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A study on the reproductive
characteristics and invasiveness
of Crassocephalum rubens and
Crassocephalum crepidioides
Xianliang Cui, Yating Luo* and Yinling Luo*

Key Laboratory of Subtropical Medicinal Edible Resources Development and Utilization in Yunnan
Province, College of Biology and Chemistry, Pu'er University, Pu'er, Yunnan, China
Introduction: This study aims to explore the reproductive characteristics and

invasiveness of Crassocephalum rubens and Crassocephalum crepidioides,

offering valuable insights for the future management and control of invasive

plant species.

Methods: A series of experiments were conducted on the invasive plants C.

rubens and C. crepidioides, including pollen viability determination, flowering

dynamics observation, stigma receptivity tests, pollen-ovule ratio analysis,

artificial bagging experiments, and seed germination tests.

Results: The results indicated that: (1) C. rubens had significantly more florets per

inflorescence (246.1 ± 70) compared to C. crepidioides (154.6 ± 16.3), and a

longer floral longevity (11.3 ± 0.9 days vs. 8.5 ± 1.6 days); (2) The P/O ratio of C.

rubens was 1020.8 ± 398.57, indicating a facultative outcrossing system, while

that of C. crepidioides was 240 ± 69.28, suggesting a facultative selfing system;

(3) The pollen viability of C. rubens remained above 80% (84.45%-59.85%)

between days 3 and 5 of flowering, whereas C. crepidioides reached 80.59%

only on day 5, with a shorter duration; (4) Both species exhibited high seed set

rates under natural conditions (C. rubens: 92.97%, C. crepidioides: 95.53%), with

reproductive modes including autogamy and self-compatibility; (5) Germination

rates were 93.9% for C. rubens and 97.9% for C. crepidioides, with C. crepidioides

germinating earlier and surpassing 50% germination sooner.

Discussion: Both C. rubens and C. crepidioides possess traits such as self-

compatibility, high seed set rates, high germination rates, and year-round

growth, which enable them to rapidly establish and spread in new

environments. While there is no significant difference in seed set or

germination rates between the two species, C. rubens shows advantages in

floral longevity and seed production. These factors may provide C. rubens with a

stronger competitive edge in natural environments, potentially facilitating its

dominance over C. crepidioides in certain conditions.
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1 Introduction

Biological invasions have become an increasingly significant

environmental issue in the 21st century. They directly impact the

survival and development of native species and can have profound

effects on ecosystems. Invasive species often disrupt ecological

balance, threaten agriculture, forestry, and fisheries, and contribute

to the loss of biodiversity (Diagne et al., 2021). Extensive research has

been conducted on the biological characteristics, invasion

mechanisms, and control strategies of invasive plants to monitor,

manage, and prevent the spread of alien species (Kumar et al., 2024;

Lorenzo andMorais, 2023). Reproduction plays a critical role in plant

life history, directly influencing population growth and demography

as well as ecosystem functioning, and can significantly affect the

invasion process and successful establishment of alien plant species of

alien plants (Daehler, 2003; Jiang et al., 2022; Pysek and Richardson,

2007). Therefore, studying the reproductive systems of invasive

plants provides essential theoretical foundations for understanding

the mechanisms behind plant invasions.

Numerous studies in China have investigated the reproductive

characteristics of invasive plants in the Asteraceae family, including

Xanthium spinosum, Bidens alba, Impatiens glandulifera, Bidens

pilosa, and Tithonia diversifolia (Tao et al., 2022; Kato-Noguchi and

Kurniadie, 2024; Lin et al., 2023; Ajao and Moteetee, 2017).

Research has shown that the ability to reproduce both sexually

and asexually, combined with a flexible mating system involving

cross-pollination and self-pollination, are common features of

successful invasive plants. This reproductive flexibility enables

them to survive and propagate in harsh environments (Wang

et al., 2022). Asteraceae plants often produce numerous small

seeds, many with a pappus, which aids in their dispersal. These

traits align with the reproductive characteristics of invasive plants,

making Asteraceae species some of the most significant ecological

threats (Sun et al., 2022).

Crassocephalum rubens and Crassocephalum crepidioides are

both alien species for China in the Asteraceae family, belonging to

the genus Crassocephalum. They primarily grow in barren hillsides

and along rural roadsides (Rojas-Sandoval and Acevedo-Rodrıǵuez,

2022; Gurung et al., 2022). A prior survey in Pu’er City revealed that

both species share similar ecological preferences and survival

conditions, often co-occurring, with C. rubens having a larger

population than C. crepidioides. As invasive species, it is

important to explore whether differences exist in their

reproductive traits and invasiveness. This study focuses on C.

rubens and C. crepidioides found along the roadsides of barren

fields in Simao District, Pu’er City. A series of experiments,

including flowering dynamics observation (Wan et al., 2024),

pollen-to-ovule ratio determination (Nepal et al., 2023), pollen

viability testing (Nepal et al., 2023), stigma receptivity assessment

(Wang et al., 2012), controlled bagging experiments (Koltunnow,

1993), and germination tests (Reed et al., 2022), were conducted to

understand their reproductive characteristics and analyze their

relationship with invasiveness. The aim of this experiment is to

explore the differences in reproductive traits between these two

closely related invasive plant species. By analyzing these
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reproductive characteristics, we aim to assess their invasive

potential and predict the likely competitive dynamics and future

trends between the two species.
2 Materials and methods

2.1 Overview of the study area and
materials

The experiment was conducted at the edge of abandoned tea

plantations around Xima Lake Wetland Park in Nanping Town,

Simao District, Pu’er City, Yunnan Province. The study area is

located at an altitude of 1,298–1,315 meters, with geographic

coordinates of 22°46’12.28″N and 101°00’64″E. The region

experiences an annual average temperature ranging from 15°C to

20°C, with approximately 315 frost-free days each year. The

experiment was conducted from October to December 2021. The

study focused on C. rubens and C. crepidioides from the same

community. Fieldwork included controlled bagging and flowering

dynamics observations, while lab analyses covered pollen-to-ovule

ratios, pollen viability, and stigma receptivity. This area has a typical

subtropical climate, providing favorable conditions for plant

reproduction and ecological studies.
2.2 Experimental methods

2.2.1 Observation of flowering dynamics
The method for observing flowering dynamics follows the

definition outlined by Burtt (1961). Flowering onset is marked by

the unfolding of the involucral bracts and the opening of the first

row of florets on the periphery of the inflorescence. The flowering

period concludes when the central florets of the inflorescence fully

open. This approach allows for accurate recording of flowering

duration, the number of florets, and other relevant parameters. Five

5m × 5m plots were set up, each containing both plant species.

Within each plot, two individuals of C. rubens and two individuals

of C. crepidioides were randomly chosen, resulting in a total of 10 C.

rubens and 10 C. crepidioides plants selected for the study. From

each plant, six inflorescences were randomly chosen for

observation, and flowering periods, along with other associated

parameters, were recorded.
2.2.2 Pollen-to-ovule ratio
The pollen-to-ovule ratio (P/O) was determined using the

classical pollen count method, following the procedure outlined

by Nepal et al. (2023). Twenty inflorescences from 10 plants of C.

rubens were randomly selected, collected, and fixed with FAA. Ten

florets with unopened anthers were chosen, and the anthers were

extracted and processed using a centrifuge. Pollen grains were

observed under a microscope using a glycerol-lactic acid solution

(3:1). To determine the ovule count, unopened inflorescences were

randomly selected from different plants. All florets except one were
frontiersin.org
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removed from each capitulum using forceps, and the number of

seeds produced by the remaining floret was recorded. The pollen

and ovule counts were then used to calculate the P/O ratio, which

was used to infer reproductive systems according to Cruden (1976):
Fron
• P/O of 2.7–5.4: Cleistogamous

• P/O of 18.1–39.0: Obligate selfing

• P/O of 39.1–396.0: Facultative selfing

• P/O of 244.7–2588.0: Facultative outcrossing

• P/O of 2108.0–195525.0: Obligate outcrossing
The method for determining the P/O ratio in C. crepidioides was

identical to that used for C. rubens.

2.2.3 Pollen viability
Pollen viability was assessed using the TTC(Triphenyl

Tetrazolium Chloride) staining method, which is widely used for

evaluating pollen viability (Luo et al., 2020). The TTC solution

reduces inactive pollen to red-stained pollen, with the intensity of

staining being proportional to pollen viability. Forty unopened

inflorescences were randomly selected from 10 plants of C. rubens

and C. crepidioides. From days 1 to 8 post-flowering, five

inflorescences from each species were collected daily. Pollen

smears were prepared on slides, and 0.5% TTC solution was

applied. The slides were then incubated at 37°C for 30–60

minutes. The staining rate (%, the ratio of red-stained pollen

grains to the total pollen count in the field of view.) was observed

and recorded under a microscope, with the pollen staining rate

representing viability. Each inflorescence was set up with three

replicates, ensuring that the number of pollen grains counted per

replicate was no fewer than 200 (except when pollen grain dispersal

was low during the late flowering stage) (Breygina et al., 2021).

2.2.4 Stigma receptivity
Stigma receptivity was assessed using the decolorized aniline

blue method, which effectively measures pollen tube germination

ability. Forty-eight unopened inflorescences were randomly selected

and marked with sulfuric acid paper bags. During the experiment,

six inflorescences were collected daily and fixed in FAA. Each

inflorescence was softened with 5 mol·L−1 NaOH, rinsed with

distilled water, and separated into individual florets. Stigmas from

20–30 florets were isolated and stained with decolorized aniline

blue. The number of germinated pollen tubes was then observed

and recorded under a microscope (Wang et al., 2012).

2.2.5 Artificial controlled bagging experiment
Ten plants of each species were randomly selected, and four

uniformly developed inflorescences per plant were chosen, marked,

and grouped into 10 replicates (40 inflorescences in total). The

treatments were as follows:
1. Natural opening (control).

2. Unemasculated, bagged before flowering to test for

self-compatibility.

3. Emasculated, unbagged to test for cross-compatibility.
tiers in Ecology and Evolution 03
4. Emasculated and bagged to test for apomixis.
Emasculation followed the method of Koltunnow (1993), where

all anthers and stigmas were removed before flowering, leaving only

some ovaries and styles. Mature seeds were collected, counted, and

used to calculate seed set rates.

2.2.6 Seed collection and germination
experiment

Seeds from each species were collected from at least 20-30

plants, cleaned of impurities, and thoroughly mixed to reduce

individual variations. They were then stored in envelopes for

future use. A random sample of 100 dry seeds was weighed to the

nearest 0.0001 g, with three replicates, and the average was

calculated as the hundred-seed weight. The seed germination

experiment followed the standard protocol outlined by Reed et al.

(2022). The experiment was conducted under alternating

temperatures of 18/25°C with 12-hour photo-period. Each

treatment consisted of three replicates, each containing 50 seeds,

evenly placed on two layers of filter paper in 100 mm Petri dishes.

The dishes were placed in an incubator, with distilled water added

daily to maintain moisture on the filter paper. Germination was

recorded every 24 hours, and seeds protruded radicle were being

counted and removed. The main germination index is the

germination rate, which refers to the total germination percentage

(%) at the end of the germination process.
2.3 Statistical methods

To ensure compliance with the assumption of normality, the

number of florets per inflorescence was log-transformed. Data on

pollen viability, pollen germination rate, seed set rate, and seed

weight were confirmed to follow a normal distribution. The Least

Significant Difference (LSD) test was employed to evaluate the

significance of differences among species across various treatment

conditions. All statistical analyses were conducted using SPSS 16.0.

Different lowercase letters indicate significant differences between

groups (P < 0.05), while the same letters indicate no significant

differences (P > 0.05).
3 Results and analysis

3.1 Flowering dynamics observation

Both C. rubens and C. crepidioides were observed to blossom

and bear fruit throughout the year in the study area.
• C. rubens: Flowers are blue, with capitulum inflorescences

containing 11 ± 3 whorls and 246.1 ± 70 florets per

inflorescence. The outermost whorl of florets blooms first,

with 1–2 whorls blooming daily until all florets bloom by

the 7th day. From the 9th day, peripheral flowers start

wilting, and by the 12th day, all florets have wilted and
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Fron
fallen. The flowering period lasts approximately 11.3 ±

0.9 days.

• C. crepidioides: Flowers are brick-red, with capitulum

inflorescences containing 9 ± 2 whorls and 154.6 ± 16.3

florets per inflorescence. Blooming follows a similar pattern,

with 1–2 whorls blooming daily. Full blooming occurs by

the 4th day, peripheral flowers start wilting on the 7th day,

and all florets wilt and fall by the 10th day. The flowering

period lasts about 8.5 ± 1.6 days.
In summary, the number of florets per inflorescence in C.

rubens (246.1 ± 70) was significantly higher than that in C.

crepidioides (154.6 ± 16.3)(P<0.001), and its flowering period

(11.3 ± 0.9 days) was also longer than that of C. crepidioides (8.5

± 1.6 days).
3.2 Pollen-ovule ratio

Significant differences in pollen count and mating system were

observed between the two species:
• C. rubens: Each floret contains 625–1750 pollen grains,

averaging 1020.8 ± 398.57 grains per floret. With only

one ovule per floret, the P/O ratio is 1020.8 ± 398.57,

classifying it as a facultative outcrossing species according

to Cruden’s standard.

• C. crepidioides: Each floret contains 120–360 pollen grains,

averaging 240 ± 69.28 grains per floret. With one ovule per

floret, the P/O ratio is 240 ± 69.28, classifying it as a

facultative selfing species according to Cruden’s standard.
3.3 Pollen viability

The pollen viability of the two species showed distinct patterns

over their flowering periods:
• C. rubens: The pollen viability of C. rubens exhibited a

dynamic pattern throughout the flowering period. On the

first day of flowering, pollen viability was relatively low at

46.37%. However, it increased significantly to 77.27% by the

second day and reached its peak at 89.85% on the third day.

From the third to the fifth day, pollen viability remained

consistently high, exceeding 84%. Starting on the sixth day,

a gradual decline in viability was observed, with values

decreasing to 66.14%, 33.52%, and 28.64% on the sixth,

seventh, and eighth days, respectively (Figures 1, 2).

• C. crepidioides: Pollen viability was only 8.39% on the first

day of flowering, with little increase initially. On the second

and third days, viability remained low, at 20.95% and

24.87%, respectively. A significant increase occurred on
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the fourth day, reaching 67.27%, and it peaked at 80.59% on the

fifth day. However, viability declined sharply thereafter,

dropping to 37.58% by the eighth day (Figures 1, 2).

Overall, the first-day pollen viability of C. rubens was

significantly higher than that of C. crepidioides, and the

duration of pollen viability exceeding 80% was longer in

C. rubens.
3.4 Stigma receptivity

Stigma receptivity tests revealed differences between the

two species:
• C. rubens: The highest number of germinated pollen grains

on the stigma’s receptive area was observed on the second

day (13 grains), indicating peak receptivity. Between the

third and sixth days, the number remained around 4 grains,

but by the seventh and eighth days, it decreased to 1

grain (Figure 3).

• C. crepidioides: Receptivity was relatively weaker, peaking

on the third day, and began declining from the fourth day.

The number of germinated pollen grains remained at

approximately 1 grain between the fourth and eighth

days (Figure 3).
3.5 Controlled pollination bagging
experiment

Under natural conditions, the fruit set rates of C. rubens and C.

crepidioides were 92.97% and 95.53%, respectively, significantly
FIGURE 1

Pollen viability of C. rubens and C. crepidioides. Intra-species
comparison of different treatment times: Different lowercase letters
denote a significant difference between groups (P < 0.05), while the
same letter indicates no significant difference (P > 0.05), the same
applies below.
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higher than those observed in the non-emasculated, bagged

treatment prior to flowering (52.32% and 48.13%, respectively; P

< 0.001). In contrast, both the emasculated, unbagged and

emasculated, bagged treatments resulted in a fruit set rate of 0%,

demonstrating the absence of spontaneous apomixis in C. rubens

and C. crepidioides. These findings indicate that both species are

self-compatible and partially rely on self-fertilization for

reproductive success (Tables 1, 2).
3.6 Germination characteristics
Fron
• Seed weight: The seeds of C. rubens (0.263 ± 0.009 mg/seed)

were significantly heavier than those of C. crepidioides

(0.195 ± 0.006 mg/seed)(P< 0.001).

• Germination rate and process: C. rubens had a germination

rate of 93.9%, starting on the second day, exceeding 50% by

the fifth day, and completing germination in 11 days. C.
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crepidioides had a slightly higher germination rate of 97.9%,

starting on the first day, exceeding 50% by the third day,

and completing germination in 12 days (Figure 4).
Overall, C. crepidioides exhibited a slightly higher cumulative

germination rate compared to C. rubens at the same time point (p >

0.05). Additionally, C. crepidioides not only initiated germination

earlier but also reached 50% germination more rapidly than

C. rubens.
4 Discussion

The reproductive traits of invasive plants play a critical role in

determining their colonization and establishment in novel

environments. This study investigates and compares the

reproductive characteristics and invasive potential of C. rubens

and C. crepidioides, elucidating the differences between these two

species in terms of mating systems, seed production, and ecological

adaptability, thereby uncovering the biological mechanisms

underlying their successful invasion.
FIGURE 3

Change of germinated pollen numbers on the receptive area of
stigma of C. rubens and C. crepidioides.
FIGURE 2

Pollen staining of C. rubens (top) and C. crepidioides (bottom) (Magnification: 10×10).
TABLE 1 Seed setting rates of C. rubens under different treatments.

Bagging Treatment Number of
Inflorescences

Treated

Seed
Setting Rate

Natural conditions (unbagged) 40 (92.97 ± 6.32)% a

Non-emasculated, bagged with
sulfuric acid paper
before flowering

38 (52.32 ± 7.29)% b

Emasculated, unbagged 37 0 c

Emasculated, bagged 38 0 c
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4.1 Flowering dynamics and adaptive
advantages of reproductive strategies

C. rubens has significantly more florets per inflorescence (246.1

± 70 vs. 154.6 ± 16.3) and a longer flowering period (11.3 ± 0.9 d vs.

8.5 ± 1.6 d), giving it a reproductive advantage. A large body of

research indicates that longer flowering periods can effectively

increase pollination chances and gene flow between populations

(Elzinga et al., 2007; Kehrberger and Holzschuh, 2019; He et al.,

2020). The extension offlowering time emerges as a critical adaptive

response in environments characterized by unstable pollinator

populations or resource constraints, as it directly addresses pollen

limitation challenges and promotes ecological adaptation in

heterogeneous settings (Kehrberger and Holzschuh, 2019; Pan

et al., 2017). Furthermore, the synchronization of C. rubens

flowering dynamics with pollinator activity patterns may further

enhance its reproductive success, a mechanism widely observed in

many invasive species (Rodrıǵuez-Pérez and Traveset, 2016).
4.2 Pollen-to-ovule ratio and flexibility of
mating systems

The higher P/O ratio of C. rubens (1020.8 ± 398.57) indicates

that its mating system is biased toward facultative outcrossing,
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while the lower P/O ratio of C. crepidioides (240 ± 69.28) suggests a

predominantly facultative selfing system. This difference reflects

significant reproductive strategy variation between the two species:
• C. rubens: Facultative outcrossing provides greater genetic

diversity, which is important for adapting to environmental

changes and competition (Pujolar et al., 2023; Schierenbeck

and Ellstran, 2008). This characteristic enhances its spread

potential in areas with high environmental pressures, such

as resource-scarce or highly competitive ecosystems.

• C. crepidioides: Facultative selfing helps ensure reproductive

success in the absence of pollinators, a mechanism that

facilitates the rapid establishment of populations in novel

habitats (Zhang and Bockhoff, 2019; Vega-Polanco et al.,

2023). Although long-term selfing provides short-term

reproductive assurance under certain conditions, such as

pollinator scarcity, it ultimately leads to reduced genetic

diversity, decreased adaptability, and increased risks to

population dynamics. Therefore, facultative outcrossing,

which strikes a balance between selfing and outcrossing, is

generally considered a more advantageous reproductive

strategy for maintaining genetic diversity and adaptability

(Goodwillie et al., 2005).
4.3 Pollen viability and stigma receptivity
competitiveness

C. rubensmaintains pollen viability above 80% between days 3–

5 offlowering, while C. crepidioidesmaintains high viability for only

one day (day 5). This significant difference directly impacts the

reproductive success of the two species:
• Longer periods of high pollen viability provide C. rubens

with a substantial advantage in outcrossing fertilization,

especially when pollinator visitation frequency is low,

ensuring fertilization success (Vanbergen et al., 2017;

Kehrberger and Holzschuh, 2019).

• Stigma receptivity experiments show that C. rubens reaches

peak receptivity on day 2 of flowering, while C. crepidioides

peaks on day 3 and rapidly declines. This further

underscores the adaptive flexibility of Crassocephalum

rubens in its reproductive phenology, enabling more

efficient exploitation of pollinators (Helsen et al., 2020).
4.4 Seed set and reproductive advantage
of seed traits

Both C. rubens and C. crepidioides exhibit high seed set rates

(92.97% and 95.53%, respectively), indicating strong reproductive

capability. However, the seed weight of C. rubens is significantly

higher than that of C. crepidioides (0.263 ± 0.009 mg/seed vs. 0.195
TABLE 2 Seed setting rates of C. crepidioides under different treatments.

Bagging Treatment
Number of

Inflorescences
Treated

Seed
Setting Rate

Natural
conditions (unbagged)

35 (95.53± 2.97)% a

Non-emasculated, bagged
with sulfuric acid paper

before flowering
36 (48.13 ± 10.66)% b

Emasculated, unbagged 35 0 c

Emasculated, bagged 35 0 c
FIGURE 4

Germination process of the two plant species.
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± 0.006 mg/seed), suggesting a seed quality advantage that may

result in higher germination rates and seedling survival (Zhang

et al., 2019). Although C. crepidioides has a slightly higher

germination rate (97.9% vs. 93.9%) and its seeds germinate

earlier, with 50% germination occurring sooner than in C. rubens,

the slower germination of C. rubens may help stabilize the

population in competitive conditions over the long term

(Shariatinia et al., 2021).
4.5 Comprehensive analysis of invasion
potential

Both C. rubens and C. crepidioides exhibit high reproductive

adaptability and ecological expansion capacity. Their self-

compatibility degree, high seed set rates, and year-round growth

provide important support for their rapid spread in novel habitats.

However, C. rubens has a clear advantage in resource competition

and environmental adaptability due to its longer floral longevity,

higher pollen viability, longer receptivity period, and larger seed

mass. While their invasion potential may be lower than that of other

invasive Asteraceae species like Ambrosia artemisiifolia and Bidens

pilosa, C. rubens is clearly a species requiring closer attention and

management. In the future, we should further monitor the

populations of both plant species, conduct risk assessments and

early warnings, strengthen preventive measures, and develop

emergency control technologies to implement effective strategies

for their containment and eradication.
5 Conclusion

Both C. rubens and C. crepidioides possess traits such as self-

compatibility, high seed set rates, high germination rates, and year-

round growth, which enable rapid establishment and spread in new

environments. Although there is no significant difference in seed set

or germination rates between the two, C. rubens exhibits advantages

in floral longevity and seed production, potentially giving it a

stronger competitive edge in natural environments.
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