a common trait among Rhododendrons [21,31]. Pollen 
limitation also affects the reproduction of other endangered shrub, such as Lonicera oblata at 
cliff habitats [71]. The absence of fruit set from wind pollination indicates that R. platypodum 
mainly depended on insect pollinator, consistent with studies showing that Rhododendrons 
are predominantly insect-pollinated [72,73]. Observations during flowering revealed that R. 
platypodum exhibits an arched stigma, similar to Rhododendron aureum and R. longipedun-
culus [33,74], which effectively prevents self-pollination and supports a mixed mating system 
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dominated by outcrossing. There was no difference in fruit setting rate was found between 
artificial geitonogamy and artificial xenogamy treatments. Meanwhile, field observation 
showed that pollinators often visited adjacent inflorescences on the same plant, indicating 
that the main pollination mode of this species under natural conditions was geitonogamy, as 
observed in many Rhododendrons pollinate [23,25,72,75]. Inbreeding in plants often induced 
by population size and distribution [76,77]. While inbreeding can lead to population decline 
and reduce offspring fitness [78], it is frequently considered as a reproductive security mech-
anism, especially under conditions of pollen restriction [79]. Although the population of R. 
platypodum is small, the SSR studies indicate no significant inbreeding within its population 
[80]. Field investigations revealed rare seedlings within the population [37,38], potentially due 
to reduced seed germination rates or declined seedling fitness from inbreeding, or unsuitable 
germination conditions. However, we did not conduct any seed germination and seedling 
growth experiments representing limitation of our study that need for further research.

The mutualistic cooperation between flowering plants and pollinators is shaped by long-
term co-evolution [81,82]. Pollination efficiency varies based on the behaviors of visiting 
insects [72,83]. Floral-visiting insects of Rhododendrons are relatively diverse, involving 4 
orders and 16 families according to statistics [84], yet bumblebees are widely recognized as 
their effective pollinators [23,25,85]. At the same time, many Rhododendrons have special-
ized pollinators [73,84]. The low frequency ultrasonic waves generated by bumblebee wing 
movement during nectar collection facilitate pollen release from stamens in Rhododendron 
maddenii and Rhododendron augustini [86]. Unlike flies, ants, and beetles, bumblebees can 
carry and collect large quantities of linear viscous pollen [72]. Many studies have shown 
that bumblebees are the most important pollinators of the groups with poricidally dehiscent 
anthers among temperate plants, including Rhododendrons [25,67,72,75,87,88]. In this study, 
bumblebees, A. cerana and Drosophila were the main flower visitors of R. platypodum. Among 
them, both bumblebee (B. braccatus) and Chinese bee (A. cerana) carried pollen and actively 
transferred pollen to stigma when visiting flowers. While drosophila only fed on nectar and 
did not transfer pollen to stigma. Therefore, bumblebee and Chinese bee are effective pollina-
tors of R. platypodum.

Conclusion
The floral features of R. platypodum showed adaptability to insect pollination. At both the 
individual and population levels, R. platypodum exhibits higher flowering synchronicity, 
which attracts more visitors and produce higher capsule setting rate. The spatial ectopic of 
stamens and pistils could avoid self-cross to a certain extent. The breeding system of R. platy-
podum is a mixed mating system with preference for outcrossing, and its effective pollinators 
under natural conditions are Bombus sp. and A. cerana. The wild population of R. platypodum 
on Zhaoyun Mountain is located in the tourism development zone, subject to significant 
human disturbance. Meanwhile, pollen restriction in populations, windy and rainy weather on 
flowering periods, will affect the seed production of R. platypodum. Moreover, high geitonog-
amy relying on pollinators for effective production revealed by artificial pollination is likely 
to lead to a decrease in the adaptability of the offspring of this species. To expand population 
of R. platypodum, artificial breeding can be employed, along with efforts to increase outcross-
ing probabilities under natural conditions by releasing effective insects during the flowering 
period. While rainfall exacerbates flowers and fruits drop, field observations show that R. 
platypodum begins to bloom at around 7–8 years of age, with flowering intensity increasing as 
the tree ages. Remarkably, this species continue blooming abundantly for centuries, with some 
trees blooming even at 250 years of age. Each capsule contains hundreds of seeds [89,90] and 
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the 80% capsule setting rate in natural pollination in this study ensures a reliable amounts of 
seeds. Therefore, alongside mitigating human interference, it is crucial to focus attention on 
seed dispersal, germination, and the environmental requirements for growth of seedlings and 
saplings of R. platypodum.
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