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Eupatorium adenophorum is an alien species that threatens community stability
and diversity in karst areas. Arbuscular mycorrhizal (AM) fungi form interconnected
mycorrhizal network, connecting adjacent plants and plant species. How mycorrhizal
networks affect the competition for nutrients between invasive and native plants in
karst habitat remains unclear at present. An experiment was conducted using a
compartmental growing device, which was composed of two planting compartments
(for the invasive E. adenophorum or native Artemisia annua) and a competitive
compartment (for the interconnected mycorrhizal network). The experiment contained
mycorrhizal fungus treatments, with AM fungi (M+) and without AM fungi (M−) using
the species Claroideoglomus etunicatum, and the nutrient utilization treatments using
nylon mesh to interconnective mycorrhizal networks, including common utilization (Cu),
single utilization (Su), and non-utilization (Nu). The results showed as follows: AM fungi
differentially increased biomass, nitrogen (N) acquisition and phosphorus (P) acquisition
and significantly reduced N/P ratio of the invasive E. adenophorum and native A. annua
under Cu, Su, and Nu conditions. Additionally, the biomass, N acquisition and P
acquisition of E. adenophorum was greater than A. annua and the N/P ratio of
E. adenophorum was significantly lower than A. annua under Cu condition, which
AM fungi promoted the accumulation of biomass, N and P for E. adenophorum and
A. annua, and E. adenophorum experienced a greater reduction of P limitation than
A. annua via the interconnected mycorrhizal network. In conclusion, we suggest that
AM fungi endow invasive plants greater alleviation of P limitation and enhancement of
nutrient competition than native plants via mycorrhizal network in low-P karst soil.
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INTRODUCTION

The karst landform is composed of mainly of carbonate rock
and covers an area of 22 million km2 globally (Liu and Zhao,
2000). The largest karst region in China is 1.3 million km2

(Wang et al., 2004; Liu et al., 2009), characterized by nutrients
(especially phosphorus) and water deficit, fragile habitat and
severe soil erosion especially in southwest China (Li et al., 2002),
Some invasive plants, such as Eupatorium adenophorum, have
successfully invaded karst habitats in southwest China, and have
expanded rapidly, affecting the establishment of native plant
communities (Jia et al., 2009). However, the invasion mechanisms
of these alien plants within the fragile karst habitats remain
unclear at present. Based on previous studies, when invasive
species enter new habitats they may gradually outcompete native
species to withdraw from their original habitat (Smith and
Knapp, 2001; Wang Y. J. et al., 2017; Wang et al., 2019; Chen D.
et al., 2019). Alien plant invasion is possibly facilitated by a lack of
natural enemies including pathogens and insect herbivores (Van
der Putten et al., 2013). Callaway and Aschehoug (2000) argued
that while natural enemies may have not evolved specificity
to invasive plants, symbiotic fungi in soils are ubiquitous and
associate with both native and invasive species. Research shows
that soil microbes in some invaded ecosystems may promote
the successful invasion of exotic plants (Callaway et al., 2004).
In addition, invasive plants can also change soil microbial
communities in invasive areas, shift soil nutrient availability, and
create a positive soil-plant feedback for their invasion (Rodgers
et al., 2008). Thus, the role of soil microbes cannot be ignored in
successful plant invasions.

Arbuscular mycorrhizal (AM) fungi are a class of soil microbes
that can form symbiotic relationships with the roots of 80%
of the terrestrial plant species in the world (Smith and Read,
2010). A mycorrhizal network is formed when fungal mycelia
colonize and link the roots of two or more plants (Selosse
et al., 2006). The mycorrhizal network can influence competition
between plants (Merrild et al., 2013). Research suggests that
AM fungi can promote uptake of N and P, and change the
N/P ratio (Johnson, 2010; Mei et al., 2019) and (likely as
a result) increase plant biomass (Wagg et al., 2011). Wang
et al. (2015) argued that invasive species may have a higher
N/P ratio than native species, which may contribute to their
invasiveness in soils where N is not a strong constraints on
plant growth. In addition, AM fungi can also transfer the carbon
from native plants to invasive plants through the interconnected
mycorrhizal networks, conferring a competitive advantage for
invasive plants (Carey et al., 2004). Meanwhile, AM fungi may
promote the uptake of P by host plants after obtaining carbon
from them (Ryan et al., 2012). In karst habitats, where the soil
is usually deficient in nutrients, competition for soil nutrients
between invasive plants and native plants is inevitable (Vila and
Weiner, 2004). Jiang et al. (2019) showed that the diversity of
the soil microbial community around E. adenophorum roots
increase significantly with increased of invasion level, this diverse
soil microbial community could potentially form a micro-
environment conducive to the competitive advantage of invasive
plants in karst areas. Additionally, AM fungi can promote

exotic plants in competition for nutrients with native plants
in southwest China (Li et al., 2016). Mycorrhizal networks
connecting plant roots can transfer the disease-resistant signaling
between plants (Zhang et al., 2019, 2020), as well as to transfer
mineral nutrients from one plant to another (He et al., 2019).
However, the role that this mechanism plays in plant invasions
in karst habitats has not been well documented.

Ba et al. (2018) found invasion changes mycorrhizal fungi
community in the soil, which could contribute to increase
competitive advantage of exotic plant over native plant.
Mycorrhizal networks connecting plant roots have been shown
to transfer mineral nutrients between invasive and native
plants, preferentially to invasive species (Awaydul et al., 2019).
Therefore, mycorrhizal networks affect the competition for
nutrients between invasive and native plants in karst habitat, and
thus the aim of this study is to elucidate the role of AM fungi
in the invasion mechanism of alien plants. In our previous field
survey, the exotic plant E. adenophorum already invaded the karst
area in a large area and coexists with native A. annua, which
distributes as a common species in the karst area of southwest
China. Especially these two species are Asteraceae herbaceous
plants with a high niche overlap (Liu et al., 2010). Therefore, we
speculated that E. adenophorum competing with A. annua might
be caused by the regulation of nutrients by mycorrhizae roles.
We hypothesize that: (1) Interconnected arbuscular mycorrhizal
networks can enhance P uptake and reduce the N/P ratio of
invasive and native species in karst soil (H1); (2) AM fungi confer
a competitive advantage for nutrients to invasive species over
native species in karst soil (H2).

MATERIALS AND METHODS

The Experimental Growth Microcosm
Experimental microcosms consisting of three compartments
were constructed using polypropylene plastic in the greenhouse
of Forestry College of western campus in Guizhou university,
Guiyang, China (106◦22′E, 29◦49′N, 1120 m above the sea level).
The thickness of the material was 2 mm (Figure 1). Each
microcosm was composed of two planting compartments on
opposite sides and a competition compartment in the center.
Five circular holes of 5mm diameter were drilled in the baffle
plate between the planting compartments (Pc) and competition
compartment (Cc). Depending on the treatment, nylon meshes
of 20 µm or 0.45 µm were attached to either side of the baffle
plate to form an air gap to prevent the flow of nutrients among
compartments. The 20 µm nylon mesh can allow mycelium to
pass through but not for plant roots, while 0.45 µm nylon mesh
can neither allow mycelium nor roots to pass through (Yang et al.,
2017). The size of each of the three compartments was about
10 cm× 10 cm× 10 cm (length× width× height).

The experiment was conducted using the mycorrhizal
fungus treatments with or without C. etunicatum (purchased
from the Institute of Nutrition Resources, Beijing Academy
of Agricultural and Forestry Sciences, BGA0046) and the
nutrient utilization treatments for competition compartment
through mycorrhizal networks interconnecting two planting

Frontiers in Ecology and Evolution | www.frontiersin.org 2 May 2020 | Volume 8 | Article 125

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-00125 May 11, 2020 Time: 19:32 # 3

Shen et al. AM Enhances Nutrient Competition

FIGURE 1 | The compartmentalized microcosm growing device. The setup
consists of three compartments, two plant compartments on either end, one
for the native species and one for the invasive species, and one competition
compartment in the center. Plates containing five holes separate the
compartments. Depending on the experimental treatment, one of two different
meshes line the plates separating the plant compartments from the
competition compartment. 20 µm nylon mesh allows mycelium to pass
through but not the plant root system; the 0.45 µm nylon mesh blocks both
mycelium and the plant root system from passing through the baffle plates into
the competition compartment. An air gap within the baffle plate, described in
more detail in the text, prevents the flow of nutrients between the three
compartments. E. adenophorum = invasive plant; Artemisia annua = native
plant; Pc = planting compartment; Cc = competition compartment.

compartments, were constructed using meshes of 20 µm for
mycelium connectivity and of 0.45 µm for no mycelium
connectivity. The mycorrhizal fungus treatments included the
inoculation with AM fungi (M+), and the control without
AM fungi (M−); The nutrient utilization treatments were the
following: (1) the common nutrient competition (common
utilization, Cu) treatment in which the competition compartment
was allowed to be connected to the planting compartments
of E. adenophorum and A. annua via a mycorrhizal network
(20 µm of double-nylon meshes were used on both sides
of two baffle plates, allowing mycelium to grow freely from
both side compartments into the competition compartment);
(2) the single nutrient utilization (Su) treatment in which the
competition compartment could be connected by mycelium to
one planting compartment of E. adenophorum or A. annua
only (20 µm of double-nylon mesh used on the one baffle
plate, with 0.45 µm mesh on the other plate, allowing AM
mycelium to pass through from one planting compartment to
the competition compartment, but preventing in-growth from
the other planting compartment); (3) the nutrient non-utilization
(Nu) as a control (0.45 µm nylon meshes against the two baffle
plates on both sides, to prevent the growth of AM mycelium into
competition compartments). The mycelium and spore existed in
competition compartment soil by checking under Cu and Su of
M+ treatments, which showing that mycelium passed through
planting compartment to competition compartment through

mycelial expansion, and formed interconnective mycorrhizal
networks between Pc and Ac.

A 2.5 kg mixture containing limestone soil and sand (3:1 by
volume) was placed into each compartment; this mixture had
first been sterilized at 0.14 Mpa at 126◦C for 1 h. The soil, which
had been collected from a typical karst habitat close to Guiyang
city, had pH 7.45, total nitrogen (N) concentration 2.27 g kg−1,
available N 127.48 mg kg−1, total phosphorus(P) 0.90 g kg−1,
available P 11.48 mg kg−1, total potassium (K) 4.99 g kg−1,
available K 287.30 mg kg−1, by the measurement refering to Tan
(2005). The seeds of E. adenophorum and A. annua were collected
from a karst mountain experiencing severe soil degradation in
Guanling county, Guizhou province, China. Five seeds of each
species were planted into the soil in their respective planting
compartments and two plants per compartment were kept after
germination. 50g of inoculum was added after seeding, consisting
of spores, mycelium and plant roots. The inoculum had been
propagated with Trifolium repens for 4 months which had been
grown in limestone soil by the pre-sterilized treatment at 0.14
Mpa, at 126◦C for 1 h before inoculation with C. etunicatum.
Each treatment was repeated six times. Thus, the overall factorial
experimental design contained three nutrient access treatments
times two mycorrhizal treatments (M+, M−) times six replicates
as 36 samples. From germination, the experimental plants were
cultured in a greenhouse for 3 months and were arranged
in a randomized block design in western campus of Guizhou
university, then were harvested for measurement.

Measurements of the Mycorrhizal
Colonization Rate, Biomass, Nitrogen,
and Phosphorus
The determination of mycorrhizal colonization rate adopted
methods described by He et al. (2012). The plant biomass of
E. adenophorum and A. annua was determined by weighing
root, stem and leaf material after drying at 80◦C for 24 h. The
determinations of N and P concentration of plant tissues followed
the traditional Kjeldahl method and the Molybdenum-antimony
anti-colorimetric method (Bao, 2000). The N acquisition and P
acquisition were calculated by multiplying each plant nutrient
concentration by each plant biomass.

Statistical Analysis
Statistical analyses were performed using the SPSS 23.0 software.
All of the data were tested for normality and homogeneity
of variance before analysis. First, two- or three-way or three
ANOVAs were applied to test for the overall effects of plant
species (E. adenophorum, A. annua) mycorrhizal fungus (M+,
M−), nutrient utilization treatments (Cu, Su, and Nu) and their
interactions on plant biomass, N acquisition and P acquisition
and N/P ratio, respectively. Then the single factor differences
between Cu, Su, and Nu on biomass, N and P acquisition and
the N/P ratio, respectively, were analyzed by the least significant
difference (LSD) test, and a t-test was applied to compare the
differences in N acquisition and P acquisition and the N/P ratio
between treatments of M+ and M−. All results graphics were
produced using the Origin 2018 software.
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RESULTS

The Mycorrhizal Colonization Rate of
E. adenophorum and A. annua Seedlings
The mycorrhizal colonization rates of E. adenophorum were
significantly higher than those of A. annua under Cu, Su and
Nu treatments (Table 1). For the mycorrhizal colonization rates
of E. adenophorum and A. annua, there were non-significant
differences among the Cu, Su, and Nu treatments. Both species
had the same pattern of mycorrhizal colonization rate as follows:
Su > Cu > Nu.

The Biomass of E. adenophorum and
A. annua Seedlings and Its Allocation to
Root, Stem, and Leaf
For E. adenophorum seedlings, the mycorrhizal fungus
treatments significantly affected the individual, root and leaf
biomass but did not affect stem biomass (Table 2). Significantly
larger biomass in M+ than in M− was measured for whole,
plant individuals under Nu, for root biomass under Cu, Su,
and Nu and for leaf biomass under Su, while an opposite
significant response (M+ < M−) was seen for stem biomass
under Su (Figures 2A–D). The nutrient utilization treatments
significantly affected stem biomass (Table 2); the stem biomass
of Su was significantly lower than that of Cu and Nu under M+
treatment (Figure 2C). The interaction of M × U significantly
affected stem biomass but did not significantly affect root, leaf or
individual biomass (Table 2). On the other hand, for A. annua
seedlings, the mycorrhizal fungus treatments significantly
affected the stem biomass but did not significantly affect
individual plant, root or leaf biomass (Table 2). A significant
M+ > M− effect was present in individual and stem biomass
under Su treatment. Adversely (M+ < M−) affected individual
biomass and leaf biomass under Cu treatment (Figures 2A,C,D).
Nutrient utilization treatments significantly affected leaf biomass
(Table 2). Under M+ treatment, the stem biomass under Cu and
Su was significantly greater than under Nu treatment, and under
M− treatment, the individual and stem biomass under Cu and
Su was also significantly greater than under Nu treatment, the
root and leaf showed no significant difference among Cu, Su,
and Nu treatments in this study (Figures 2A–D). The interaction
of M × U did not significantly affect individual, root, stem and

TABLE 1 | The mycorrhizal colonization rates of Eupatorium adenophorum and
Artemisia annua.

Nutrient utilization
treatments

Eupatorium adenophorum Artemisia annua

Cu 72.1 ± 1.8ax 63.0 ± 0.8ay

Su 72.5 ± 1.7ax 65.2 ± 2.0ay

Nu 71.9 ± 0.5ax 62.3 ± 1.6ay

The different lowercase letters (a–c) indicate significant differences between Cu,
Su, and Nu treatments of invasive plant Eupatorium adenophorum and native
plant Artemisia annua (P < 0.05); The different lowercase letters (x, y) indicate
significant differences between invasive plant Eupatorium adenophorum and native
plant Artemisia annua (P < 0.05).

leaf biomass of A. annua (Table 2). Besides, the mycorrhizal
fungus treatments significantly affected the individual biomass.
However, the plant species and nutrient utilization were
significantly affected seedling accumulations via three-way
ANOVAs analysis, including their interactions (Table 6). Overall,
the results indicated that AM fungi differentially increased the
biomass accumulation of the invasive plant E. adenophorum and
native plant A. annua, even though an adverse non-significant
trend (M+ < M−) was observed in individual biomass of
A. annua under the Cu treatment. After inoculation with
AM fungi, the biomass of A. annua was greater than that of
E. adenophorum under Su treatment. However, E. adenophorum
biomass was even larger in comparison to A. annua under the
Cu and Nu treatments. This result indicates that the biomass
of E. adenophorum was higher than that of A. annua when
E. adenophorum competed with A. annua for nutrients, but
compared to E. adenophorum, when native A. annua utilized
nutrients singly via its mycelium, it accumulated more biomass
than the invasive E. adenophorum.

The N Acquisition of E. adenophorum
and A. annua Seedlings and Its
Allocation to Root, Stem and Leaf
For the invasive plant E. adenophorum, the mycorrhizal fungus
treatments significantly affected root N acquisition and did
not significantly affect stem, leaf or individual N acquisition
(Table 3). A significant M+ > M− effect was observed in
root N acquisition under Cu, Su, and Nu treatments, but a
significant M+ < M− effect was observed in stem N acquisition
under the Su treatment (Figures 3B,C). The nutrient utilization
treatments had a significant effect on root, leaf and individual
N acquisition, but did not significantly affect stem N acquisition
(Table 3). Stem N acquisition was observed as Cu > Su > Nu
under the M+ treatment, while the N acquisition of individual,
root and leaf was observed as Su > Cu > Nu under M+ and
M− treatments (Figures 3A–D). The interaction of M × U
significantly affected stem N acquisition but did not significantly
affect N acquisition of root, leaf or individual (Table 3). For the
native plant A. annua, there were no significant effects of the
mycorrhizal fungus treatments on N acquisition of root, stem,
leaf or individual plant (Table 3). A significant difference between
M+ and M− treatments was observed in individual and stem N
acquisition under Su, while M+ and M− did not significantly
affect root or leaf N acquisition under Cu, Su and Nu treatments
(Figures 3A–D). The nutrient utilization treatments significantly
affected stem, leaf and individual N acquisition, but the effect on
root N acquisition was non-significant (Table 3). Under the M+
treatment, the root N acquisition was observed as Cu > Su > Nu,
the individual, stem and leaf N acquisition was observed as
Su > Cu > Nu; Under M− treatment, the stem N acquisition
was observed as Cu > Su > Nu, the individual, root and leaf N
acquisition was observed as Su > Cu > Nu (Figures 3A–D). The
interaction of M × U did not significantly affect N acquisition of
root, stem, leaf or individual plant (Table 3).

For individual plants, under M− treatment, the N acquisition
ofA. annuawas higher than that of E. adenophorum under Su and
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TABLE 2 | Two-Way ANOVAs for the effects of mycorrhizal fungus (M+ vs M−) and nutrient utilization treatments (Cu vs Su vs Nu) on biomass of the invasive plant
Eupatorium adenophorum and the native plant Artemisia annua.

Plant species Factors df Biomass

Root Stem Leaf Individual plant

F P F P F P F P

Eupatorium adenophorum M 1 1.257 0.000*** 0.268 0.222 2.652 0.001*** 10.675 0.002**

U 2 0.029 0.517 1.022 0.007** 0.458 0.102 0.141 0.857

M × U 2 0.007 0.840 0.675 0.030* 0.258 0.265 0.126 0.871

Artemisia annua M 1 0.390 0.068 3.424 0.047* 1.129 0.051 5.305 0.068

U 2 0.008 0.925 2.396 0.066 1.079 0.031* 4.858 0.052

M × U 2 0.016 0.866 0.169 0.810 0.288 0.360 2.870 0.162

Abbreviations: M = Mycorrhizal fungus treatments; U = Nutrient utilization treatments. * Indicates a significant level at 0.05, ** indicates a significant level at 0.01, and
*** indicates a significant level at 0.001.

FIGURE 2 | Biomass of E. adenophorum and A. annua seedlings and its allocation to root, stem and leaf. Abbreviations: E. a = E. adenophorum; A. a = A. annua;
M+ = with AM fungus; M− = without AM fungus; Cu (Common utilization) = invasive plant and native plant can access the competition compartment due to their
mycorrhizal networks passing through the 20 µm nylon mesh; Su (Single utilization) = the invasive plant or the native plant singly have access the competition
compartment due to their mycelium passing through the 20 µm nylon mesh; Nu (non-utilization) = Neither the invasive plant nor the native plant have access the
competition compartment due to their mycelium both being blocked by 0.45 µm nylon mesh. The different lowercase letters (x, y) above the bars indicate significant
differences between M+ and M− treatments of invasive plant E. adenophorum and native plant A. annua (P < 0.05); The different lowercase letters (a, b, c) above
the bars indicate significant differences between Cu, Su and Nu treatments of invasive plant E. adenophorum and native plant A. annua (P < 0.05); The different
Greek letters (α, β) above the bars indicate significant differences between invasive plant E. adenophorum and native plant A. annua (P < 0.05).

Cu treatments. In addition, under M+ treatment, N acquisition
of A. annua was also greater than E. adenophorum under Su
but that of A. annua was lower than E. adenophorum under
Cu treatment (Figure 3A). Furthermore, the mycorrhizal fungus
treatments and the nutrient utilization treatments significantly
affected individual plants N acquisition but not for plant species
and their interactions via further three-way ANOVAs analysis
(Table 6). This result suggests that AM fungi differentially
enhanced the N acquisition for the invasive E. adenophorum
and the native A. annua, even though a non-significant adverse
effect (M+ < M−) was observed in individual N acquisition
for the native A. annua under Cu treatment. After inoculation
with AM fungi, when the native A. annua absorbed nutrients
from the competitive compartment through it mycelium singly

under Su treatment, the N acquisition was higher than that
of E. adenophorum, but when both species had access to the
competitive compartment through mycelium, the N acquisition
of A. annua was lower than that of E. adenophorum.

The P Acquisition of E. adenophorum
and A. annua Seedlings and Its
Allocation to Root, Stem, and Leaf
For E. adenophorum, the mycorrhizal fungus treatments
significantly affected P acquisition of root, stem, leaf and
individual plant (Table 4). A significant difference between
M+ and M− was observed in individual, root, and leaf P
acquisition under Cu, Su, and Nu treatments, and in stem P
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TABLE 3 | Two-Way ANOVAs for the effects of mycorrhizal fungus (M+ vs M−) and nutrient utilization treatments (Cu vs Su vs Nu) on N acquisition of the invasive plant
Eupatorium adenophorum and the native plant Artemisia annua.

Plant species Factors df N acquisition

Root Stem Leaf Individual plant

F P F P F P F P

Eupatorium adenophorum M 1 31.605 0.001*** 3.735 0.127 175.032 0.071 286.255 0.077

U 2 12.045 0.010** 3.792 0.098 492.478 0.001*** 725.428 0.001***

M × U 2 0.462 0.816 6.865 0.019* 70.241 0.261 39.239 0.637

Artemisia annua M 1 4.332 0.319 36.644 0.085 213.889 0.115 319.623 0.124

U 2 5.087 0.313 54.467 0.017* 881.575 0.000*** 1422.987 0.000***

M × U 2 1.593 0.688 7.188 0.543 53.152 0.525 158.638 0.301

* Indicates a significant level at 0.05, ** indicates a significant level at 0.01, and *** indicates a significant level at 0.001.

FIGURE 3 | N acquisition of E. adenophorum and A. annua seedlings and its allocation to root, stem and leaf. Abbreviations: E. a and A. a; M+ and M−; Cu and Su
and Nu, meaning same as in Figure 2. The lowercase letters x and y, (a, b, c). The Greek letters α and β above the bars, they mean the same as in Figure 2.

TABLE 4 | Two-Way ANOVAs for the effects of mycorrhizal fungus (M+ vs M−) and nutrient utilization treatments (Cu vs Su vs Nu) on P acquisition of the invasive plant
Eupatorium adenophorum and the native plant Artemisia annua.

Plant species Factors df P acquisition

Root Stem Leaf Individual plant

F P F P F P F P

Eupatorium adenophorum M 1 6.552 0.000*** 10.373 0.000*** 12.918 0.000*** 87.883 0.000***

U 2 0.025 0.676 3.972 0.000*** 3.573 0.000*** 10.173 0.002**

M × U 2 0.036 0.565 4.180 0.000*** 1.160 0.044* 3.629 0.076

Artemisia annua M 1 0.216 0.088 3.354 0.018* 8.336 0.014* 17.237 0.014*

U 2 0.008 0.889 1.691 0.057 7.803 0.005** 15.817 0.005**

M × U 2 0.034 0.617 0.082 0.858 0.690 0.569 3.256 0.284

* Indicates a significant level at 0.05, ** indicates a significant level at 0.01, and *** indicates a significant level at 0.001.

acquisition under Cu and Nu treatments (Figures 4A–D). The
nutrient utilization treatments significantly affected stem, leaf
and individual P acquisition (Table 4). Under M+ treatment,
the individual and stem P acquisition under Cu was significantly

higher than under Su and Nu treatment, and leaf P acquisition
under Cu and Su was significantly greater than under Nu
treatment; Under M− treatment, the stem P acquisition under
Cu and Su treatments was significantly lower than Nu, and leaf
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FIGURE 4 | P acquisition of E. adenophorum and A. annua seedlings and its allocation to root, stem and leaf. Abbreviations: E. a and A. a; M+ and M−; Cu and Su
and Nu, meaning same as in Figure 2. The lowercase letters x and y, (a, b, c). The Greek letters α and β above the bars, they mean the same as in Figure 2.

P acquisition under Su was significantly higher than Su and
Nu treatments (Figures 4A,C,D). The interaction of M × U
significantly affected P acquisition of stem and leaf (Table 4).
For A. annua, the mycorrhizal fungus treatments significantly
affected P acquisition of stem, leaf and individual plant (Table 4).
A significant difference between M+ and M− was observed
in individual and stem P acquisition under the Su treatment
(Figures 2A,C). The nutrient utilization treatments significantly
affected leaf and individual P acquisition (Table 4). A significant
Su > Nu was observed in individual P acquisition under the M+
and M− treatments, and stem P acquisition in Cu and Su was
significantly higher than in Nu under M+ and M− treatments,
and leaf P acquisition in Cu and Su was significantly higher than
in Nu under the M− treatment (Figures 4A,C,D). The interaction
of M × U did not significantly affect P acquisition in root, stem,
leaf or individual plant (Table 4).

For individual plants, under M− treatment, the P acquisition
of A. annua was higher than E. adenophorum under Su and
Cu treatments, but the P acquisition of A. annua was lower
than E. adenophorum under Nu treatment. In addition, under
M+ treatment, A. annua was also greater than E. adenophorum
under Su but was lower than E. adenophorum under Cu and
Nu treatments (Figure 4A). Besides, the mycorrhizal fungus
treatments and the nutrient utilization treatments significantly
affected individual plants P acquisition, as well as the interaction
of S × M, S × U, and S × M × U for plants P acquisition, but
not for plant species (Table 6). It showed AM plays a crucial
role in P utilization of two species, even though biomass was
not affected significantly by species. The intrinsic differences
were evident in the ability to accumulate biomass for these
two species. These results illustrate that AM fungi significantly
increased P acquisition of the invasive E. adenophorum, and
differentially enhanced the P acquisition of the native plant
A. annua. Moreover, when E. adenophorum competed with

A. annua for nutrients (under Cu condition), the AM fungi
enabled the invasive plant E. adenophorum to accumulate more
P than the native plant A. annua.

The N/P Ratio of E. adenophorum and
A. annua Seedlings Including to Root,
Stem, and Leaf
Firstly, for E. adenophorum seedlings, the mycorrhizal fungus
treatments significantly affected root, stem, leaf and individual
plant N/P ratio (Table 5). A significant M+ < M− effect was
observed in individual plant, root, and leaf N/P ratio under Cu,
Su, and Nu treatments, and in stem N/P ratio under Cu and Su
treatments (Figures 5A–D). The nutrient utilization treatments
significantly affected root, stem, leaf and individual N/P ratio
(Table 5). The root N/P ratio was observed as Cu > Su > Nu
under M− treatment, but it was observed as Su > Cu > Nu
under the M+ treatment, and the N/P ratio of individual, stem
and leaf was observed as Su > Cu > Nu under M+ and
M− treatments (Figures 5A–D). The interaction of M × U
significantly affected stem, leaf and individual plant N/P ratio
(Table 5). Secondly, for A. annua seedlings, the mycorrhizal
fungus treatments was significantly affected stem and individual
plant N/P ratio, but did not significantly affect root or leaf N/P
ratio (Table 5). A significant M+ < M− effect was observed in
individual N/P ratio under Cu, Su and Nu treatments, and in
root N/P ratio under the Su treatment, and in stem N/P ratio
under the Cu treatment (Figures 5A–C). The nutrient utilization
treatments significantly affected stem and individual plant N/P
ratio (Table 5). The N/P ratio of individual plants was observed
as Su > Cu > Nu under M+ and M− treatments, and the stem
N/P ratio under Cu treatment was significantly greater than Su
and Nu under M− treatment (Figures 5A,C). The interaction of
M×U significantly affected the stem N/P ratio (Table 5). Finally,
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TABLE 5 | Two-Way ANOVAs for the effects of mycorrhizal fungus (M+ vs M−) and nutrient utilization treatments (Cu vs Su vs Nu) on N/P ratio of the invasive plant
Eupatorium adenophorum and the native plant Artemisia annua.

Plant species Factors df N/P ratio

Root Stem Leaf Individual plant

F P F P F P F P

Eupatorium adenophorum M 1 69.174 0.000*** 43.623 0.000*** 141.053 0.000*** 130.077 0.000***

U 2 5.248 0.033* 19.578 0.000*** 41.570 0.000*** 51.690 0.000***

M × U 2 2.073 0.206 5.569 0.002** 15.975 0.011* 5.383 0.000***

Artemisia annua M 1 9.132 0.098 10.556 0.000*** 0.749 0.756 8.470 0.000***

U 2 0.810 0.757 3.984 0.005** 8.373 0.354 3.338 0.000***

M × U 2 3.762 0.302 3.875 0.005** 1.744 0.793 0.005 0.917

* Indicates a significant level at 0.05, ** indicates a significant level at 0.01, and *** indicates a significant level at 0.001.

FIGURE 5 | N/P ratio of E. adenophorum and A. annua seedlings including in root, stem and leaf. Abbreviations: E. a and A. a; M+ and M−; Cu and Su and Nu,
meaning same as in Figure 2. The lowercase letters x and y, (a, b, c). The Greek letters α and β above the bars, they mean the same as in Figure 2.

for individual plant N/P ratio, under M− treatment, the N/P ratio
of invasive E. adenophorum was significantly higher than that
of native A. annua under Su treatment; Under M+ treatment,
the individual plant N/P ratio of invasive E. adenophorum was
significantly lower than that of native A. annua under Cu and
Nu treatments (Figure 5A). The mycorrhizal fungus treatments
significantly affected individual plants N/P ratio, but not for
plant species and mycorrhizal fungus through further three-
way ANOVAs analysis (Table 6). Overall, AM fungi significantly
reduced the N/P ratio of both the invasive plant E. adenophorum
and the native plant A. annua.

DISCUSSION

AM Fungi Differentially Affected the
Biomass Accumulation and Nutrient
Utilization Between Invasive and Native
Species
AM fungi differentially increased the biomass, and the
acquisitions of N and P for the invasive E. adenophorum
and native plant A. annua in this experiment (Figures 2A,

3A, 4A). Previous studies demonstrated that soil microbes
affected nutrient transformation and plant growth (Lugtenberg
et al., 2013; Leff et al., 2015), for instance, AM fungi facilitated
plants’ uptake of mineral nutrients by extending the spatial
absorption scale and thereby promoting plant growth (Lin
et al., 2017; Wang W. X. et al., 2017). He et al. (2007) revealed
that the AM fungi promoted the accumulation of biomass,
N and P of the host plants in karst soil. In this study our
results broadly illustrate that AM fungi increases biomass,
N and P acquisition through expanding the surface area
of absorbed nutrients by mycelium in both a native and
invasive plant species. Plant resource allocation patterns can
reflect the adaptation of plant growth and development to
environmental conditions (Aoyagi and Akimoto, 2010). In
our study, both plant species accumulated more biomass, N
and P in the stem and leaf than root (Figures 2–4), which
indicating that both plants preferentially allocate resources to
photosynthetic organ leaves and stems, and thereby producing
more photosynthetic products for their growth (Saxena and
Ramakrishnan, 2010). He and Han (2010) showed that the N/P
ratio of plant leaves can be used to assess the nutrient status of
soil. Plants with an N/P ratio that is less than 14 are thought
to be mainly limited in growth by N, while plants with an
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TABLE 6 | Three-Way ANOVAs for the effects of species (Eupatorium adenophorum vs Artemisia annua), mycorrhizal fungus (M+ vs M−) and nutrient utilization (Cu vs
Su vs Nu) on biomass, N acquisition, P acquisition and N/P ratio.

Factors df Biomass N acquisition P acquisition N/P ratio

F P F P F P F P

S 1 0.594 0.478 79.000 0.393 0.258 0.709 528.573 0.145

M 1 15.31 0.001*** 578.142 0.024* 88.921 0.000*** 347.59 0.236

U 2 2.539 0.123 2056.146 0.000*** 10.79 0.005** 1245.178 0.009**

S × M 1 0.296 0.617 0.935 0.926 11.27 0.016* 14.559 0.807

S × U 2 2.682 0.110 69.983 0.523 15.038 0.001*** 593.393 0.096

M × U 2 1.023 0.421 127.074 0.312 0.168 0.913 137.297 0.570

S × M × U 2 2.219 0.159 72.806 0.510 6.703 0.032* 87.432 0.698

* Indicates a significant level at 0.05, ** indicates a significant level at 0.01, and *** indicates a significant level at 0.001.

N/P ratio greater than 16 are mainly limited by P, and plants
with a ratio between 14 and 16 are co-limited by both N and
P (Koerselman and Meuleman, 1996). In this study, the N/P
ratio of the invasive E. adenophorum decreased from above
16 to below 14 via AM fungi under Cu and Su treatments
(Figure 5D). This indicates that the growth of the invasive
plant E. adenophorum may be limited by P in karst areas of
southwest China, and that AM fungi alleviates this limitation.
AM fungi have been shown to promote P uptake by plants,
resulting in P no longer being the plant’s main limiting factor
(Yang et al., 2017). This phenomenon is of great significance to
plant growth in the low P areas of karst regions. In addition,
Cu treatment symbolizing mycorrhizal networks connecting
both species reduced the N/P ratio of invasive and native
species in karst soil in this experiment (Figure 5A), and this is
consistent with our hypothesis (H1). Invasive E. adenophorum
had stronger P absorption than A. annua via interconnected
mycorrhizal networks in this study (Figure 4A). Therefore,
the N/P ratio of the invasive E. adenophorum was lower
than that of the native A. annua. Plants in karst areas are
characterized by low levels of P (Wen et al., 2018), and AM
fungi can promote absorption by host plants of P in the soil
(Zhang et al., 2018). Additionally, Hu et al. (2016) argued
that typical alien invasive plants have higher P uptake in
southwestern China, which is consistent with the results of
this study. This means that E. adenophorum would be more
invasive due to successful competition for nutrients in the fragile
lower-phosphorus karst habitats.

Nutrient Competition Between Invasive
and Native Species via Interconnected
Mycorrhizal Networks
When invasive plants competed with native plants, AM
fungi tend to have a positive impact on invasive plants
(Neuenkamp et al., 2019). Yu et al. (2014) argued that AM
fungi enhanced the competitiveness of invasive E. adenophorum
against native species. Higher mycorrhizal colonization rate
gives a competitive advantage to invader over native species
in nutrient resources (Zhang et al., 2017), which supporting
that E. adenophorum had greater competitive advantage due
to higher mycorrhizal colonization rate, when comparing with

A. annua by Table 1. Our data indicated that when the
invasive E. adenophorum competed with native A. annua for
nutrients in karst areas, the AM fungi conferred the invasive
plant E. adenophorum a competitive advantage in obtaining
nutrients as compared to the native plant A. annua, and
E. adenophorum had higher mycorrhizal colonization rate
than A. annua. This was consistent with our hypothesis
(H2).In the karst regions of southwest China, the AM fungi
composition differed significantly between vegetation types
(Liang et al., 2016), and the invasion of alien plants will
shift the species composition and diversity of AM fungi,
change the preference of AM fungi to the original host, and
establish a symbiotic relationship favorable to the invasive
plant (Vogelsang and Bever, 2009). Additionally, AM fungi
can facilitate the invasion of alien species by decreasing the
competitiveness of the native plants (Yang et al., 2014), and
promoting the growth of invasive species in a nutrient-poor
environment (Chen Q. et al., 2019), which might contribute
to their successful invasion into karst habitats. Moreover,
AM fungi conferred invasive plants with greater advantage
in competition with native plants, and AM fungi had a
negative impact on the growth of native plants (Batten
et al., 2008; Zubek et al., 2016). Fellbaum et al. (2014)
showed that mycorrhizal networks of AM fungi in the soil
simultaneously provide multiple host plants with nutrients,
and AM fungi can preferentially allocate nutrients to high-
quality hosts. Yuan et al. (2014) argued that invasive plant
may produce substances in the soil that inhibit native plants.
It may explain our results that interconnected mycorrhizal
network may give priority to nutrients to the invasive plant
E. adenophorum, while biomass and N acquisition of the native
plant A. annua decreased via an interconnected mycorrhizal
network (Figures 2A, 3A). AM fungi only had a very
significant effect on the root biomass accumulation and N
and P acquisition of the invasive plant E. adenophorum, but
had no any significant effect on the root of native plant
A. annua (Tables 2–4). The root system of E. adenophorum
has strong vegetative reproductive ability, and can occupy
the soil habitat quickly, and its root system can enrich AM
fungi in the rhizosphere and break the reciprocal symbiotic
relationship between AM fungi and native plants (Jiang et al.,
2014). Additionally, Hawkes et al. (2006) argued that invasive
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plants influence the availability of the mycorrhizal fungi network
to native plants in soil via earlier root activity compared to
native plants. Therefore, in the karst habitats of southwest China,
earlier root activity of E. adenophorum compared to the native
plant A. annua may be one of the important reasons for the
former’s invasiveness. In summary, the invasive E. adenophorum
can successfully invade in the karst soil, possibly through a
competitive advantage in nutrient uptake in comparison to
native plants, and the effect of AM fungi on the invasiveness of
E. adenophorum may be mediated by earlier root activity.

CONCLUSION

In conclusion, AM fungi can promote the accumulation of
biomass, N and P of E. adenophorum and A. annua, and
conferred the invasive plant E. adenophorum a competitive
advantage in nutrient acquisition in comparison to the native
plant A. annua. Finally, the interconnected mycorrhizal networks
conferred the invasive E. adenophorum greater alleviation effect
of phosphorus limitation than the native A. annua in karst
areas, potentially contributing to the former’s invasiveness.
Further study is needed to test whether the interactions between
invasive and native plant nutrient acquisition and growth
performance, as mediated by AM mycorrhizal networks as
reported here are commonplace in other species combinations
and soil environments.
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