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Summary

 Invasive plants often change a/biotic soil conditions to increase their 

competitiveness. We compared the microbially-mediated soil nitrogen (N) cycle of 

invasive Mikania micrantha and two co-occurring native competitors, Persicaria 

chinensis and Paederia scandens.

 We assessed how differences in plant tissue N content, soil nutrients, N cycling 

rates, microbial biomass and activity, and diversity and abundance of N-cycling 

microbes associated with these species impact their competitiveness.

 M. micrantha outcompeted both native species by transferring more N to plant 

tissue (37.9-55.8% higher than natives). We found total soil N to be lowest, and 

available N highest, in M. micrantha rhizospheres, suggesting higher N cycling 

rates compared with both natives. Higher microbial biomass and enzyme activities 

in M. micrantha rhizospheres confirmed this, being positively correlated with soil N 

mineralization rates and available N. M. micrantha rhizospheres harbored highly 

diverse N-cycling microbes, including N-fixing, ammonia oxidizing, and denitrifying 

bacteria and ammonia oxidizing archaea (AOA). Structural equation models 

indicated that M. micrantha obtained available N via AOA-mediated nitrification 

mainly. Field data mirrored our experimental findings.

 Nitrogen availability is elevated under M. micrantha invasion through enrichment of 

microbes that participate in N cycling, in turn increasing available N for plant growth, 

facilitating high inter-specific competition.

Key words: biological invasions, functional microbial diversity, Mikania micrantha, 

nitrification, nitrogen cycle, nitrogen fixation
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1. Introduction 

Much work has been done since Baker's (1965) proposal for the need to identify traits that 

promote plant invasiveness (Rejmánek & Richardson, 1996; Goodwin et al., 1999; Pyšek 

& Richardson, 2007; Ugoletti et al., 2011; Moravcová et al., 2015; Catford et al., 2019). 

High competitiveness is often linked to plant invasion success (Lonsdale, 1999), however, 

the mechanisms underlying plant competition can be numerous. For example, 

competitiveness may stem from the differential abilities of species to capture available 

resources (Grime, 1979) or to take advantage of infrequent pulses in resource availability 

(Goldberg & Novoplansky, 1997; Goldberg et al., 2017). Such competition may be 

mediated via aboveground growth, belowground interactions between roots, or both. More 

recently, an appreciation for the influence of soil microbial communities on plant 

competitiveness has emerged (Lankau, 2010; Siefert et al., 2018). For instance, 

rhizosphere microbial communities may differently impact the availability of soil nutrients 

to different plant species, and thus their competitiveness (Yang et al., 2014; Sun et al., 

2019).

The effects of soil microbial communities on the competitiveness of invasive plants 

are expected to be significant. The diversity and structure of soil microbial communities 

are tightly linked to resource availability, directly affecting the cycling, and availability of, 

soil nutrients like C and N (Zhao et al., 2019). These microbial communities are extremely 

sensitive to changes in most of the physico-chemical soil conditions that invasive plants 

often change (Kourtev et al., 2003; Boudiaf et al., 2013; Novoa et al., 2014; Souza-Alonso 

et al., 2014; Novoa et al., 2020) through litter inputs and root exudes (Wolfe & Klironomos, 

2005). Most invasive plants produce more litter that decompose faster than that of native 

plants and can cause changes in soil conditions like pH, soil moisture or soil nutrients 

(Ehrenfeld et al., 2001; Allison & Vitousek, 2004; Harner et al., 2009; Wolkovich, 2010; 

Yan et al., 2020). These changes may affect the performance of soil biota, e.g., 

decomposers may free nutrients locked in organic compounds, potentially increasing A
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nutrient availability for plants (Wardle et al., 2004).

Nitrogen is generally considered one of the major limiting nutrients for plant growth. 

The N cycle generally consists of four basic processes: N-fixation, ammonification, 

nitrification and denitrification, all of which, to some extent, involves microbes. 

Atmospheric dinitrogen (N2) can be fixed into ammonium (NH4
+-N) by N-fixers, while soil 

organic N can be degraded into ammonium by ammonifiers. Ammonium can subsequently 

be oxidized to nitrate (NO3
--N) by nitrifiers (ammonia-oxidizing microorganisms) or 

converted back to N2 by denitrifiers (Kuypers et al., 2018). Plants rely on ammonium and 

nitrate as N sources for growth. The bioavailable forms of N can originate via 

mineralization of soil N (i.e. ammonification and nitrification) or via biological N-fixation 

(BNF) of atmospheric N. Legumes for example, may derive as much as 90% of their N 

budget from BNF (Franche et al., 2009). 

Various studies have demonstrated that invasive plants increase both the rates of N 

transformation and soil N availability (Hawkes et al., 2005; Zhang et al., 2012; Castro-Díez 

et al., 2014; Souza-Alonso et al., 2014; McLeod et al., 2016; Zhao et al., 2019), often to 

their own benefit (e.g., Liao et al., 2008). This is especially true for invasive legumes that 

meet their N requirements through BNF rather than via available soil N (Franche et al., 

2009). N-fixation is also generally thought to be the main mechanism by which invasive 

plants impact soil N cycling (Castro-Díez et al., 2014), yet, little is known about the 

potential roles of non-N-fixation processes such as ammonification, nitrification and 

denitrification. Impacts on soil N cycling via non-N-fixation processes may be particularly 

relevant to non-leguminous invaders. Mikania micrantha is a perennial vine in the 

Asteraceae family that is native to tropical America (Day et al., 2016). This vine is listed as 

one of the top 100 worst invasive species by the International Union for Conservation of 

Nature (IUCN) (Lowe et al., 2000) and is invasive in tropical Asia, parts of Papua New 

Guinea, in Indian Ocean and Pacific Ocean islands, and Florida in the US (Zhang et al., 

2004; Manrique et al., 2011), causing serious damage to agroforestry systems (Day et al., A
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2012; Day et al., 2016) and substantial economic losses (Zhong et al., 2004; Macanawai 

et al., 2012). M. micrantha alters soil fertility, soil microbial community composition and 

function (Li et al., 2006; Li et al., 2007; Chen et al., 2009), creating positive plant-soil 

feedback at the detriment of native plants. Notably, the species is known to significantly 

increase available NH4
+-N and NO3

--N and to cause higher nitrification rates (Chen et al., 

2009). These impacts on soil N cycling may therefore be important determinants of the 

species’ invasion success.

In this study, we used pot and field experiments to explore the mechanisms by which 

M. micrantha outcompete two co-occurring native vines, Persicaria chinensis and 

Paederia scandens, through its effects on key soil N cycling microbes like N-fixing bacteria, 

ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA). We measured 

differences in plant performance, N absorption in different plant tissues, soil nutrient loads, 

the N cycling rate, microbial biomass and activity, and microbial diversity associated with 

these three vines. We also aim to investigate which N-cycling processes and 

N-transforming microorganisms contributed the most soil available N to M. micrantha and 

how these may influence the species’ competitiveness against native vines. We 

hypothesized that M. micrantha will influence soil N transformation by recruiting microbes 

that actively participate in soil N cycle, and that soils conditioned by it will harbor microbial 

diversity and N cycling rates that differ from those conditioned by native P. chinensis and 

P. scandens. Being a non-leguminous plant, we also hypothesized that increased N 

availability in soils conditioned by M. micrantha will be mainly driven by nitrification rather 

than N-fixation.

2. Materials and methods

2.1. Native species selection

P. chinensis, commonly known as creeping smartweed or Chinese knotweed, is a A
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member of the Polygonaceae family. This perennial climber can grow up to 2-3 m high 

and is widespread throughout southeast Asia and is highly regarded for its medicinal 

value (Reddy et al., 1977; Srividya et al., 2012; Tran et al., 2017). P. scandens is an 

herbaceous vine in the Rubiaceae family, commonly known as Chinese fever vine. This 

species grows up to 3-4 m high and is widely distributed in provinces south of the Yangtze 

River in China (Xiong & Lang, 2012). Both these natives often coexist with M. micrantha in 

the same habitats, sharing similar life forms and niches. We thus expected these two 

native vines to compete with M. micrantha because species with similar niches are highly 

competitive for the same resources based on the principle of limiting similarity (MacArthur 

& Levins, 1967; Price & Pärtel, 2013).

2.2 Pot experiment design

Seeds of our study species were sourced from our laboratory collection at South China 

Normal University (Guangzhou, China). We germinated seeds by sowing them in flat trays 

in May 2018 and keeping trays in an incubator (RXZ Intelligent, Ningbo Jiangnan 

Instrument Factory) with conditions set at full illumination and darkness for 12 hours at 30 / 

23oC day / night temperatures with 65% / 50% humidity, respectively.

In June 2018, four weeks after sowing, healthy seedlings with identical heights and 

leaf numbers were transplanted into pots (diameter 18 ~ 30 cm, height 20 cm). Pots were 

filled with 7 kg of field soil, collected from an uninvaded area nearby a M. micrantha 

monoculture, located in a dry riverbed of Liuxi River, Guangzhou City, Guangdong 

Province, China (23⁰28′ N, 113⁰28′ E; Fig.S1). The upper 10 cm of soil was collected and 

thoroughly homogenized prior to being added to pots. Five different planting 

arrangements were replicated in six pots each: two M. micrantha seedlings (hereafter 

Mm), two P. chinensis seedlings (hereafter Pc), two P. scandens seedlings (hereafter Ps), 

one M. micrantha and one P. chinensis seedling (hereafter Mm+Pc), and one M. 

micrantha and one P. scandens seedling (hereafter Mm+Ps). All transplanted seedlings 

were watered as needed and randomized throughout the duration of the experiment and A
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allowed to grow for around 12 weeks in a glasshouse in the Biological Garden of South 

China Normal University (Fig. S1).

2.3 Data collection

2.3.1 Plant biomass and plant tissue N content

All plants were harvested at the end of the 12-week growth period and just before the 

onset of flowering. For each individual plant, leaf, stem and root material were separately 

oven-dried at 60oC for 48 hours. Dried plant material was weight to determine 

aboveground (leaf + stem) and belowground (root) biomass. Plant tissue N content per 

unit biomass was determined for each fraction separately (i.e. leaf, stem and root) using a 

TOC analyzer, after drying and grinding material and passing it through a 0.15 mm sieve 

(LI-8100A, German Elementar Company). Total tissue N content for aboveground (leaf + 

stem) and belowground (root) fractions was calculated separately as the N content per 

unit mass multiplied by the total biomass.

We calculated the relative interaction index (RII) (Armas et al., 2004; Domènech & 

Vilà, 2008; Li et al., 2015) to estimate the intensity of competition as: (Bw - Bo) / (Bw + Bo), 

where Bw is the individual biomass of the target plant when growing with another plant 

(i.e., under interspecific competition), and Bo is the individual biomass of the target plant 

when growing by itself (i.e., under intraspecific competition). We used the average Bw and 

Bo of six replicates of a target plant to calculate RII, which ranges from −1 to +1, with 

negative values indicating competition (i.e., growth of the target species is reduced) while 

positive values indicate facilitation (i.e., growth of the target species is promoted). The 

absolute value of negative RII is used to indicate the intensity of competition.

2.3.2 Soil chemical properties

One hundred gram of fresh soil were collected from each pot at the end of the 12-week 

growth period. Soil samples were sieved through a 2 mm mesh. Subsamples (5 g) were 

immediately extracted with 50 mL 2 mol L-1 KCl to determine initial NH4
+-N and NO3

--N A
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contents using continuous flow analyzer (Proxima, Alliance instruments, France). A part of 

soil samples were air-dried at room temperature, then sieved through a 0.15 mm mesh 

and finally used for total N measurement by combustion using a TOC analyzer (LI-8100A, 

Elementar company, Germany). Soil pH was measured using electrode pH meter 

(ST3100, Ohaus Instrument (Changzhou) Co., Ltd.), in a 1:5 (w/v) soil-water suspension. 

2.3.3 Soil N cycling rates

Nitrogen fixation rates of soils were determined by measuring nitrogenase activity using 

the enzyme-linked immunosorbent assay kit extraction method (Qingdao Kechuang 

Quality Testing Co., Ltd., China; Lu et al., 2019). This was done using the double antibody 

sandwich method, whereby a micropore is coated with purified monoclonal nitrogenase 

antibody to prepare a solid-phase antibody. Nitrogenase is then sequentially added to the 

coated micropore and combined with nitrogenase antibody labeled with horseradish 

peroxidase (HRP) to form an antibody-antigen-enzyme-labeled complex. After thorough 

washing, tetramethylbenzidine (TMB) was added for color development. TMB turns blue 

under the catalysis of the HRP enzyme and yellow in the presence of acid and color depth 

is positively correlated with nitrogenase activity. Absorbance was measured at 450 nm 

using a microplate reader (Labsystems Multiskan MS, Finland) and the concentration of 

nitrogenase activity calculated from the standard curve.

Ammonification rates were determined using a modified Berthelot method, as the rate 

at which ammonium N is released by organic N compounds (Kandeler & Gerber, 1988). 

Specifically, for each pot, 5 g of fresh soil were placed in three test tubes containing 15 mL 

of distilled water and thoroughly mixed. Two test tubes were incubated at 40oC for 7 days 

(i.e. test samples) while the third test tube was stores at -20oC over the same period (i.e. 

control). After incubation, all samples were extracted with 2 mol L-1 KCl to measure 

NH4
+-N content at 660 nm using a spectrophotometer (UV-2450, Shimadzu, Japan). 

Ammonification rate was calculated according to the formula: (S-C)/n = mg N g-1dm d-1, 

where S is the NH4
+-N content of test samples, C the NH4

+-N content in control samples, A
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and n incubation time (d). 

Gross soil nitrification and denitrification rates were determined using the Barometric 

Process Separation (BaPS, UMS GmbH, Germany) technique (Ingwersen et al., 1999). 

This approach assumes a soil respiration coefficient of 1. In an isothermally-closed soil 

system, pressure is only related to nitrification, denitrification, soil respiration and the 

amount of dissolved carbon dioxide. Total soil nitrification and denitrification can then be 

determined according to the air pressure balance. During harvesting of plant material, we 

sampled five intact soil cores from each pot using circular stainless-steel corers (with the 

diameter of 5.5 cm and the height of 4.5 cm) equipped with the BaPS. Samples from the 

same pot were lumped and all samples were then transported back to laboratory for 

analysis. In order to adjust the constant temperature to the in situ soil temperature during 

sampling, a portable curved tube geothermal thermometer (Hebei Hengshui Thermometer 

Factory) was used to measure soil temperature of the first 0-10 cm of soil surface prior to 

sampling of soil cores. Nitrification and denitrification rates indexes were directly 

calculated by the instrument. 

2.3.4 Soil microbial biomass and activity

Soil microbial biomass C and N were determined by chloroform fumigation method in 

filtrates using a TOC analyzer (LI-8100A, German elementar company). The method for 

measuring soil respiration rates using BaPS was the same as discussed under section 

2.3.3. Urease activity was determined by measuring the ammonia concentration produced 

by urease-catalyzed urea hydrolysis during the reaction using the phenol-sodium 

hypochlorite colorimetric method (Shen et al., 2010). Protease activity was determined 

using the sodium caseinate analysis (Ladd & Butler, 1972). The basic principle is that 

sodium caseinate is hydrolyzed to tyrosine under the catalytic action of protease. A linear 

relationship exists between the amount, and rate of, tyrosine released and the activity of 

protease.

2.3.5 Alpha diversity, community structure and expression of functional genes of A
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nitrogen-cycling soil microbes

Since all N-fixing organisms harbor the ferritin-encoding nifH gene (Chien & Zinder, 1996), 

we used this gene to characterize them in our soil samples. The abundance of ammonia 

oxidizing microorganisms limits the rate of soil nitrification (Kowalchuk & Stephen, 2001). 

All known AOB and AOA activate ammonia by oxidizing it to hydroxylamine using 

ammonia monooxygenase (AMO), encoded by the amoA gene (Hooper et al., 1997). It is 

therefore possible to study the diversity of AOA and AOB through NGS analyses of the 

amoA gene. Generally, the genes narG and nirK are used to detect denitrifying 

microorganisms in environmental samples (Kuypers et al., 2018). In the process of 

denitrification, narG encodes the catalytic dimer in the membrane-bound bacterial nitrate 

reductase, which catalyzes the reaction of nitrate reduction to nitrite, while nirK encodes a 

Cu-containing nitrite reductase that catalyzes the reduction of nitrite to nitric oxide 

(Kuypers et al., 2018).

Soil microbial DNA were extracted using the Fast DNA SPIN extraction kit (MP 

Biomedicals, Santa Ana, CA, USA) and stored at -20oC until further analysis. The quantity 

and quality of extracted DNA were measured using a NanoDrop ND-1000 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). PCR amplification of 

all genes (nifH, archaeal-amoA, bacteria-amoA, narG and nirK) was using previously 

described primers (see Table S1 for details). PCR amplicons were purified with Agencourt 

AMPure Beads (Beckman Coulter, Indianapolis, IN) and quantified using the PicoGreen 

dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). PCR products were sequenced by 

Pair-end 2×300 bp using the Illumina Miseq platform and the Miseq Reagent Kit v3 at the 

Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). Sequencing reads were 

clustered into OTUs using the UCLUST algorithm at 97% DNA sequence similarity. The 

QIIME software (Version 1.8.0) was used to calculate rarefaction curves and diversity 

indexes of samples, including Chao1, ACE, Shannon and Simpson. We used the R 

statistical environment to draw Venn diagrams to visually represent the proportion of A
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shared and unique OTUs in each group (Zaura et al., 2009). To test whether the 

composition and functional diversity of N-cycling microbes differed between plant species, 

we compared OTU taxon abundances (at the genus level) between them using Metastats 

(White et al., 2009).

We used absolute quantification polymerase chain reaction (AQ-PCR; Qingdao 

Paisenuo Gene Technology Co., Ltd.) to quantify gene copy numbers of all functional 

genes used in our NGS analyses. However, only nifH and archaeal-amoA could reliably 

be quantified. AQ-PCR uses a standard of known copy number to draw a standard curve. 

A PCR cycle is then simultaneously performed with the standard and the test sample to 

determine the initial copy number of the latter using its threshold cycle number (Ct value) 

in combination with the standard curve (Walker, 2001). All primers used for quantitative 

PCRs are listed in Table S2.

2.4Field validation

To validate the results from our experimental work we conducted a field experiment. The 

field site was located in the dry riverbed of Liuxi River, Guangzhou City, Guangdong 

Province, China (lat. 23⁰28′ N, long. 113⁰28′ E). Invasive M. micrantha (at between 

60-80% coverage) co-occur with P. chinensis and P. scandens at this site. For all three 

species, five 3x3 m plots (n total=15 plots) were randomly selected. Within each plot at 

least 10 individual plants were excavated and their rhizosphere soils collected and 

combined (c. total of 200 g of rhizosphere soil/plot). As a control, five plots with no 

vegetation cover were randomly selected to collect soil samples at a depth of 10 cm. We 

also collected intact soil cores around plants using a circular stainless corer (with the 

diameter of 5.5 cm and the height of 4.5 cm) equipped with the BaPS (Barometric process 

separation) in each plot. All soil samples were transported to the laboratory as soon as 

possible in a cooler box, then ground and sifted through a 1.0-mm sieve, and stored at 

4oC.

Soil chemical properties (pH, TN, NH4
+-N and NO3

--N), soil microbial activity A
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(respiration rate, urease and protease) and N cycling rates (N fixation rate, ammonification 

rate, total nitrification rate and denitrification rate) were determined as described in the pot 

experiment.

2.5 Statistical analysis

All statistical analyses were done in SPSS 11.0 (SPSS Inc., USA). Plant biomass, plant 

tissue N content, soil chemical properties, soil N cycling rates, activity of soil 

microorganisms, soil microbial biomass, gene expression levels, and diversity of soil 

microorganisms were individually compared between plant species using one-way 

ANOVAs, followed by post hoc comparisons with Duncan-tests (P < 0.05). In addition, 

Pearson correlations were used to assess the link between microbial biomass and activity, 

and their N cycling rate and contents of NH4
+-N and NO3

--N in the rhizosphere soils of all 

three species. Field-collected soil chemical properties, N cycling rates and microbial 

activity were also compared using one-way ANOVAs, followed by post hoc comparisons 

with Duncan-tests (P < 0.05).

We also used the AMOS 7.0 software to run structural equation models (SEMs) to 

explore the major pathways that can explain the accelerated production of available N in 

the presence of M. micrantha (see Results section). We first designed an a priori model 

based on general ecological knowledge to develop causal understanding from our 

observational data. We then used gene abundance data (nifH and archaeal-amoA), N 

cycling rates (N fixation rate and total nitrification rate) and available N (i.e. NH4
+-N and 

NO3
--N) to match this model, and tried to quantify the effects of M. micrantha invasion on 

N-fixation and non-N-fixation processes. Initial hypotheses can be supported or rejected 

based on their correspondence with the available data. An a priori model supported in this 

way provides the strongest inference. If an initial model is rejected based on a poor fit of 

the data, it is common to consider alternative models until a satisfactory degree of support 

is attained. Ideally, the inferences from modified models should be confirmed by follow-up 

research. Lastly, we used χ2-tests, the Bentler-Bonnet normed fit index (NFI), the A
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comparative fit index (CFI), and the goodness-of-fit index (GFI) to evaluate the goodness 

of fit of the SEM. Non-significant discrepancy of χ2-tests (P > 0.05) support optimal fitting 

of the chosen SEM (Bentler & Bonett, 1980; Mulaik et al., 1989; Hu & Bentler, 1999).

3. Results

3.1 Plant biomass, tissue N content and relative interaction index (RII)

The aboveground, belowground and total biomass of M. micrantha were significantly 

higher than that of P. chinensis and P. scandens (Table S3). The competitiveness index 

for aboveground biomass of M. micrantha was also significantly higher than that of either 

native species (Fig. 1A), while the competitiveness index of belowground biomass 

showed the opposite trend (Fig. 1B). Furthermore, M. micrantha had more plant tissue N 

content than either native species, in both aboveground and belowground plant parts (Fig. 

1C, D). 

3.2 Soil chemical properties and nitrogen cycling rates

Compared with other treatments, the pH of rhizosphere soils in pots with M. micrantha 

planted by itself increased, while total N content decreased and available N (NH4
+-N and 

NO3
--N) increased (Table 1). Plant biomass and plant tissue N was negatively correlated 

with soil total N (P < 0.01) but positively correlated with available N (NH4
+-N and NO3

--N, P 

< 0.05; Table S4).

Nitrogen fixation (Fig. 2A), ammonification (Fig. 2B), total nitrification (Fig. 2C) and 

denitrification (Fig. 2D) rates of rhizosphere soils were higher when M. micrantha was 

grown by itself compared with soils of most other planting arrangements. In some 

instances, soils where M. micrantha was grown together with native vines had N-cycling 

rates as high as M. micrantha-only soils (e.g. nitrification rate in Mm + Ps soils; Fig. 2C). 

Overall, M. micrantha increased the rate of the soil N cycle compared to P. chinensis and 

P. scandens.A
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3.3 Microbial biomass and extracellular enzymatic activities

Microbial biomass C and N were significantly higher in M. micrantha-only rhizosphere 

soils compared with soils of all other planting arrangements (Fig. S2A, B). Soil respiration, 

urease and protease activities of M. micrantha rhizosphere soils were also higher than in 

all other soils, except for urease activity in Ps soils (Fig. S2C, D, E). Overall, therefore, M. 

micrantha increased microbial biomass C and N and microbial activity.

Microbial biomass C and N, and respiration rates in the rhizosphere soils of three 

plant species were positively correlated with N cycle rates (P < 0.05) and the content of 

NH4
+-N and NO3

--N (P < 0.05). Moreover, urease and protease activities (related to the 

production of available N) were positively related to the content of NH4
+-N or NO3

-- N (P < 

0.01) (Table S5).

3.4 Field validation

Similar to our pot experiment, chemical properties (i.e. pH, NH4
+-N and NO3

--N; Table S6), 

all N circulation rates (i.e. N fixation (Fig. S3A), ammonification (Fig. S3B), total 

nitrification (Fig. S3C) and denitrification rates (Fig. S3D) and activity of soil 

microorganisms (soil respiration (Fig. S4A), urease (Fig. S4B) and protease (Fig. S4C) 

were found to be significantly higher in M. micrantha than in P. chinensis and P. scandens 

rhizosphere soils and control soils with no vegetation.

3.5 Alpha diversity, community structure and expression of functional genes

Based on the analyses of the five functional genes, we identified 9237, 7414 and 7921 

OTUs from the rhizosphere soils of M. micrantha, P. chinensis and P. scandens (when 

grown by themselves), respectively (Fig. S5A, B, C, D, E). Rarefaction curves were 

saturated (Fig. S6A, B, C, D, E), indicating good sequencing depth for our samples and 

thus reasonable estimates of microbial diversity.

Alpha diversity analyses found Chao1 and ACE indexes of Azotobacter, 

ammoxidation bacteria, ammoxidation archaea and denitrifying bacteria (narG, coding A
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membrane combined with nitrate reductase) in M. micrantha soils to be significantly higher 

than soils of native P. chinensis and P. scandens. The same was true for estimates of 

Shannon and Simpson diversities of ammoxidation bacteria and ammoxidation archaea 

(Table S7). However, the abundance and diversity of the nirK gene, encoding nitrous 

reductase involved in denitrification, were not different among soil types (Table S7).

Taxonomic assignment of soil OTUs identified 18 families, 27 classes, 40 orders, 70 

families and 133 genera of bacteria based on the five gene regions. At the genus level, 86, 

69 and 75 genera were detected from the rhizosphere soils of M. micrantha, P. chinensis 

and P. scandens, respectively. Dominant genera (relative abundance > 10%) of known N 

fixers in M. micrantha rhizosphere soils were Desulfuromonas, Geobacter, Desulfovibrio 

and Bradyrhizobium, accounting for 27.02%, 26.32%, 15.83% and 14.04% of all genera, 

respectively (Fig. 3A). For P. chinensis dominant N fixing genera were Desulfuromonas, 

Desulfovibrio and Bradyrhizobium, accounting for 23.82%, 28.72% and 10.14% of all 

genera, respectively (Fig. 3A). Bradyrhizobium, Geobacter and Desulfovibrio were the 

dominant N-fixing genera in rhizospheres of P. scandens, accounting for 19.86%, 14.36% 

and 12.84% of all genera, respectively (Fig. 3A). Desulfuromonas and Geobacter OTU 

abundances were significantly higher in M. micrantha than in P. chinensis and P. 

scandens rhizosphere soils (P < 0.05), while the opposite was true for Calothrix (Fig. 3A). 

Nitrosospira and Nitrosovibrio were identified as the dominant ammoxidation bacteria in M. 

micrantha, and Nitrosospira in the rhizosphere soils of P. chinensis and P. scandens (Fig. 

3B). Nitrosovibrio OTU abundances were significantly higher in M. micrantha than in P. 

chinensis and P. scandens rhizosphere soils, while the Nitrosospira were significantly less 

abundant in M. micrantha than in P. chinensis and P. scandens rhizosphere soils (Fig. 3B). 

Nitrosomonas was only identified in M. micrantha rhizosphere soils (Fig. 3B). Dominant 

ammoxidation archaea in M. micrantha and P. chinensis rhizosphere soils were 

Nitrosotalea and Nitrososphaera, while Nitrososphaera and Nitrosotenuis were dominant 

in P. scandens rhizosphere soils (Fig. 3C). Nitrosotalea OTUs were more abundant in M. 

micrantha than in P. chinensis and P. scandens rhizosphere soils, while the opposite was A
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true for Nitrososphaera (Fig. 3C). Escherichia (Fig. 3D) and Bradyrhizobium (Fig. 3E) 

were the dominant OTUs in the rhizosphere soils of all three species. Escherichia, 

Comannas (Fig. 3D) and Achromobacter (Fig. 3E) OTUs were more abundant in M. 

micrantha than in P. chinensis and P. scandens rhizosphere soils, while the opposite was 

true for Pseudomonas (Fig. 3D) and Nitrosospira OTUs (Fig. 3E).

We only quantified nifH (Fig. 4A) and archaeal-amoA (Fig. 4B) using absolute 

quantitative PCR, while we were unable to detect bacteria-amoA, narG and nirK. The 

abundances of both nifH and archaeal-amoA genes were significantly higher in M. 

micrantha than in P. chinensis and P. scandens rhizosphere soils (Fig. 4). We also found 

the abundance of archaeal-amoA gene to be significantly correlated with the total 

nitrification rate and NO3
--N (r=0.865, 0.870, respectively, P<0.01).

3.6 Structural equation model (SEM)

χ2-tests indicated that there was non-significant discrepancy between the model-implied 

covariance matrix and the original covariance matrix (P > 0.05) (Fig. 5), so our SEM was 

deemed plausible. Based on the SEM, M. micrantha significantly affected the content of 

available N by affecting the rate of nitrification and N-fixation (R2=0.45). Change in 

available N content was significantly and directly impacted by the nitrification rate (r=0.96, 

P<0.001) and N-fixation (r=0.29, P<0.05) and indirectly influenced by the presence of M. 

micrantha through strong effects on the expression of archaea-amoA genes (r=0.87, 

P<0.001) (Fig. 5; Table S8). Moreover, M. micrantha had positive effects on the 

expression of both archaea-amoA (r=0.99, P<0.001) and nifH (r=0.66, P<0.001) genes 

(Fig. 5). Overall, the nitrification rate, however, was the most dominant positive factor 

determining available N content (Table S8). These results imply that M. micrantha obtains 

more available N for growth through nitrification than through N fixation, with AOA playing 

a key role in this process.
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4. Discussion 

4.1 Nitrogen uptake and competitiveness

Interspecific competition is an important modulator of plant community diversity and 

structure (Klanderud & Totland, 2007; Kessler et al., 2014; Wang et al., 2015). Whether 

plants compete via aboveground growth, belowground interactions between roots, or 

both, has received much research attention (Cahill Jr, 2003; Chu et al., 2008; Zhang et al., 

2013). Yet, the relative importance of these processes remains an open question, 

especially in the context of biological invasions (Liao et al., 2008; Fan et al., 2010; 

Souza-Alonso et al., 2014). Here we provide evidence to suggest that both above- and 

below-ground processes may be important in facilitating competition between invasive 

and native species. Specifically, the competitiveness index for aboveground biomass of 

M. micrantha was significantly higher than that of P. chinensis and P. scandens, but lower 

for belowground biomass. These contrasting findings may reflect the known high 

photosynthetic rates of M. micrantha, coupled with its strong capacity to fix CO2 in leaves 

(Deng et al., 2004). While high investment in aboveground growth may help M. micrantha 

to outcompete other species for available light, it may also lead to more nutrient allocation 

to aboveground than to belowground structures.

Are differences in competitiveness between invasive M. micrantha and native vines 

driven by soil N? Our data suggest so. First, we found higher tissue N content in M. 

micrantha compared with both native species. Second, elevated tissue N content was 

positively correlated with soil available N, but negatively with total soil N. These findings 

add to a growing body of literature to suggest that higher N uptake by invasive plants 

provides them with a competitive advantage over native species. For example, Jo et al. 

(2017) studied five phylogenetic pairs of native and invasive understory species in the 

Eastern U.S. and found invasives to always outcompete natives for available N. The 

leaves of M. micrantha have higher CO2 fixation capacities (i.e. net photosynthetic rates, 

or Pn) than those of co-occurring native species (Deng et al., 2004). Leaf N is also higher A
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in M. micrantha than in these native species and, because of its higher net photosynthetic 

rates, N-use efficiency (i.e. leaf N/pn) is also higher (Deng et al., 2004). Our recent work 

also found the stems of M. micrantha to have high levels of net photosynthetic rates (Liu et 

al., 2020). Taken together, these findings suggest that, by allocating more N to 

photosynthetic tissue, M. micrantha have high photosynthetic capacity and N-use 

efficiency which, in turn, increases its growth performance (Feng et al., 2009).

4.2 Microbial mechanisms of N competition by M. micrantha 

We found concentrations of NH4
+-N and NO3

--N in M. micrantha rhizosphere soils to be 

higher than in P. chinensis and P. scandens rhizosphere soils, irrespective of whether 

these two native species were grown with M. micrantha or not, a finding supported by our 

field observations. We argue that this reflect differences in those soil microbial 

communities that are closely linked to soil N transformation (Kuypers et al., 2018). Such 

differences can lead to differences in nutrient availability and thus asymmetric competition 

among plant species (Yang et al., 2014).

Nitrification is the central link of the global N cycle, which is related to the 

mineralization, biological fixation, and loss of N. The presence and abundance of 

ammonia-oxidizing microorganisms are the limiting factors during soil nitrification 

(Kowalchuk & Stephen, 2001; Kuypers et al., 2018). It is generally believed that soil 

NO3
--N content and nitrification rates are elevated during plant invasion as a result of 

significant changes in the composition and structure of ammoxidation microbial 

communities (Hawkes et al., 2005; Zhang et al., 2011; Shannon-Firestone et al., 2015; 

McLeod et al., 2016; Zhao et al., 2019). In line with this and in support of our initial 

hypothesis, we found significant differences in the AOA and AOB communities in the 

rhizospheres of M. micrantha and native P. chinensis and P. scandens, as well as a 

concurrent increase in nitrification rates in M. micrantha rhizosphere soils. Specifically, the 

relative abundances of predominant AOB in the genus Nitrosovibrio and predominant 

AOA in the genus Nitrosotalea were significantly enriched in M. micrantha rhizospheres. A
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Although the genus Nitrosovibrio was first described in 1976 (Harms et al., 1976), its 

ecological functions remain poorly understood and more research is needed. Members of 

the genus Nitrototalea is not only commonly found in acidic soils, but is known to 

efficiently utilize soil ammonia at extremely low concentrations (Lehtovirta-Morley et al., 

2011; Heckman et al., 2017). These microbes may therefore aid the performance of M. 

micrantha. Our experiment only ran over 12 weeks, begging the question of what may 

happen over the longer term. For example, higher nitrification in M. micrantha 

rhizospheres may lead to higher leaching, and thus reduce soil N availability. However, M. 

micrantha prefers NO3
--N over NH4

+-N and produces more biomass when NO3
- is the sole 

N source compared with when NH4
+ or NH4NO3 are the sole sources of N (Chen & Chen, 

2019). It follows that NO3
--N in soil will be preferentially absorbed by M. micrantha for 

growth, and therefore that the accumulation of available soil N will decrease. In the long 

term, increased nitrification in M. micrantha soils is therefore not expected to reduce soil N 

availability via increased leaching.

In support of our initial hypothesis, our SEM analysis indicated AOA-mediated 

nitrification more positively affected plant-available N to M. micrantha than BNF (Fig. 5), 

i.e., nitrification is the main mechanism that provide NO3
--N for M. micrantha growth, with 

AOA playing a major role in the process. This is consistent with previous findings 

indicating that M. micrantha prefers NO3
--N over NH4

+-N (Chen & Chen, 2019). It also 

implies that M. micrantha mainly depends on soil N for its growth, rather than atmospheric 

N obtained via BNF. This reliance on soil N suggests that N-rich soils may be more prone 

to M. micrantha invasion than N-deficient soils, a common observation for invasive plants 

(Klironomos, 2002; Stinson et al., 2006; Morais et al., 2019). Despite the prominent role of 

AOA nitrification in providing M. micrantha with N we also found rhizosphere soils to be 

enriched for N fixers in the genera Desulfuromonas and Geobacter. Previous studies have 

found Geobacter strains to promote plant growth because of their N-fixing ability 

(Bazylinski et al., 2000; Ueki & Lovley, 2010; Zhuang et al., 2011; Barry et al., 2016). 

N-fixing microbes can indirectly promote plant growth through the secretion of growth A
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hormones, promotion of phosphate solubilization, and by enhancing disease and stress 

resistance (Laskar et al., 2010). In addition, these microbes also degrade cellulose, 

hemicellulose and lignin, which promotes degradation of litter to enhance soil fertility 

(Wakelin et al., 2007).

Soil denitrification and nitrification are interactive and dynamic processes with an 

increase in nitrification enhancing the rates of both processes (Parker & Schimel, 2010). 

While some studies suggest that invasive plants reduce the abundance of denitrifying soil 

bacteria and denitrification (Dassonville et al., 2011), others have found no significant 

effects on denitrification (Roley et al., 2018). We not only found invasive M. micrantha to 

increase denitrification (Fig. 2D), but also the abundance of denitrifying microorganisms. 

Specifically, the genus Escherichia was found to be significantly enriched in M. micrantha 

rhizosphere soils compared with P. chinensis and P. scandens rhizosphere soils (Fig. 3D). 

Escherichia species also possess the ability to solubilize phosphate and tolerate high salt 

concentrations (Liu & Zheng, 2005; Yu et al., 2006; Matsui, 2015), while some are 

important plant pathogens (Wu et al., 2013). The latter may negatively affect neighboring 

native species to further enhance the competitiveness of M. micrantha.

Field data corroborated our pot-experimental findings, indicating that all N circulation 

rates (i.e. N fixation, ammonification, total nitrification and denitrification rates) and 

activities of soil microorganisms (i.e. soil respiration, urease and protease) were higher in 

M. micrantha rhizosphere soils than in P. chinensis and P. scandens rhizosphere soils, or 

soils collected from areas lacking vegetation (Figs. S3-4).

Conclusions 

Our findings highlight the importance of N cycling in plant competition and invasiveness. 

Nitrogen is important in the dynamics of, and interactions between, above- and 

below-ground plant structures (Hou et al., 2018). We demonstrate that invasive M. 

micrantha has higher competitiveness than two co-occurring native species, in part due to 

its higher plant N acquisition and soil N mineralization capacity. This invasive vine A
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enriches rhizosphere soils for N-cycling functional microbes including N-fixing bacteria, 

AOB, AOA and denitrifying bacteria. This, in turn, accelerates N cycling, especially via 

AOA-mediated nitrification, leading to higher available soil N for plant growth. These 

findings provide a new perspective on the mechanisms underlying successful plant 

invasions via plant-soil interactions. It goes without saying that the correlations we found 

do not imply causation. Moreover, plant-soil interactions are highly context-dependent 

(Lee et al., 2012; Suding, 2013; Yelenik & D’Antonio, 2013; Crawford & Knight, 2017) and 

therefore, testing whether the patterns we observed hold up in different regions where M. 

micrantha is invasive, or for other non-leguminous invasive plants, provides exciting and 

much needed future research opportunities to corroborate our findings.
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Table 1 Rhizosphere soil chemical characteristics of invasive M. micrantha and native P. chinensis and P. 

scandens (AV ± SE, n = 6).

Soil samples pH TN (g kg-1 DW) NH4
+-N (mg kg-1 DW) NO3

--N (mg kg-1 DW)

Mm 4.93±0.04a 1.55±0.04c 5.99±0.11a 4.61±0.16a

Pc 4.75±0.03bc 1.83±0.05ab 4.55±0.43bc 3.20±0.45b

Ps 4.68±0.09c 1.73±0.03b 5.08±0.31b 2.78±0.16b

Mm+Pc 4.83±0.02ab 1.62±0.02c 4.84±0.36b 3.49±0.17b

Mm+Ps 4.75±0.02bc 1.85±0.04a 3.81±0.14c 4.29±0.27a

F (4, 25)-value 4.24 12.44 7.11 8.07

P-value 0.009 0.000 0.001 0.000

Note: Mm, Pc and Ps - M. micrantha, P. chinensis and P. scandens planted with themselves, respectively; 

Mm+Pc - M. micrantha and P. chinensis planted together; Mm+Ps - M. micrantha and P. scandens planted 

together. Different letters indicate significant differences (Duncan-test, P < 0.05).
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Fig. 1 Relative interaction index (RII) of biomass (A, B) and plant tissue N (C, D) in invasive M. micrantha 

and native P. chinensis and P. scandens after 12 weeks of growth (AV ± SE, n=6).

Note: Mm - M. micrantha; Pc - P. chinensis; Ps - P. scandens; Mm (Pc) - RII of M. micrantha when grown 

under competition with P. chinensis; Pc (Mm) - RII of P. chinensis when grown under competition with M. 

micrantha; Mm (Ps) - RII of M. micrantha when grown under competition with P. scandens; Ps (Mm) - RII of 

P. scandens when grown under competition with M. micrantha. Different letters above/below bar plots 

indicate significant differences (Duncan-test, P < 0.05).

Fig. 2 Changes in nitrogen cycle (A: nitrogen fixation; B: ammonification; C: total nitrification; D: 

denitrification) rates of M. micrantha, P. chinensis and P. scandens rhizosphere soils (AV ±SE, n=6).

Note: Mm, Pc and Ps - M. micrantha, P. chinensis and P. scandens planted with themselves, respectively; 

Mm+Pc - M. micrantha and P. chinensis planted together; Mm+Ps - M. micrantha and P. scandens planted 

together. Different letters above bar plots indicate significant differences (Duncan-test, P < 0.05).

Fig. 3 Mean relative abundance of microbial genera in M. micrantha (Mm), P. chinensis (Pc) and P. 

scandens (Ps) rhizosphere soils based on five functional genes (A: nifH; B: bacteria-amoA; C: 

archaeal-amoA; D: narG; E: nirK; n=3/gene region).

Fig. 4 Changes in gene expression based on nifH (A) and archaeal-amoA (B) genes in M. micrantha, P. 

chinensis and P. scandens rhizosphere soils (AV ±SE, n=5). Mm, Pc and Ps denotate M. micrantha, P. 

chinensis and P. scandens planted by themselves, respectively. Different letters above bar plots indicate 

significant differences (Duncan-test, P < 0.05).

Fig. 5 Structural equation model (SEM) depicting how M. micrantha invasion influence available N through 

N-fixation and non-N-fixation processes.A
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Note: nifH = the abundance of nitrogenase gene copies, archaeal-amoA = the abundance of 

ammonia-oxidizing archaea gene copies, N-fixation = nitrogen fixation rate, Nitrification = total nitrification 

rate. The effect sizes are standardized, and numbers next to arrows are standardized regression 

coefficients. Arrows indicated by green solid lines and dashed lines indicate positive and non-significant 

path coefficients, respectively, and their thickness represents the magnitude of the path coefficients. 

Asterisks denote the significance of path coefficients (*P<0.05, ***P<0.001). The R2 value is only for the 

path leading directly to availability nitrogen. This model cannot be rejected because there is non-significant 

discrepancy between model-implied covariance matrix and the original covariance matrix (χ2-tests, P>0.05).

Supplementary Information

Fig. S1 Dry riverbed of Liuxi River outside Guangzhou City, Guangdong Province, China invaded by M. 

micrantha (the individual in the picture has granted permission for this image to be used), and competition 

experiment with different planting arrangements of M. micrantha, P. chinensis and P. scandens.

Fig. S2 Microbial biomass and extracellular enzymatic activities of M. micrantha, P. chinensis and P. 

scandens rhizosphere soils (AV ± SE, n=6).

Fig. S3 In situ nitrogen cycle rates of M. micrantha, P. chinensis and P. scandens rhizosphere soils in the 

field (AV ± SE, n=5).

Fig. S4 Microbial activity in M. micrantha, P. chinensis and P. scandens rhizosphere soils measured in the 

field (AV ± SE, n=5).A
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Fig. S5 Venn diagrams for functional genes. 

Fig. S6 Rarefaction curves of functional genes. 
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Table S1 Primers used for NGS.  

Table S2 Primers used for absolute quantification polymerase chain reactions.  

Table S3 Biomass of invasive M. micrantha and native P. chinensis and P. scandens (AV ± SE, n=6).

  

Table S4 Correlations of M. micrantha biomass and tissue N with soil N grown in the pot experiment. 

Table S5 Correlation analyses of microbial biomass and activity with nitrogen cycle rate and contents of 

NH4
+-N and NO3

--N in the pot experiment (AV ± SE, n=5).

Table S6 Chemical properties of M. micrantha, P. chinensis and P. scandens rhizosphere soils measured in 

the field (AV ± SE, n=5).

Table S7 Microbial alpha diversity analyses in invasive M. micrantha and native P. chinensis and P. 

scandens rhizosphere soils (AV ± SE, n=3).

Table S8 Standardized effects of M. micrantha invasion, the gene expression of nifH and archaea-amoA and 

the rate of N-fixation and nitrification on the content of available N derived from the structural equation model 

(SEM). 
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Fig. 1 Relative interaction index (RII) of biomass (A, B) and plant tissue N (C, D) in invasive M. micrantha and 

native P. chinensis and P. scandens after 12 weeks of growth (AV ± SE, n=6). 

Note: Mm - M. micrantha; Pc - P. chinensis; Ps - P. scandens; Mm (Pc) - RII of M. micrantha when grown under 

competition with P. chinensis; Pc (Mm) - RII of P. chinensis when grown under competition with M. micrantha; 

Mm (Ps) - RII of M. micrantha when grown under competition with P. scandens; Ps (Mm) - RII of P. scandens 

when grown under competition with M. micrantha. Different letters above/below bar plots indicate significant 

differences (Duncan-test, P < 0.05). 
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Fig. 2 Changes in nitrogen cycle (A: nitrogen fixation; B: ammonification; C: total nitrification; D: denitrification) 

rates of M. micrantha, P. chinensis and P. scandens rhizosphere soils (AV ±SE, n=6). 

Note: Mm, Pc and Ps - M. micrantha, P. chinensis and P. scandens planted with themselves, respectively; 

Mm+Pc - M. micrantha and P. chinensis planted together; Mm+Ps - M. micrantha and P. scandens planted 

together. Different letters above bar plots indicate significant differences (Duncan-test, P < 0.05). 
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Fig. 3 Mean relative abundance of microbial genera in M. micrantha (Mm), P. chinensis (Pc) and P. scandens 

(Ps) rhizosphere soils based on five functional genes (A: nifH; B: bacteria-amoA; C: archaeal-amoA; D: narG; 

E: nirK; n=3/gene region). 
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Fig. 4 Changes in gene expression based on nifH (A) and archaeal-amoA (B) genes in M. micrantha, P. 

chinensis and P. scandens rhizosphere soils (AV ±SE, n=5).  

Note: Mm, Pc and Ps denotate M. micrantha, P. chinensis and P. scandens planted by themselves, respectively. 

Different letters above bar plots indicate significant differences (Duncan-test, P < 0.05). 
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Fig. 5 Structural equation model (SEM) depicting how M. micrantha invasion influence available N through 

N-fixation and non-N-fixation processes. 

Note: nifH = the abundance of nitrogenase gene copies, archaeal-amoA = the abundance of 

ammonia-oxidizing archaea gene copies, N-fixation = nitrogen fixation rate, Nitrification = total nitrification 

rate. The effect sizes are standardized, and numbers next to arrows are standardized regression 

coefficients. Arrows indicated by green solid lines and dashed lines indicate positive and non-significant path 

coefficients, respectively, and their thickness represents the magnitude of the path coefficients. Asterisks 

denote the significance of path coefficients (*P<0.05, ***P<0.001). The R
2
 value is only for the path leading 

directly to availability nitrogen. This model cannot be rejected because there is non-significant discrepancy 

between model-implied covariance matrix and the original covariance matrix (χ2
-tests, P>0.05). 
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