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Abstract
Interspecific competition is an essential factor affecting the invasiveness of alien plants. Phytolacca
americana, one of the most destructive invasive plants in China, was introduced from North America into
China in 1935. Its population expand, thereby causing the loss of the ecological niches of its native
congener and a shrinking of Phytolacca acinosa population. In this study, we used the invasive plant P.
americana and its native congener P. acinosa to assess their competitive interaction in response to
different competition patterns and spray treatments in a pot experiment in a homogeneous garden at
Yunnan University. The results indicate that an asymmetric competition occurred between P. americana
and P. acinosa in inter-specific competition. Specifically, P. americana severely inhibits the growth and
reproduction of P. acinosa, and it was superior to P. acinosa in terms of defense strategy on account of its
stronger resistance against insects and bacteria. Our study provides some theoretical basis for assessing
the invasive plant P. americana.

Introduction
In recent years, biological invasion has become one of the top five global environmental problems (Lodge
et al. 2006; Ehrenfeld 2010; Lowry et al. 2013). It has been shown that many invasive plants tend to
outperform native plants in inter-specific competition, but there are also some invasive plants that exhibit
low or no differential competitive ability with native species (Bossdorf et al. 2004; Sheppard and Burns
2014). The traditional view of invasion ecology holds that when invasive plants are closely related to
native plants and have similar ecological niches, they often fail to invade successfully because of the
biological resistance of native plants (Divisek et al. 2018). However, Phytolacca americana is a special
case that not only successfully invades but also poses a serious threat to its native congener Phytolacca
acinosa (Wu et al. 2019). Therefore, it is essential for the conservation and restoration of native plants by
exploring the effects of inter-specific competition between invasive and native plants and revealing the
mechanisms by which invasive plants affect native plants.

Plant populations with similar ecological habits compete fiercely for the need for resources and the
means to obtain them, especially in dense populations (Zhang 1992; Li et al. 1998; Du et al. 2004). Plant
growth rate, individual size, the resistance to stress and the number of nutrient organs are all significantly
affected by competition. For instance, the native plant Taraxacum japonicum has a reduced percentage
of seed set owing to the presence of its invasive sibling Taraxacum officinale, which is due to T. officinale
deprives the pollinators of T. japonicum (Kandori et al. 2009; Lee et al. 2021). The intense competition
from invasive plants often leads to a decrease in the abundance and dominance of native plants, and in
some cases, to the local extinction of native species (D'Antonio and Meyerson 2002; Callaway et al. 2005;
Sax et al. 2007).

The defense strategy of plants varies with the environment. The EICA hypothesis suggests that invasive
plants tend to shift more resources from defense to growth and reproduction in the absence or presence
of a relatively small number of generalist natural enemies at the site of introduction, thereby increasing



Page 3/17

the competitiveness of invasive plants (Muller-Scharer et al. 2004; Barrett et al. 2008; Joshi et al. 2014).
The increase of plant tolerance may be related to the change of plant resource allocation pattern. In the
field, it has been observed that when P. americana are symbiotic with P. acinosa, P. acinosa are more
vulnerable to be attacked by phytophagous insects (Yan et al. 2012a). Therefore, to test the EICA
hypothesis, we explored the effect of the resistance of the invasive plant P. americana, and native P.
acinosa in response to different spray treatments.

P. americana, native to southwestern North America, was first introduced to China for its medicinal and
ornamental value (Xu et al. 2006), and has invaded more than 20 provinces in China because it leaves
behind its coevolved natural enemies of their origin, thereby causing a serious threat to the survival of P.
acinosa, a traditional Chinese herb, and even the tendency to replace it. Moreover, it will also cause
significant economic losses and ecological hazards (Liu et al. 2017; Wu et al. 2019). Therefore, it was
listed as a Class I malignant invasive plant in the Invasive Species List of Yunnan Province (2019
Edition). Competition among plants is a universal phenomenon, manifested mainly in the competition for
available resources and space between the above- and below-ground parts of plants (Purves and Law
2002). To date, little is currently known regarding the competitive interaction between invasive plant P.
americana and its native congener P. acinosa (Zhang et al. 2016; Zhou et al. 2016; Schirmel 2020; Wang
et al. 2021).

In this study, we used P. americana and P. acinosa to simulate the effects of different planting methods
(namely intra-specific competition: P. americana + P. americana; P. acinosa + P. acinosa; inter-specific
competition: P. americana + P. acinosa) and spray treatments (e.g. insecticide spray, fungicide spray,
insecticide + fungicide spray) on the two in a pot experiment. We tested the following two hypotheses: (1)
when the level of inter-specific interactions or pest infestation increased, P. acinosa chose to preferentially
use resources for synthesizing defense-like substances and correspondingly reduce biomass
accumulation; (2) the “growth-defense” trade-off of P. americana was weakly influenced by the
exogenous environment, and its invasiveness might have a high degree of internal stability.

Materials And Methods

Collection of study species
Seeds of P. americana were collected in August 2019 on the campus of Yunnan University (24°83′N,
102°85′E), Kunming City, Yunnan Province, and seeds of P. acinosa were collected at the same time in
Fuyuan County (25°27′N, 104°19′E), Qujing City, Yunnan Province. After harvesting the ripe berries, we
washed off the pulp and washed the seeds, air-drying and storing them at 25°C.

Experimental Design
We conducted the experiments in a greenhouse at Yunnan University with suitable temperature and
relative humidity (average temperature of 25°C and average relative humidity of 60%) for the growth of P.



Page 4/17

americana and P. acinosa.

In August 2020, we planted the seeds of P. americana and P. acinosa in cavity trays in the greenhouse
and watered them every 2–3 days. The seedlings were transferred to the pots (d = 9 cm) and watered
them every 2–3 days when the seeds in the cavity trays had germinated and the fourth cotyledon had
grown. The healthy seedlings up to 10 cm were selected and transferred to 35 cm diameter pots for one
of the following three culture types: (1) two P. americana monoculture, (2) two P. acinosa monoculture,
and (3) a mixed culture comprising one P. americana and one P. acinosa in a pot. At the same time, we
sprayed the plants to assess their resistance with the following treatments: (1) spraying insecticide; (2)
spraying fungicide; (3) spraying insecticide + fungicide; and (4) spraying water (Fig. 1). Specifically, the
insecticide used was Esfenvalerate, which can be used against a broad spectrum of insects but does not
negatively affect the plants themselves. The fungicide used was Benomyl. According to the application
instructions, the dose of insecticide is 3 ml per plant and the dose of fungicide is 7 ml per plant. Both
insecticide and fungicide were sprayed on the leaves and the control treatment was sprayed with 10 ml of
water, with 12 replicates of each treatment. Spraying was done once every two weeks.

During the experiment, watering was done once every 2–3 days, and the position of the pots was
changed randomly once a month. We harvested all the plant materials on January 17 and 18, 2021, and
measured the plant height, basal diameter, and the number of leaves of each plant, determined the
chlorophyll content of plant leaves with a portable chlorophyll meter and recorded the number of racemes
and the fruits of P. acinosa and P. americana.

Competitive Ability Analyses
In order to investigate the competitive ability of the invasive plant P. americana and the native plant P.
acinosa, we used the Relative Yield (RY, (Danieli-Silva et al. 2010)), the Relative Yield Total (RYT, (Fowler
1982)) and Competitive Balance Index (CBI, (Wilson 1988))to determine species competitive ability.

The equations were calculated as:

(Eq. 1)

(Eq. 2)

(Eq. 3)

RYα = Yαβ/Yα

RYT = RYα+RYβ

CBI = ln (RYα/RYβ)
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Where Yα denotes the mean value of plant α biomass per plant in the same planting treatment and Yαβ

denotes the mean value of plant α biomass per plant in the mixed planting treatment between the two
species. When RYα > 1, it means that the interspecific competition between two species is less than the
intraspecific competition of species α; when RYα = l, it means that the intraspecific competition of species
α is equal to the interspecific competition between two species; when RYα < l, it means that the
interspecific competition between two species is greater than the intraspecific competition of species α.
When RYT > 1, it means that the invasive species and the native species are in a reciprocal symbiotic
relationship; when RYT < 1, it means that the invasive species and the native species are in a competitive
antagonistic relationship; when RYT = 1, it means that the two species need the same nutritional
resources for survival, belonging to the contest competition. When CBI > 0, it indicates that the
competitiveness of species α is greater than that of species β, moreover, and the larger the CBI, the
stronger the competitiveness of species α is; and vice versa; when CBI = 0, it indicates that the
competitiveness of species α and species β is equal.

Determination Of Chemical Substances
After the flowering period of the plants, the leaves of P. acinosa and P. americana were collected from the
same parts under different treatment conditions, Further, we dried and ground at 60°C, and stored at -20°C
for determing nutrients (starch and soluble sugars) and resistant substances (total phenols, total
flavonoids, tannins, and lignin). The kits used for measuring the above six substances were: starch
content kit (anthrone colorimetric method), soluble sugar content (SS) kit, total phenol (Tp) kit, total
flavonoid (TF) kit, tannin (Tannin) content kit, lignin content (Lignin) kit (acetylation method), and all the
kits were purchased from Suzhou Grace Biotechnology Co., Ltd., China.

Statistical analysis
The individual and interactive effects of the two competition types (inter-specific and intra-specific
competition) as well as the three spray treatments (insecticide, fungicide, and insecticide + fungicide) on
16 studied traits of P. americana and P. acinosa were assessed using general linear models with SPSS
software (IBM SPSS Statistics 25). The interaction effect had a significant effect on root-crown ratio, the
number of racemes, soluble sugars, total phenols, tannins, and lignin content, whereas we detected no
significant effect on the other traits (P > 0.05). In addition, we performed multiple comparison analysis
(LSD test) for the above six traits. Some data were transformed appropriately to meet the assumptions of
chi-square and normal distribution before analysis (Table S1). Plots were performed using Origin Pro
2021.

Results

Growth traits
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The results of the homogeneous garden experiment showed that the interaction of planting methods and
spraying treatments had significant effects (P < 0.001) on the root-crown ratio and soluble sugar content
of the plants (Table S1). In addition, plant height, basal diameter, chlorophyll content, and the above-
ground biomass were found to be significantly affected by the main effect of planting methods (P < 
0.001) (Table S1). Specifically, compared with the monoculture, the fungicide spraying treatment
significantly reduced the root-shoot ratio and soluble sugar content of P. americana in mixed culture. The
groups sprayed with both insecticides and fungicides significantly increased the root-crown ratio and
soluble sugar content of P. acinosa in mixed culture (Fig. 2a; Fig. 3f). Besides, the height, basal diameter,
chlorophyll content, and the above-ground biomass of P. americana were higher in mixed culture than in
monoculture in response to the spray treatments, while the opposite was true for P. acinosa (Fig. 4a-c, e).
The findings indicated that the growth response of the two plants varies within and between species.
However, no significant differences were detected between the number of leaves, total biomass, below-
ground biomass, and the starch content of the plants (Fig. S1).

Reproductive Traits
It was found that there was a significant interaction between planting methods and spray treatments on
the number of plant racemes (P < 0.05) and the main effect of planting methods also significantly
affected the weight of plant racemes (P < 0.001) (Table S1). Insecticide spraying and the treatment with
both insecticides and fungicides significantly increased the racemes number of P. americana in mixed
culture (Fig. 2b). In contrast, fungicide spraying and the treatment with both insecticide and fungicide
significantly reduced the racemes number of P. acinosa under the mixed cultivation (Fig. 2b). Qverall,
mixed cultivation has reduced the racemes weight of P. acinosa, whereas the racemes weight of P.
americana has increased (Fig. 4d). It demonstrated that P. americana chose to devote more resources to
reproductive output in inter-specific competition, which is consistent with our expected results.

Defensive Indicators
The experimental results showed that the interaction of planting methods and spray treatments had a
significant effect on the content of total phenols, total flavonoids, lignin and tannins of the plants (Table
S1). Specifically, the total phenol and tannin content of P. acinosa increased under the spraying treatment
(compared with the control group), however, the content of defense substances was significantly lower in
the mixed cultivated P. acinosa (Fig. 3a, c). Contrastingly, compared with the control group, the total
flavonoid content of P. americana was significantly increased, and the content of the other three
substances was detected no significant differences compared with the control group (Fig. 3b). In general,
the content of defense substances was also significantly lower in the mixed cultivated P. americana.

Competitive Ability
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The competitive ability of P. americana was stronger than that of P. acinosa with respect to the fungicide
treatment (CBI > 0, P = 0.0037). As for the insecticide treatment and the blank treatment, the relative yield
of P. americana was significantly higher than that of P. acinosa, indicating that the inter-specific
competition of P. americana was less than the intra-specific competition. By contrast, the CBI was
significantly greater than 0 in both groups, indicating that the competitive ability of P. americana was
stronger than that of P. acinosa in the inter-specific competition (P = 0.0103; P = 0.0031). Additionally, RT,
RYT, and CBI of P. americana as well as P. acinosa were detected no significant differences in the
insecticide + fungicide treatment group, indicating that P. americana and P. acinosa were comparable in
competitive ability, and they will compete for the same resources (Table 1).

Table 1
The competitive index under the treatments: spraying insecticide (I), fungicide (F), spraying

insecticide and fungicide (I + F) at the same time, and the control treatment(C). RYM: Relative
Yield Total of P. americana, RYT: Relative Yield Total, CBI: Competitive Balance Index.

Index df I F I + F CK

F P F P F P F P

RYM 11 2.393 0.036* 1.969 0.075 2.084 0.061 2.442 0.033*

RYT 11 0.503 0.625 0.079 0.938 2.003 0.071 0.601 0.558

CBI 11 3.089 0.01* 3.668 0.004** 1.892 0.851 3.881 0.003**

* P < 0.05 ** P < 0.01

Discussion
The growth and reproduction as well as defense strategies of plants are evolutionarily intertwined (Huot
et al. 2014). For invasive plants, the enemy release hypothesis (ERH) and the evolution of increased
competitive ability hypothesis (EICA) hold that invasive populations may have less resources for defense
in that the natural enemies release and more resources are allocated for growth and reproduction (Muller-
Scharer et al. 2004; Barrett et al. 2008; Joshi et al. 2014), resulting in a non-parallel skew in growth and
defense between native and invasive populations (Blumenthal and Hufbauer 2007). For example,
Eupatorium odoratum L. have evolved greater competitive ability after invasion by increasing the content
of odoratin rather than by increasing individual size (Zheng et al. 2015). In this study, we compared the
differences in inter-specific and intra-specific competition between the two Phytolacca plants in response
to different spray treatments. We found that P. americana showed stronger competitiveness when
competing with P. acinosa. In the presence of inter-specific competition, P. americana devoted more
resources to growth and reproduction, while P. acinosa devoted more resources to defense.

The plant height, basal diameter and the biomass of P. acinosa were obviously suppressed by P.
americana, indicating twice the root weight but lower above-ground biomass than P. acinosa. This
demonstrates the different growth strategies of P. americana and P. acinosa, where P. acinosa prioritizes
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energy for the growth of the above-ground parts, while P. americana has a strong capture of resources in
inter-specific competition and devotes more resources to root growth. This experimental result is
consistent with that of Liu (2016). P. americana, a perennial herb with a large root to crown ratio that
facilitates its uptake of soil water, is conducive to its access to more resources in a resource-limited
environment, thus mitigating the competitive effects. Chlorophyll is a key element essential for
photosynthesis, and chlorophyll content is positively correlated with plant yield. In our study, we found
that the chlorophyll content of P. acinosa was suppressed by P. americana. Owing to the instability of
chlorophyll, it will decompose under the stress of salt, alkali acid and oxidant (Gupta and Huang 2014;
Shahid et al. 2020), and the results of Niu (2013) experiments showed that the chlorophyll content of
soybean subjected to the salt and alkali stress decreased. Some studies found that the chemosensory
effect of P. americana inhibited the germination and seedling growth of Digitaria sanguinalis (L) Scop.
(Yan et al. 2012b), therefore, we speculate that the root secretion of P. americana may inhibit the
formation of chlorophyll in the leaves of P. americana.

Invasive plants are usually characterized by high reproductive capacity (Davis et al. 2000; Grotkopp et al.
2002), and they always allocate more energy to the reproductive parts to facilitate their spread and
reproduction. Zhou et al. (2013) explored the relationship between reproductive characteristics and the
invasiveness of P. americana, concluding that P. americana is characterised by high fruit set, long seed
life, both sexual and asexual reproduction. Our experimental results showed that the reproduction of P.
acinosa is also significantly inhibited by P. americana compared with intra-specific competition. The
racemes number and the racemes weight of P. acinosa were lower when it was mixed culture with P.
americana than P. acinosa monoculture.

The secondary metabolites of plants are the result of adaptation to their environment over a long period
of evolution (Chen and Guo 1999; Acamovic and Brooker 2005; Arbona et al. 2013; Pusztahelyi et al.
2015; Isah 2019). The findings showed that P. americana has a stronger anti-insect and antibacterial
ability. Related studies have shown that the content of secondary metabolites in P. americana is higher
than that of other species in the Phytolaccaceae family (Kim et al. 2005). However, in this study, the
secretion of secondary metabolites was reduced in the three groups of spray-treated P. americana when
competing with P. acinosa in that the spray treatments reduced the damage from outside insects and
pathogens, thus altering the trade-offs in P. americana and devoting resources from defense to growth.

Competitions among plants include inter-specific and intra-specific competition. among which inter-
specific competition is usually asymmetric (Connell 1983; Young 2004). In contrast, exotic plants from
similar habitats cause stronger impacts on native plants. Plant interactions affect the biomass allocation
of plants (Blossey and Notzold 1995; Gaertner et al. 2009). For example, the invasive legume Lespedeza.
cuneata (Dum. Cours.) G. Don has more biomass and root nodules when competing with the native plant
Lespedeza. virginica (L.) Britton than with conspecifics (Hu et al. 2014). Some studies have stated that
invasive plants are more dominant than native plants in situations where resources are limited or
disturbed (Daehler 2003; Funk and Vitousek 2007). In this study, it is worth mentioning that P. americana
gained competitive advantage by weakening intra-specific competition and enhancing inter-specific
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competition to successfully invade, and its mode of enhancing inter-species competition is mainly by
allocating more resources to the subsurface (Svanback and Bolnick 2007). Additionally, P. americana has
a well-developed root system and a strong ability to obtain resources. In competition with P. acinosa, it
has a larger root-crown ratio, which means that its root system extends wider than that of P. acinosa. A
larger surface area in contact with the soil contributes to absorbing more nutrients, thus forming an
asymmetrical competition with P. acinosa (Freckleton and Watkinson 2001).

Conclusion
The study quantifies the effects of different competition methods and spray treatments on P. americana
and P. acinosa with respect to the symbiosis of P. americana and P. acinosa, the strong capture of
resources and the strong competitiveness of P. americana make P. acinosa to be crowded out, and the
growth and reproduction are inhibited. In addition, P. americana has stronger insect and antimicrobial
resistance. Hence, P. americana allocates more energy to growth, especially to the root growth, which
facilitates the multi-year growth of P. americana. The effects invasive plants caused are not only on
native plants in the invaded sites, but can pass along the food chain to the higher trophic levels. Noted
that, the interactions between invasive plants and higher trophic levels are often overlooked. Future
studies can be extended to the higher trophic levels, taking cascade effects into account to reveal the
effects of invasive plants on native plants in more detail, and to provide some theoretical basis for the
assessment of invasive plants.
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Figure 1

A summary of experimental design, (A) Plant competition treatment (inter-specific and intra-specific); (B)
Spray treatment (insecticide, fungicide, insecticide + fungicide, and water control)
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Figure 2

The root-shoot ratio (a) and the number of racemes (b) in P. acinosa and P. americana under different
planting methods and spray treatments. Different lowercase letters indicate significant differences
between different spraying treatments under each planting method (p<0.05) and different capital letters
indicate significant differences between different planting methods under each spraying treatment
(p<0.05)
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Figure 3

Total phenols (a), total flavonoids (b), tannins (c), lignin (d), and soluble sugars (e) content in P. acinosa
and P. americana under different planting methods and spray treatments. Different lowercase letters
indicate significant differences between different spraying treatments under each planting method
(p<0.05) and different capital letters indicate significant differences between different planting methods
under each spraying treatment (p<0.05)
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Figure 4

The differences in plant height (a), basal diameter (b), chlorophyll content (c), raceme weight (d), and
above-ground biomass (e) between P. acinosa and P. americanaunder different planting methods and
spray treatments
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