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Abstract
Exploring the expansion mechanisms of invasive plants from plant and soil systems is an important
ecological research objective; however, plant and soil phosphorus (P) cycling is not well understood. We
explored the potential of the soil microbial community to mediate organic P mineralization and allocation
to invasive and native plants in South China. Soil samples were collected from three invasive plants of M.
micrantha, B. pilosa, and I. cairica and three native plants of Persicaria chinensis, Paederia scandens and
Pluchea indica, and soil microbial communities, enzyme activities, and soil P fractions were examined.
Plant P concentrations and foliar P fractions were tested to determine P allocation. The results showed
that invasive species had higher levels of acid and alkaline phosphomonoesterase and induced a
stronger acceleration of soil organic P decomposition. Moreover, the soil glucose dehydrogenase gene of
the invasive species was more abundant than that of the native species, allowing it to mineralize more
organic P. The invasive species had higher nucleic acid P and metabolic P in the foliar than in the native
species because the invasive species allocated more P to photosynthesis. Our study suggests that
invasive plants can enhance organic P decomposition by altering the soil microbial communities. In
addition, invasive plants may have a higher P utilization efficiency than native plants. These results
provide novel mechanistic explanations for the rapid expansion of invasive species in P-poor, lower
latitudes.

Introduction
Exploring the mechanisms underlying the expansion of invasive plants is an important objective of
ecological research. Many studies have emphasized the aboveground components of plant invasion and
found that invasive plants often increase primary productivity, allelopathic effects, and suppress the
growth of native plants (Kaur et al. 2012; Liu et al. 2020). However, most of these studies have focused
on the effects of higher photosynthesis and nutrient- and energy-use efficiencies contributing to exotic
plant invasion (Liu et al. 2017), while the effects of mineral nutrients on higher photosynthesis and high
above ground biomass remain unknown. In addition, most empirical studies have emphasized only the
aboveground components and belowground components of plant invasion (Burke et al. 2019; Feng et al.
2009). Exploring the expansion mechanisms of invasive plants based on research on single components
is difficult, because the expansion mechanisms of invasive plants are usually superior to those of native
plants, not only in terms of aboveground components, but also belowground components (Zhang et al.
2019). Our previous study suggested that exploring the invasion mechanisms of invasive plants should
combine the aboveground and belowground components (Liu et al. 2020).

Phosphorus (P) is an essential and limiting macronutrient for plant growth in (sub)tropical ecosystems in
highly weathered and old soils (Du et al. 2020). The growth rate hypothesis predicts that plants with
faster growth rates require higher amounts of P-rich RNA (Elser et al. 2010). We synthesized data from 49
published field experiments containing 233 invasive plant leaf P concentrations and 207 native plant leaf
P concentrations, and found that invasive plant leaf P concentrations were higher than native plant leaf P
concentrations in (sub)tropical fields (see Supplementary Figure S1). This could be explained by three
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possible reasons: 1) invasive plants have a higher P resorption capacity in resource-poor than in resource-
rich environments (Sardans et al. 2017), 2) invasive plants also produce more litter and have faster
decomposition rates (Ye et al. 2019), and 3) invasive plants usually accelerate the macronutrient cycling
rate by increasing soil microbial activity (Liu et al. 2020; Sun et al. 2019). Additionally, invasive plants
have been shown to suppress native plant growth by reducing native plant associations with mycorrhizae
(Grove et al. 2017). In (sub)tropical soils, organic P constitutes a large fraction of the total soil
phosphorus (Wei et al. 2019). Thus, organic P transformation driven by soil micro-organisms plays an
important role in plant P acquisition (Ding et al. 2021). Acid phosphomonoesterase (ACP) and alkaline
phosphomonoesterase (ALP) are the dominant enzymes that participate in organic P decomposition.
ACP is mainly secreted by fungi and plant roots. ALP is mainly produced by bacteria (Sun et al. 2020).
Alternatively, phosphate solubilizing bacteria can liberate phosphate from inorganic compounds by
secreting organic acids (Rasul et al. 2019). For example, gluconic acid contributes significantly to the
release of P from phosphorus minerals and other inorganic phosphates. The synthesis of gluconic acid
from glucose in the direct oxidation pathway is mediated by glucose dehydrogenase, encoded by gcd
gene, (Sashidhar and Podile 2010). Moreover, invasive plants usually have higher P use efficiency by
changing resource investments and allocation in plant tissues, which may explain their invasiveness,
especially in P-poor soils (Sun et al. 2022).

The total P in plant tissues is functionally fractionated into structural, metabolic (including inorganic P),
nucleic acid, and residual P (Yan et al. 2019). Metabolic P plays a key role in photosynthesis and is useful
for studying P limitation and plant growth (Mo et al. 2019). Moreover, plants may adjust the allocation of
P among these P fractions to maximize growth and fitness (Hidaka and Kitayama 2011). However, the
differences in P fractions between invasive and native plants are unclear. This information may be
important for exploring the invasion mechanisms of invasive plants.

In southern China, the rapid increase in economic trade between countries has led to an increasingly
frequent exchange of live organisms and seedlings (Gao et al. 2018). Alternatively, the degradation of
native vegetation accelerate the expansion of invasive plants. Mikania micrantha Kunth, Bidens pilosa L.,
and Ipomoea cairica L. are known as the worst invasive species in South China, and have caused serious
damage to native ecosystems and economic losses (Sun et al. 2019; Wang et al. 2019; Wang et al. 2011).
M. micrantha and B. pilosa belong to the Asteraceae family and originate from South and Central
America, respectively, whereas, I. cairica belong to the Convolvulaceae family and originates from North
America.

Here, we conducted a comparative study of invasive and coexisting native plants to reveal the effects of
invasive plants on soil organic P mineralization and foliar P allocation. We hypothesized that (1) plant
invasion would alter soil microbial communities and increase soil organic mineralization, and (2) foliar P
allocation of invasive plants would have a higher metabolic P allocation owing to different resource
investment strategies.

Materials and methods
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Study site and sampling

The experiment was conducted in the site of Zhongshan city (22˚29′ N, 113˚29′ E), Guangdong Province,
China. The climate in this region is subtropical monsoon, the mean annual precipitation and annual air
temperature is 1759 mm and 21.8 ℃, respectively. We established three experimental blocks in
abandoned farmland that had been highly invaded by M. micrantha, B. pilosa and I. cairica for more than
10 years. The distance between each block was more than 50 m. The dominant native species were
Persicaria chinensis (L.) H. Gross, Paederia scandens (Lour.) Merr., and Pluchea indica (L.) Less.
Persicaria chinensis (Polygonaceae) is a perennial herb that grows up to 1 m in subtropical China (Sun et
al. 2019). Paederia scandens (Rubiaceae) is a herbaceous vine that grows up to 3–4 m in height, and is
widely distributed in South China. Pluchea indica (Asteraceae) is a perennial herb that grows up to 2–3 m
high in the southeastern coastal areas of China.

In each block, five soil cores (5 cm diameter and 10 cm deep) from the rhizosphere of each plant (three
invasive and native plants) were taken and mixed together to form a single rhizospheric soil sample. The
invasive and native plants were separated from each other by approximately 2 m to avoid rhizospheres
influencing each other. Thus, three replicate samples per plant species were taken (18 samples in total).
Sampling was performed during the last week of July 2022. One portion of the rhizospheric soil was
stored at -20 ℃ for microbial analysis, one portion of the rhizospheric soil was stored at 4 ℃ to measure
enzyme activity, and the remaining soil was air dried for chemical analyses. The plant roots, stems and
leaves were oven dried at 60 ℃ to determine the plant P concentrations.

Soil properties analysis

The moist field soil was oven dried at 105 ℃ for 24 h to determine soil moisture content. The soil pH was
measured in a 1:2.5 soil: CaCl2 suspension. Soil P fractions were extracted sequentially (Hedley et al.
1982). Briefly, dry soil (0.5 g) was continuously extracted using an anion-exchange membrane, 0.5 M
NaHCO3, 0.1 M NaOH, and 1 M HCl; the residual soils were digested with HF-HClO4. The inorganic P (Pi)
concentrations in the extracted solution were detected using an inductively coupled plasma optical
emission spectrometer (ICP-OES; Optima8300; Perkin Elmer, Waltham, MA, USA). The total P
concentrations in the extracted solutions were digested using persulfate, and the concentrations of
organic P (Po) were calculated as total P minus Pi. These P fractions are classified as resin-P, NaHCO3-Pi,
NaHCO3-Po, NaOH-Pi, NaOH-Po, HCl-Po, and residual P. However, HCl-Pi was not tested in these soils.

Soil enzyme activity and microbial community analysis

ACP and ALP activities were determined as described by Tabatabai and Bremner (1969) (Tabatabai and
Bremner 1969). Briefly, 0.2 mL toluene, 4.0 mL MUB (pH 6.5 and pH 11), and 1.0 mL p-nitrophenyl
phosphate solution were added to a 50 mL tube containing 1.0 g fresh soil, and then incubated at 37 ℃
for 1 h. Next, 1.0 mL 0.5 M NaOH and 0.5 M CaCl2 solutions were added. The p-nitrophenol hydrolyzed by
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phosphatase activity was determined using a spectrophotometer at 400 nm, and the results were
described as µg p-nitrophenol g− 1 soil h− 1.

The Power Soil DNA Isolation Kit (MoBio, California, USA) was used to extract DNA from frozen soil (0.5
g) according to the manufacturer's protocol. The phoD gene encodes ALP, the primers ALPS-F730 (5′-
CAGTGGGACGACCACGAGGT-3′) and ALPS-R1101 (5′-GAGGCCGATCGGCATGTCG-3′) were used to
analyze ALP-producing bacteria community and phoD gene abundance analysis (Sakurai et al. 2008).
The gdh gene encodes glucose dehydrogenase, the primers gcd-FW (5'-CGGCGTCATCCGGGSITIYRAYRT-
3') and gcd-RW (5'-GGGCATGTCCATGTCCCAIADRTCRTG-3') were used to analyze the glucose
dehydrogenase producing bacteria community and gcd gene abundance analysis. PCR and high-
throughput sequencing of the phoD and gcd genes were conducted by the Personalbio Company
(Shanghai, China) using the Illumina NovaSeq6000 platform. Sequence reads from each sample were
clustered into operational taxonomic units (OTUs) with 97% similarity. The phoD and gcd Chao1 richness
and Shannon diversity index were also calculated at the same sequencing depth. The phoD and gcd
sequences were deposited in the NCBI Sequence Read Archive under the accession numbers PRJNA
(983131) and PRJNA (983235), respectively.

Plant P fractions analysis

The sequential extraction method was used to determine the plant P fractions (Sun et al. 2022). Then, 0.5
g freeze-dried leves were added to a 50 mL centrifuge tube (1) then extraction mixtures of 7.5 mL
chloroform:methanol:formic acid (12:6:1 v/v/v) and 9.5 mL chloroform:methanol:water (1:2:0.8 v/v/v),
and 9.5 mL water-washed chloroform were added to extract P fractions. All extractions were transferred
to centrifuge tube (2); the upper phase of the extraction was transferred to the centrifuge tube (3), the
resultant lower phase was the lipid-rich structural-P. Another 5 mL methanol was added to the tube (1),
and the extraction was transferred to tube (3), these extractions were refrigerated at 4 ℃ for 1 h, and then
11 mL trichloroacetic acid (100%) was added and the tubes were centrifuged. The resulting supernatant
was used to analyze the metabolic-P. Then, 35 mL of trichloroacetic acid (2.5%, w/v) was uniformly
mixed with the residue and was extracted in a thermostatic water bath (95 ℃) for 1 h and then
centrifuged. The liquid layer was used to measure nucleic acid-P, and the residue was used to analyze
residual-P. All foliar P fractions and plant tissues were digested with H2SO4, and determined by an ICP-

OES (Optima8300; Perkin Elmer, Waltham, MA, USA), the results were described as g kg− 1.

Statistical analyses

Statistical analysis was performed using SPSS (version 17.0; SPSS Inc., Chicago, IL, USA). The effects of
plant type on soil properties, enzyme activities, microbial communities and plant nutrients were tested
using a one-way ANOVA. Differences in microbial community composition (Bray-Curtis dissimilarity
matrix) between the invasive and native species were assessed using by permutational multivariate
ANOVA (PERMANOVA) and visualized using principal coordinate analysis (PCoA).
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Results
Soil P fractions responses to plant invasion

Invasive I. cairica and B. pilosa significantly increased the soil pH compared to native P. indica. Invasive
M. micrantha and B. pilosa significantly increased soil DOC compared with all native plants, and all
invasive plants enhanced soil DON compared with native P. indica. Invasive plants did not significantly
affect soil water content (Table 1).

Table 1
Responses of soil properties to the invasive and native soils. Different letters indicate significant

differences at P < 0.05.

  Invasive plants   Native plants

  M.
micrantha

I. cairica B.
pilosa

  P. chinensis P. scandens P. indica

SWC 21.95 ± 1.02 20.53 ± 0.79 22.72 ± 
1.34

22.76 ± 1.12 21.46 ± 1.1 21.78 ± 0.83

pH 4.72 ± 
0.11ab

4.87 ± 0.14a 5.02 ± 
0.14a

4.65 ± 
0.11ab

4.62 ± 
0.10ab

4.43 ± 0.11b

DOC 399.66 ± 
40.86a

383.26 ± 
37.72ab

420.3 ± 
41.58a

263.01 ± 
45.81b

268.42 ± 
35.37b

252.37 ± 
34.92b

DON 92.17 ± 
5.82a

84.88 ± 6.77a 93.45 ± 
5.73a

77.81 ± 
4.75ab

75.86 ± 
4.55ab

62.5 ± 6.18b

DOC: Dissolved organic carbon, DON: dissolved organic nitrogen, SWC: Soil water content.
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Table 2
The diversity and richness of ALP-producing bacteria communities and gcd-producing bacteria

communities in the invasive and native soils. Different letters indicate significant differences at P < 0.05.

  Invasive plants   Native plants  

    M.
micrantha

I. cairica B. pilosa   P.
chinensis

P.
scandens

P. indica

phoD Chao 2271.8 ± 
549.5

2854 ± 
186.2

2221.3 ± 
41.1

  1910.6 ± 
177.5

2008.5 ± 
140.5

2035.5 ± 
374.9

Shannon 8.27 ± 
0.37ab

8.9 ± 
0.04a

8.33 ± 
0.17ab

  7.88 ± 
0.19bc

7.19 ± 
0.22c

7.37 ± 
0.41c

Simpson 0.987 ± 
0.003a

0.99 ± 
0.001a

0.984 ± 
0.003a

  0.974 ± 
0.006ab

0.955 ± 
0.008b

0.963 ± 
0.01b

gcd Chao 1466.2 ± 
144.8ab

1807.7 ± 
136.1b

1563.3 ± 
18.7ab

  1608.3 ± 
185.2ab

1163.9 ± 
89b

1402.6 ± 
179.7ab

Shannon 7 ± 0.1ab 6.86 ± 
0.47ab

6.96 ± 
0.03ab

  7.24 ± 
0.09a

6.51 ± 
0.13b

6.83 ± 
0.06ab

Simpson 0.976 ± 
0.005

0.957 ± 
0.016

0.973 ± 
0.003

  0.981 ± 
0.003

0.972 ± 
0.002

0.976 ± 
0.004

NaOH-Pi, NaOH-Po, and residual P were the dominant P fractions in both the invasive and native plants.
The concentrations of inorganic P fractions (Resin P, NaHCO3-Pi and NaOH-Pi) in all the invasive plants
were higher than those in all the native plants, whereas the organic P fraction of NaOH-Po in all the
invasive plants was lower than that in all the native plants (Fig. S2-3). Moreover, the invasive plant M.
micrantha reduced the concentrations of residual P compared with all native plants. We also calculated
the percentages of different P fractions in soil total P. Resin P, NaHCO3-Pi and NaOH-Pi percentages were
higher in invasive plants; however, the NaOH-Po percentage in invasive plants was lower than that in the
native plants (Fig. 1). Nevertheless, the invasive plants had little influence on the percentages of the other
P fractions. Therefore, the data on P fractions and percentages suggest that invasive plants mainly
influenced the available P fractions (resin-P, NaHCO3-Pi, and NaOH-Pi) and NaOH-Po.

Microbial responses to plant invasion

All invasive plants showed significantly increased ALP activity compared to native plants, but only the
invasive plants B. pilosa increased ACP activity (Fig. 2). All invasive plants showed significantly
increased phoD gene abundance compared to native plants, and both invasive plants, M. micrantha and
B. pilosa significantly increased gcd gene abundance (Fig. S4).

The PCoA for ALP-producing bacteria showed a significant difference between the invasive and native
plants (Fig. S5). The dominant ALP-producing bacteria belonged to the Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria classes (Fig. 3a). We observed a higher relative
abundance of Alphaproteobacteria in the invasive plants than in the native plants (Fig. 3a). The dominant



Page 8/17

genera were Bradyrhizobium and Cupriavidus, and invasive M. micrantha and B. pilosa had higher
relative abundance of Bradyrhizobium than native plants (Fig. 3b).

The PCoA for gcd-producing bacteria showed a significant difference between the invasive and native
plants (Fig. S6). The dominant gcd-producing bacteria belonged to the Alphaproteobacteria and
Gammaproteobacteria classes (Fig. 4a). We observed a higher relative abundance of Alphaproteobacteria
in the invasive plant B. pilosa than in all native plants (Fig. 4a). The dominant genus was Rhizobium; the
invasive plants I. cairica and B. pilosa had a higher relative abundance of Rhizobium than the native
plants (Fig. 4b).

In the ALP-producing bacteria and gcd-producing bacterial communities, the relative abundance of
Alphaproteobacteria was positively correlated with the concentrations of inorganic P fractions, but
negatively correlated with the concentrations of organic P fractions (Fig. S7ab).

Plant responses to plant invasion

The P concentration in the foliar tissue of the invasive plants was higher than that in the native species
(Fig. S8); however, there were few differences the stems and roots. For the foliar P fractions, the content
and proportion of metabolic P and nucleic acid P were higher in the invasive plants than in native plants
(Fig. 5, Fig. S9), and the proportion of structural P was lower in the invasive than in the native species
(Fig. 5).

Discussion
Effects of invasive species on soil organic P mineralization

Organic P mineralization is an important method for plant P uptake in (sub)tropical ecosystems with P
limitation (Sun et al. 2022). In this study, soil ACP played an important role in organic P mineralization,
suggesting the importance of fungi and ACP in the availability of (sub)tropical soil P (Fan et al. 2019).
However, invasive plants not only significantly increased soil ACP activity, but also increased ALP activity,
suggesting that bacteria and ALP also contribute to organic P mineralization in (sub)tropical soils (Sun et
al. 2020). In this study, the invasive species significantly changed the composition of ALP-producing
bacterial communities (Fig. S5), and the relative abundance of Alphaproteobacteria was higher in
invasive plant soils (Fig. 3a). The relative abundance of Alphaproteobacteria was positively correlated
with alkaline phosphatase (r = 0.655, P = 0.003). Thus, this shift in soil ALP-producing bacterial
communities due to invasive species could facilitate soil organic P mineralization. This was confirmed by
the redundancy analysis (Fig. S7a). Alphaproteobacteria are copiotrophic microorganisms, indicating that
the growth of microorganisms containing genes coding for alkaline phosphatase is increase in the
invasive plant soils, which might be due to the higher soil dissolved organic carbon (Table 1). The
redundancy analysis suggested that the relative abundance of Alphaproteobacteria was positively
correlated with soil dissolved organic carbon (Fig. S7a). Invasive plants significantly increased the
Shannon diversity index of phoD, which indicated a positive relationship with alkaline phosphatase (r = 
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0.642, P = 0.004). Thus, increasing the number of ALP-producing bacteria using invasive species can
facilitate soil organic P mineralization.

Alternatively, the glucose dehydrogenase gene encoding glucose dehydrogenase, which plays an
important role in the direct oxidation of glucose as a glucose acid, contributes significantly to the mineral
phosphate solubilization ability in several gram-negative bacteria (Sashidhar and Podile 2010). In this
study, the invasive plants M. micrantha and B. pilosa showed significantly increased gcd gene
abundance (Fig. S4), suggesting that the direct oxidation of glucose by invasive plants is important for
mineral phosphate solubilization. This is consistent with a previous study that showed the glucose
dehydrogenase gene is responsible for glucose dehydrogenase-mediated phosphate solubilization (Rasul
et al. 2019).

Effects of invasive species on soil organic P fractions

Soil P fractions were classified as labile P (resin-P, NaHCO3-Pi, and NaHCO3-Po), moderately labile P
(NaOH-Pi and NaOH-Po), or recalcitrant P (HCl-Pi, HCl-Po, and residual-P) (Hedley et al. 1982). In the
present study, soil P responded to invasive plants and was associated with the stability of different P
fractions. The labile P contents of resin-P and NaHCO3-Pi, the most available P pools in the soil,
increased markedly after plant invasion (Fig. 1). This is could likely because moderately labile P fractions
play an important role in maintaining the labile P balance. Soil microorganisms can increase Pi
availability from moderately labile fractions via the release of hydrolytic enzymes and organic acids
(Rasul et al. 2019); subsequently, free Po which can be hydrolyzed by ACP and ALP, leading to a decrease
in Po in these P fractions (Fan et al. 2017; Fraser et al. 2017). Indeed, both the content and proportion of
moderately labile NaOH-Po were significantly reduced in invasive plant soils, suggesting that moderately
labile P can be a resource for available P. Furthermore, a previous study suggested that organic P is
abundant in soil and its turnover can supply a considerable fraction of the P taken up by natural
vegetation (Turner 2008). These results are consistent with the first hypothesis and imply another
important approach for increasing soil available P.

Effects of invasive species on foliar P allocation

The evolution of the increased competitive ability hypothesis suggest that invasive plants with limited
resources show trade-offs between growth and defense (Blossey and Nötzold 1995). For example, a
study showed that invasive plants of Ageratina adenophora increased N allocation to photosynthesis
(growth) and reduced N allocation to cell walls, resulting in poorer structural defenses (Feng et al. 2009).
In the present study, although the total P content in the stems and roots of invasive plants was not
significantly different from that in native plants, the total P content in the leaves of invasive plants was
higher than that in native plants. Moreover, the proportions of foliar nucleic acid P and metabolic P in
invasive plants were higher than those in native plants. These results suggest that invasive plants have
higher P uptake and efficiency in P limited soils (Sun et al. 2022), which may increase the growth and
photosynthetic productivity of invasive plants at a lower leaf cost. Consistent with our second hypothesis,
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in these tropical plant species, the invasive plants optimize their allocation of P among their foliar P
fractions to maintain higher P efficiently in low P soils, and this evolution of adaptive strategies might
favor the further success of invasive plants.

Overall, our results suggest that soil organic P mineralization by microorganisms plays a fundamental
role in the success of invasive species. In addition, our findings provide new insights into invasive species
acclimated to soils with low P availability by remobilizing structural P and residual P to synthesize
metabolic P and nucleic acid P to maintain photosynthetic capacity.
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Figures

Figure 1

Percentages of different P fractions in total P (the sum of all P fractions) in the invasive and native soils.
Different letters indicate significant differences at P < 0.05.
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Figure 2

Changes in soil acid and alkaline phosphomonoesterase activities in the invasive and native soils.
Different letters indicate significant differences at P < 0.05.
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Figure 3

Changes in taxonomic compositions of the ALP-producing bacteria communities in the invasive and
native soils. The relative abundances of ALP-producing bacterial classes (a) and genera (b).
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Figure 4

Changes in taxonomic compositions of the gcd-producing bacteria communities in the invasive and
native soils. The relative abundances of gcd-producing bacterial classes (a) and genera (b).
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Figure 5

Concentrations of foliar P fractions (mg/g dry weight) between the invasive and native plants. Different
letters indicate significant differences at P < 0.05.
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