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Abstract
Using Bidens pilosa seeds from three provenances in Yunnan, this study comprised an investigation of
changes in seed viability and germination under high temperature and water stress. It was found that B.
pilosa seeds had a wide temperature range for germination, as all seeds germinated in the incubation
temperature range of 10–30°C, under no more than a 6-h daily thermoperiod at 40°C and moisture regime
no less than − 0.6 MPa, regardless of the seed provenance. The seeds showed no substantial viability
loss after no longer than 8 d of continuous heating at 40°C or 30 min heating at no higher than 50°C.
However, obvious intra-speci�c variation was found among seeds from these provenances when further
stress was applied. Seeds from Xishuangbanan (N21°41′) always exhibited the most high-temperature
tolerance, whereas those from Diqin (N27°11′) had the least and those from Chuxiong (N25°10′) had
intermediate tolerance, regardless of whether this was assayed based on the ceiling temperature for
germination, the maximal daily thermoperiod, the longest continuous heating duration at 40°C, or the
endurable maximum temperature for 30 min of heating, indicating the adaption of invasive plants to
invaded habitats. This study supported our hypothesis that B. pilosa seeds from different provenances
have intra-speci�c divergence in germination traits and high-temperature tolerance to adapt to local
conditions. It was concluded that high-temperature tolerance is an important seed trait that affects plant
invasion success in open habitats in Xishuangbanna.

Introduction
Successful invasion is thought to be a context-speci�c process (Hobbs and Humphries, 1995; Rashid et
al., 2007), depending on the attributes of an invader, the community characteristics and environmental
conditions (Maurer and Zedler, 2002), and anthropogenic events, such as globalisation, land-usage
changes, and intentional or accidental introduction, which facilitate this process (Fumanal et al., 2008).
Although understanding the mechanisms of plant invasions has been a challenging task, it is crucial for
invasive species management and the prediction of future invaders. This will subsequently minimise their
impact on agricultural production and biological diversity through preventive methods at the early stages
(Ren and Zhang, 2009), because management options become more constrained along the sequence of
invasion transitions (Kolar and Lodge, 2001). Approximately 14,000 non-native plant species have been
established globally, and between 2500 and 4375 of these are considered invasive (Huebner, 2022). It
seems that no generalised ‘invasive traits’ are applicable at all, but a general feature seems to be that
plant-history traits associated with adaptation to invaded habitats are of vital importance for successful
plant invasion. The relationship between invasiveness and species life-history traits relies both on the
general species characteristics and the post-introduction evolution of the traits in areas in which species
are introduced (Beckmann et al., 2011), i.e., phenotypic plasticity and evolutionary adaptation.

The germination stage is critical in the plant life-history and is also a key process during the expansion of
species ranges into new environments (Vilà and Weiner, 2004). It was suggested that exotic species
exhibit more rapid and proli�c germination across a variety of environmental cues and in response to
increased resource availability compared with native species; for example, they exhibit both germination
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plasticity and robustness (Wainwright and Cleland, 2013). In addition, invasive seeds were found to
possess higher tolerance to high-temperature stress, as they often need to survive huge temperature
�uctuations in invaded habitats after dispersal (Wen, 2015; Wen et al., 2015). Thus, it is anticipated that
studies on germination and seed tolerance to high temperatures can provide a reference to understand
such invasion mechanisms.

As a common invasive plant, Bidens pilosa L. is distributed worldwide in subtropical and tropical regions
with its centre of diversi�cation in Mexico (Ballard, 1986; Fenner, 1980a; Huang and Kao, 2014). It is an
erect, herbaceous, annual, autogamous, and exozoochorous plant, with large genetic variability within
populations (de Brito et al., 2016). The �rst report of its appearance in China came from Hong Kong in
1857 (Hong et al., 2004), and now it has spread to almost all subtropical and tropical areas of China and
even to temperate regions in China, such as Shandong, Hebei, and Liaoning Province (Ma, 2013). Located
in Southwest China, Yunnan is a mountainous province situated at a low latitude with various climates,
from boundary tropics to cold temperate, where B. pilosa is widely distributed. This prompted us to
speculate on whether B. pilosa, with such a wide distribution in Yunnan, exhibits different germination
traits and whether the seeds from cold areas have the same high-temperature tolerance as those from hot
areas. Considering that adaptive evolutionary changes possibly occurred, we hypothesised that seeds
from different climate zones would have distinct germination traits and high-temperature tolerance with
adaptation to local environments. The present study was designed to investigate the effects of high
temperature and water stress on seed viability and germination to test this hypothesis.

Materials And Methods

Seed sources and climate conditions of seed provenances
Bidens pilosa seeds were collected from three sites, referred as three provenances in Yunnan, Southwest
China, including the following: (1) Xishuangbanna, from Menglun Town in Mengla, Xishuangbanna; (2)
Chuxiong, from Guangtong Town in Lufeng, Chuxiong; and (3) Diqing, from Hutiaoxia Town in
Xianggelila, Diqing. The seeds were harvested in October and December of 2019 when they were mature,
with geographic information listed (Table 1). As heteromorphic achenes have been frequently reported in
Bidens species, which demonstrate obvious differences in seed shape, dispersal capacity, dormancy, and
germination requirements (Brändel, 2004; Brown and Mitchell, 1984; Forsyth and Brown, 1982; Rocha,
1996; Whitaker et al., 2010), we intentionally collected central achenes only and avoided the usage of
short achenes in this study (achenes were referred to as seeds thereafter for convenience in this study).
After being taken to the laboratory, thousand-seed weights, moisture contents, and initial viability were
assessed (Table 1), with the remaining seeds stored in paper bags at 15°C until initiation of the
experiments, for up to no more than half a year.
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Table 1
Seed traits and climate conditions of provenances

Provenance Seed collecting sites:

town, county and
prefecture, with
longitude, latitude and
altitude

Climate:

climate type, annual mean
temperature (°C), annual
mean precipitation (mm)

Seed traits:

1000-seed weight (g),
Moisture content (%) and
Initial germination
percentage (%)

Xishuang-

banna

Menglun, Mengla,
Xishuangbanna,
E101°25′, N21°41′,
570 m

Tropical monsoon, 21.4°C,
1493 mm

1.129 g, 10%, 100%

Chuxiong Guangtong, Lufeng,
Chuxiong, E101°45′,,
N25°10′, 1570

Subtropical monsoon,
16.2°C, 948.5 mm

1.949 g, 7.84%, 100%

Diqin Hutiaoxia, Xianggelila,
Diqin, 100°3′, 27°11′,
1850 m

River valley with a
subtropical climate, 13.2°C,
730 mm

1.963 g, 10.98%, 100%

Effect of incubation temperature on seed germination
In this experiment, seeds were �rst sown in Petri dishes containing 1% plain agar, and then, these Petri
dishes were assigned randomly to incubators set at constant temperatures of 10°C, 15°C, 20°C, 25°C,
30°C, 35°C, and 40°C, as well as an alternating temperature of 30/20°C, with light provided by �uorescent
lights.

Seed tolerance to extreme high temperature
This experiment was designed to investigate the effects of extreme high ground temperature on seed
viability. A water bath was used to create a temperature gradient from 30°C to 95°C at increments of 5°C.
Seeds, in two states, speci�cally air-dried and imbibed, spread in a layer in a big triangular �ask, were �rst
heated for 30 min at a set temperature and then sown on 1% plain agar for viability assessments at 25°C.

Effects of continuous high-temperature treatment on seed
viability
Seeds sown in Petri dishes containing 1% plain agar were �rst incubated at 40°C for 1 day, 2 days, and up
to 40 days. After a designed period of heating treatment, the Petri dishes containing seeds were
transferred to 25°C for viability assessments.

Effects of periodic high temperature on seed germination
In this experiment, Petri dishes containing seeds sown in 1% plain agar were physically transferred
between incubators set at 40°C and 25°C every day, allowing the seeds to be incubated for a designed
period at 40°C, which increased over 3, 6, and up to 21 h as different treatments, with 0 and 24 h as the
controls.
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Effects of water availability on seed germination
Testing solutions with water potentials of 0, − 0.1, − 0.2, and up to − 1.5 MPa were created using
polyethylene glycol (PEG) 8000 according to Michel (1983). Seeds were sown on Petri dishes lined with
�lter paper, moistened with 2.5 ml testing solutions, and placed in an incubator set at 25°C for
germination. To minimise changes in water potentials during the experiment, Petri dishes subjected to the
same treatment were sealed in a resealable double-clear plastic bag. Seed germination was scored once
every 3–4 days, with �lter paper and testing solutions refreshed simultaneously. Four weeks later, the
ungerminated seeds were released from water stress and incubated at 0 MPa to test if they were still
viable.

Effects of NaCl stress on seed germination
This was performed in the same manner as the water availability experiment previously described, except
that testing solutions with water potentials of 0, − 0.1, − 0.2, and up to − 1.5 MPa were created using NaCl
according to Lang (1967).

Seed viability and germination assessment
In this study, six replicates of 50 seeds were used for every treatment. Unless otherwise stated, seed
viability was assessed using germination tests in the following manner: incubation of seeds sown on 1%
plain agar at 25°C, with a 12 h photoperiod of 25 µ mol m2 s− 1 irradiance provided by a white �uorescent
light; germination was scored once per week for at least 4 weeks. Protrusion of the radicle up to 5 mm
was used as the criterion for germination or survival for stress-treated seeds, and the formation of
morphologically normal seedling was considered seedling formation. Non-germinated seeds were
pinched with forceps. Those that were still white and �rm were assumed to be viable and the remainder
were considered non-viable.

Data analysis
As germination data usually do not follow a normal distribution, seedling percentages and germination or
survival percentages in germination or stress experiments, respectively, were taken separately as
dependent variables for data analysis after arcsine-square-root transformation in this study. A two- or
three-way analysis of variance was employed, with all environmental factors treated as �xed effects.
Interactions between factors were also evaluated; however, only treatments resulting in germination were
included. All analyses were carried out using SPSS 16.0 for Windows. Data were presented as means and
standard errors of six replicates of 50 seeds.

Results
Though seeds collected from the three provenances varied in the 1000-seed weight and moisture content,
they all had perfect initial viability, with 100% seedling formation in an initial germination test in this
study (Table 1).



Page 6/20

Effect of incubation temperature on seed germination
The seeds had a wide temperature range for germination, from 10°C to 40°C, and both the incubation
temperature and seed provenance had a signi�cant effect on germination, as assessed by both
germination and seedling percentages (P < 0.001 for all, Table 2). When incubated at ≤ 30°C and
30/20°C, all seeds germinated and formed morphologically normal seedlings, regardless of the seed
provenance; however, differences occurred when seeds were incubated at 35°C and 40°C. Evidently, seeds
from Xishuangbanna exhibited a higher level of adaptation to high temperatures, and these germinated
90% at 35°C and 40% at 40°C. Meanwhile, those from Chuxiong and Diqin exhibited a marked decrease in
germination at these temperatures. The seedling percentage differed from the germination percentage
only for seeds incubated at 40°C (Fig. 1).
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Table 2
Analysis of variance for seedling and germination or survival percentage of Bidens polosa seeds

Experiment Effect df F-value

Seedling Germination/Survival

Incubation temperature Provenance 2 77.5*** 40***

Temperature1 7 2503.4*** 1287.6***

P×T 14 34.3*** 17.6***

Extreme high-temperature Provenance 2 189.2*** 175***

Hydration status 1 2614.1*** 2614.4***

Temperature2 12 3870*** 3645.3***

P×H 2 302.9*** 291.1***

P×T 24 32.7*** 31.3***

H×T 12 256.1*** 231.2***

P×H×T 24 49.9*** 48***

Continuous heating Provenance 2 74.1*** 54.9***

Duration 14 479.4*** 387.9***

P×D 28 10.4*** 8.5***

Periodic heating Provenance 2 1166.9*** 1240.5***

Duration 8 767.9*** 786.9***

P×D 16 162.1*** 160.6***

Water availability Provenance 2 249*** 285.5***

Water potential3 8 1731.5*** 1998***

“***” p < 0.001;

1Data for the alternative temperature of 30/20°C was included in this analysis;

2Data for the temperature of 95°C was not included in this analysis because no seed germination;

3Data for water potential of -1.5 MPa was not included in this analysis because no seed germination
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P×W 16 104.8*** 116.1***

NaCl stress Provenance 2 30.3*** 56.5***

Water potential3 8 2204.3*** 1334.2***

P×W 16 10.7*** 20.1***

“***” p < 0.001;

1Data for the alternative temperature of 30/20°C was included in this analysis;

2Data for the temperature of 95°C was not included in this analysis because no seed germination;

3Data for water potential of -1.5 MPa was not included in this analysis because no seed germination

Seed tolerance to extreme high temperature
It was found that the seed provenance, heating temperature, and water status, speci�cally air-dried or
imbibed, all signi�cantly affected seed viability (P < 0.001 for all, Table 2), with little difference between
germination and seedling formation. Heating for 30 min at a temperature of no more than 45°C had no
detrimental effect, whereas seed viability exhibited different response to further increase in heating
temperature, depending on provenances. Among seeds from the three provenances, those from
Xishuangbanna had the most tolerance to high temperature, and with an air-dried status, they survived up
to 70°C without a loss of viability, though this temperature killed half of all seeds or more from the other
provenances. Meanwhile, for seeds from the same provenance, those that were air-dried exhibited higher
tolerance than those that were imbibed, thus yielding a large gap of viability between air-dried and
imbibed seeds; this was especially prominent for seeds from Xishuangbanna (Fig. 2).

Effects of continuous high-temperature treatment on seed
viability
Both the seed provenance and continuous heating duration signi�cantly affected seed viability, according
to survival and seedling percentages (P < 0.001 for all, Table 2). Eight days of heating negatively affected
neither the seedling percentage nor the survival percentage, whereas 10 days of heating had an effect,
and after that, each increase in the heating duration produced additional damage. Moreover, after
approximately 10 days of heating, some seeds germinated but failed to form seedlings, making the
seedling percentage lower than the survival percentage. However, the seeds from the three provenances
differed from each another. Among them, seeds from Xishuangbanna had the strongest tolerance to
continuous heating. After the longest heating duration (40 days), 60% of seeds from this provenance
germinated and two thirds of them formed seedlings; these values were halved or less for seeds from the
other provenances (Fig. 3).
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Effects of periodic high temperature on seed germination
The daily thermoperiod and seed provenance had signi�cant effects on seed germination, as assessed by
both germination and seedling percentages (P < 0.001 for all, Table 2). Seeds from Xishuangbanna
demonstrated the strongest tolerance to daily heat treatment, exhibiting a decrease in seedling and
germination percentages only when the daily heating duration increased to 24 h, whereas seeds from
Chuxiong and Diqin exhibited marked reductions in germination when the daily heating duration reached
18 and 9 h, respectively (Fig. 4).

Effects of water availability on seed germination
Water stress and seed provenance were important factors that determined seed germination, as
demonstrated by both germination and seedling percentages (P < 0.001 for all, Table 2). Seeds from the
three provenances differed from each another. For seeds from Chuxiong and Diqin, water stress up to − 
0.6 MPa resulted in no difference, but a further decrease in water potential gradually reduced the
germination and seedling percentage. However, this turning point was − 0.8 MPa for Xishuangbanna. At
− 1.0 MPa, a seedling percentage greater than 40% was observed for seeds from Xishuangbanna,
whereas this value was nearly zero for seeds from the other provenances (Fig. 5). Most of the seeds
which did not germinate when incubated at water potentials of − 0.8 to − 1.5 MPa germinated soon after
released from stress (data not shown).

Effects of NaCl stress on seed germination
Similarly, NaCl stress and seed provenance substantially in�uenced seed germination, based on both the
germination and seedling percentage (P < 0.001 for all, Table 2). Moreover, among seeds from the three
provenances, those from Xishuangbanna had the strongest tolerance. All seeds germinated and formed
normal seedlings with water potentials up to − 0.6 MPa, but few germinated at − 1.2 MPa and more
negative water potential. In the intermediate range of − 0.8 to − 1.0 MPa, seeds from Xishuangbanna had
the highest germination, and those from Diqin had the lowest (Fig. 6). And similarly, most of the
ungerminated seeds incubated at water potentials of − 0.8 to − 1.5 MPa germinated soon after released
from stress (data not shown).

Discussion
Using B. pilosa seeds from three locations, this paper reports a study of the effects of high temperature
and water stress on seed viability and germination. It was found that B. pilosa seeds had a wide
temperature range for germination, as all seeds germinated when incubated at 10–30°C, although
germination was repressed at 35°C and inhibited at 40°C, with the extent varying with the provenance of
the seeds. Regardless of whether it was generated with PEG or NaCl, the seedling percentage was 100%
under water potentials up to − 0.6 MPa, with this tolerance extending to − 0.8 MPa for seeds from
Xishuangbanna. Depending on the seed provenance, the seeds could tolerate a 6–21 h daily
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thermoperiod at 40°C without effects on germination and 8–10 days of continuous heating at 40°C and
30 min of heating at 50–70°C without a loss of viability. Marked variation in tolerance to high
temperature for B. pilosa seeds was revealed based on these three provenances, with seeds from
Xishuangbanna always demonstrating the highest viability after heat treatment and the highest tolerance
during germination under stress.

Germination is a key step for the invasion of most plants. The ability of a species to germinate rapidly
under a wide set of environmental conditions has been regarded as an important trait for invasive species
(Vilà and Weiner, 2004), which was supported by the results of the present study. Compared to the results
of our previous studies on invasive plant seeds in Xishuangbanna, such as Piper aduncum (Wen et al.,
2015), Tithonia diversifolia (Wen, 2015), Amaranthus spinosus (Ye and Wen, 2016), and three invasive
Asteraceae weeds (Crassocephalum crepidioides, Conyza canadensis and Ageratum conyzoides, Yuan
and Wen, 2017), B. pilosa seeds from the Xishuangbanna provenance had an even broader temperature
range for maximum germination, demonstrating complete germination when incubated at temperatures
ranging from 10 to 30°C, almost complete germination at 35°C, and partial germination at 40°C. Only C.
crepidioides and C. canadensis were found to have a similar minimum temperature for germination,
whereas A. spinosus has a similar maximum temperature.

In addition to germination traits, seeds tolerance to high temperature is regarded as a key factor
contributing to invasive capacity (Wen, 2015; Wen et al., 2015), as the seeds must survive before
germination. Plant invasion mostly occurs in open habitats, where the maximum ground temperature
reached by open soil can be very high on sunny days, such as > 60°C in Xishuangbanna with an extreme
value of 71.4°C recorded (Wen et al., 2015). Meanwhile, after dispersal, seeds usually need to remain on
the ground for a period until conditions become suitable for germination, and thus, high-temperature
stress is unavoidable, making high-temperature tolerance necessary for successful invasion. This was
supported by our previously mentioned studies and again by the present study, as air-dried seeds of all of
these invasive species tolerated 30 min of heating at 70°C without substantial viability loss, except for P.
aduncum, which tolerated temperatures up to 65°C and exhibited a small viability loss at 70°C as an
invader occurring at the forest edge in Xishuangbanna (Wen et al., 2015). This inter-speci�c convergence
of high-temperature tolerance for seeds indicates its importance for plant invasion success in
Xishuangbanna.

Comparative studies between invasive and native species and between invasive species and non-invasive
congeners, as well as comparative studies of invasive species between native and invasive
origins/populations, comprise an important approach to identify plant traits conferring invasion
capability and include those of Bochenek et al. (2016), Cervera and Parra-Tabla (2009), Erfmeier and
Bruelheide (2005), Mandák (2003), van Clef and Stiles (2001) and Wainwright and Cleland (2013). Many
studies have found adaptive evolutionary changes in seed dormancy and germination traits, which
contribute to plant invasion capability, as demonstrated by Beckmann et al. (2011), Hierro et al. (2009),
Kudoh et al. (2007), Leiblein-Wild et al. (2014), Udo et al. (2017) and Xia et al. (2011). By comparison
among seeds from different provenances, this study found intra-speci�c variation in B. pilosa
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germination traits, mainly for germination at 35 and 40°C and with a 9–24 h daily thermoperiod,
indicating the effects of seed provenance on germination traits. This intra-speci�c variation also provides
an explanation for the reported discrepancy/inconsistency in the germination temperature range of B.
pilosa seeds in the literature. For example, Reedy and Singh (1992) reported that its optimum temperature
range for germination was 25/20 to 35/30°C (day/night, 12/12 h) and that temperatures below 15/10°C
were unfavourable for germination. Yan et al. (2013) recorded germination percentages of 70% at 10°C
and 45% at 40°C, whereas these were less than 20% at 35°C in another study (Hong et al., 2004).
However, previous studies paid little attention to the variation in seed tolerance to high temperatures even
though invasive plants usually have a wide geographical distribution. This study revealed marked intra-
speci�c variation in B. pilosa seeds among the three provenances, with their tolerance to high
temperature always correlated with the climate conditions in the provenance of seed origin; for example,
seeds from Xishuangbanna demonstrated the highest adaption to high temperatures, whereas those
from Diqin had the least and those from Chuxiong had intermediate tolerance, assessed by both
endurable maximum temperature for 30-min heating and longest continuous heating duration at 40°C.
This variation with that in the germination trait together revealed that B. pilosa seeds have the ability to
evolve fast and adapt to local conditions. We suggest that both inter-speci�c convergence among weedy
seeds in Xishuangbanna and intra-speci�c B. pilosa divergence with respect to seed high-temperature
tolerance and germination traits re�ect the adaption of invasive plants to local conditions.

As a common invasive plant in tropical and subtropical regions (Huang and Kao, 2014), B. pilosa has
been extensively studied, and it exhibits many seed traits contributing to its invasiveness. For example,
this weed is comprised of individuals exhibiting two types of �owering-fruiting phenologies, which differ
in seed production, seed mass, germination speed, and total germination (Gurvich et al., 2004). It is also a
proli�c seed producer, as its entire reproductive cycle can be completed in 57–70 days and can occur 5–6
times per years in some areas, depending on local climates; thus, a single plant can produce 3000–6000
seeds per year. Their burred seeds can be spread by attaching to animals’ fur, birds’ feathers, and people’s
clothing. Moreover, this plant produces dimorphic seeds, which differ in dispersal capability, with central
achenes often dispersed earlier than peripheral achenes (Rocha, 1996), and dormancy status, with long
achenes germinating readily under a wide range of conditions and short achenes showing fairly precise
germination requirements (Forsyth and Brown, 1982), as well as a light requirement that can be induced
by leaf canopy shade (Fenner, 1984a,b). Furthermore, this study revealed the divergence in germination
traits and high-temperature tolerance of B. polosa seeds. It appears that the variation in germination traits
and seed high-temperature tolerance as an evidence of adaptation to local environments, in addition to
the previously investigated features, could be responsible for the invasiveness of Bidens polosa
transferred by seeds. We concluded that high-temperature tolerance is an important seed trait that
contributes to plant invasion success in open habitats in Xishuangbanna.
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Figures

Figure 1

Germination of seeds incubated in light at 10-40 °C constant temperatures and alternating day/night
temperature of 30/20 °C. Germination values are means±SE of 6 replicates of 50 seeds. a. from
Xishuangbanna; b. from Chuxiong; c. from Diqi
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Figure 2

Effects of 30-min heat shocks at temperature from 30°C to 95°C on seed viability. Data for survival not
shown because not essentially different from seedling percentage. Seeds, air-dried or imbibed, were
heated at given temperature for 30 min, and then incubated at 25°C. Viability values are means ±SE of 6
replicates of 50 seeds. a. from Xishuangbanna; b. from Chuxiong; c. from Diqi
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Figure 3

Effects of continuous heating at 40°C on seed viability. Seeds were heat-shocked for a given period of
time at 40°C, and incubated at 25°C after released from stress. Seed viability values are means±SE of 6
replicates of 50 seeds. a. from Xishuangbanna; b. from Chuxiong; c. from Diqi
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Figure 4

Germination of seeds under daily periodic high-temperature stress at 40°C. Heating of given thermoperiod
at 40°C was imposed on seeds every day. Germination values are means±SE of 6 replicates of 50 seeds.
a. from Xishuangbanna; b. from Chuxiong; c. from Diqi
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Figure 5

Effects of water availability on seed germination. Seed germination was scored for 4 weeks under water
stress, and released from stress followed by two-more-week’s incubation to check seed viability.
Germination values are means±SE of 6 replicates of 50 seeds. a. from Xishuangbanna; b. from Chuxiong;
c. from Diqi
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Figure 6

Effects of NaCl stress on seed germination. Seed germination was scored for 4 weeks under NaCl stress,
and released from stress followed by two-more-week’s incubation to check seed viability. Germination
values are means±SE of 6 replicates of 50 seeds. a. from Xishuangbanna; b. from Chuxiong; c. from Diqi;


