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ABSTRACT

Increasing evidence has confirmed the importance of plant-associated bacteria for

plant growth and productivity, and thus it is hypothesized that interactions

between bacteria and alien plants might play an important role in plant invasions.

However, the diversity of the bacterial communities associated with invasive plants is

poorly understood. We therefore investigated the diversity of rhizospheric and

endophytic bacteria associated with the invasive annual plant Senecio vulgaris

L. (Asteraceae) based on 16S rRNA gene data obtained from 57 samples of

four Senecio vulgaris populations in a subtropical mountainous area in central China.

Significant differences in diversity were observed between plant compartments.

Specifically, the rhizosphere harbored many more bacterial operational taxonomic

units and showed higher alpha diversity than the leaf and root endospheres.

The relative abundance profiles of the bacterial community composition differed

substantially between the compartments and populations, especially at the phylum

and family levels. However, the top five phyla (Proteobacteria, Firmicutes,

Bacteroidetes, Actinobacteria, and Acidobacteria) accounted for more than 90% of all

the bacterial communities. Moreover, similar endophytic communities with a shared

core set of bacteria were observed from different Senecio vulgaris populations.

Heavy-metal-resistant, phosphate-solubilizing bacteria (Brevundimonas diminuta),

nitrogen-fixing bacteria (Rhizobium leguminosarum), and cold-resistant bacteria

(Exiguobacterium sibiricum) were present in the endosphere at relatively high

abundance. This study, which reveals the structure of bacterial communities and their

putative function in invasive Senecio vulgaris plants, is the first step in investigating the

role of plant–bacteria interactions in the invasion of this species in China.
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INTRODUCTION
The advent of globalization has increased the frequency of invasive species outbreaks

(Hulme, 2009). Invasive plants can displace native species, destroy the structure and
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function of local plant communities, and influence the various animals or microbes

inhabiting local communities, leading to decreased local or regional biodiversity

and, ultimately, an unbalanced local ecosystem and loss of ecological function

(Pysek et al., 2010; Blackburn et al., 2011). There are concerns that the constant expansion

of invasive plants reduces the uniqueness of local flora and even leads to the global

homogenization of species composition (Orians & Ward, 2010). To control the invasion

of exotic plants, it is essential to understand the mechanisms of the invasion process;

accordingly, this topic has become one of the core research areas of invasion ecology.

Many studies of plant invasion mechanisms have focused on the relationship

between plants and macro-organisms that are natural enemies or competitors of plants

(Blossey & Notzold, 1995; Keane & Crawley, 2002; Müller-Schärer, Schaffner & Steinger,

2004; Joshi & Vrieling, 2005; Callaway et al., 2008). However, plants can also form

mutualistic relationships with microorganisms. Land plants are colonized by microbiota

in the rhizosphere, phyllosphere, and endophytic compartments (within the leaves

and roots) (Haichar et al., 2008; Rodriguez et al., 2008; Bulgarelli et al., 2012; Lundberg

et al., 2012). It is well known that arbuscular mycorrhizal fungi and root nodule bacteria

form mutualistic symbioses with plants (Hardoim et al., 2015). Moreover, it was

recently recognized that bacteria other than rhizobia (bacteria that fix nitrogen after

becoming established inside the root nodules of legumes) are beneficial to plants.

Such plant growth-promoting bacteria (PGPB) or plant growth-promoting rhizobacteria

(PGPR) can stimulate plant growth, increase yield, reduce pathogen infection,

and reduce biotic or abiotic stress without conferring pathogenicity (Compant,

Clément & Sessitsch, 2010; Pieterse et al., 2014). Many PGPB and PGPR can produce

growth-promoting substances, such as indole acetic acid (IAA), gibberellin A3, zeatin,

and abscisic acid (Perrig et al., 2007). Many nitrogen-fixing bacteria, in addition

to Rhizobium species, have been identified from plants (Gaby & Buckley, 2011).

More generally, endophytic microbiota include all microorganisms that colonize

internal plant tissues for all or part of their lifetime, regardless of whether they form

pathogenic or mutualistic relationships with plants (Hardoim et al., 2015), and

many members of the endophytic microbiota do not cause plant infections (Rodriguez

et al., 2009). Some PGPB are endophytic microbes that can enhance the tolerance of

host plants to stressful environments, promote plant growth, and improve plant protection

(Bulgarelli et al., 2013). Moreover, unlike PGPR, endophytic PGPB can be propagated

to the next generation of plants by seeds (Truyens et al., 2015). Accordingly, it can be

assumed that endophytic bacteria can establish long-term symbiotic relationships

with host plants and thus have an evolutionary impact on the adaptation of plant

populations.

In recent years, several studies have suggested that endophytic bacteria play an

important role in plant invasion mechanisms. Sorghum halepense, an invasive plant that

thrives on low-nitrogen grasslands, contains endogenous nitrogen-fixing bacteria that

improve the availability of soil resources (Rout & Chrzanowski, 2009; Rout et al., 2013).

The effects of rhizo- and endophytic bacteria on the invasion of exotic plants are

species-specific and vary across environmental conditions (Long, Schmidt & Baldwin, 2008;

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 2/24

http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


Rout & Callaway, 2012; Dai et al., 2016). While previous studies have been conducted to

investigate fungal diversity in invasive plants (Shipunov et al., 2008; Mei et al., 2014),

it is equally important that the bacterial diversity associated with invasive plants is

explored to understand the plant–bacteria interactions that occur in the invasion

mechanisms of alien plants.

Senecio vulgaris (Asteraceae), an annual or biennial herb, is considered as a weed in

the United Kingdom, Western Europe, North America, Australia, and New Zealand

(Paul & Ayres, 1987; Müller-Schärer & Frantzen, 1996; Vitousek et al., 1996; Frantzen &

Hatcher, 1997; Robinson et al., 2003; Figueroa et al., 2007). It is a small plant with a short

life cycle and a high self-crossing rate. It can produce large numbers of seeds, which

can germinate under the right conditions at any time; therefore, its ability to spread is very

high (Robinson et al., 2003). This species was introduced into northeast China in the

19th century, and it is now widely distributed across China and is included in

The Checklist of the Invasive Plants in China (Ndihokubwayo, Nguyen & Cheng, 2016;

Zhu et al., 2016; Cheng et al., 2017). Senecio vulgaris grows well in ambient habitats,

such as gardens, lawns, and arable land, and also survives in stressful habitats such as

roadside areas and waste facilities (Robinson et al., 2003). Similar to many other

invasive plants, Senecio vulgaris disperses along motorways in China (Tian et al., 2018).

The top soil along roads in cities, as well as near highways or railways, is commonly

contaminated by heavy metals released from vehicles (Liu et al., 2009; Zhang et al., 2015;

De Silva et al., 2016; Solgi, Roohi & Kouroshi-Gholampour, 2016) and also contains

less nutrients than the soil in natural environments (Li et al., 2013). In fact, Senecio vulgaris

has been found to be tolerant to lead and cadmium stress (Briggs, 1976; Wei, Zhou &

Wang, 2003). Bacteria might help S. vulgaris resist heavy metals as well as acquire nitrogen

and phosphate in contaminated and oligotrophic environments.

In this study, we collected rhizosphere soil and plant samples of Senecio vulgaris

populations from four sites in the Shennongjia Forestry District, Hubei Province, China.

We tested the following hypotheses: (1) plant compartments and sampling locations

determine the diversity of the rhizospheric and endophytic bacterial communities

associated with S. vulgaris plants; and (2) endophytic bacterial communities from different

sites share core operational taxonomic units (OTUs). To test these hypotheses,

we examined bacterial communities in the rhizosphere and leaf and root endospheres

of S. vulgaris populations using Illumina amplicon sequencing and analysis of the bacterial

16S rRNA genes. We also discuss the functions of some top core endophytic bacterial OTUs

of S. vulgaris plants based on previous studies.

MATERIALS AND METHODS

Sample collection and processing

We collected rhizosphere soil, leaf and root samples of S. vulgaris plants from

four locations selected at random to represent the different habitat types of S. vulgaris

(arable land, wasteland, and roadsides) in our study area. Some of the sampled plants grew in

cracks between concrete blocks, rocks, and bricks. All samples were collected in April of 2016

in Shennongjia Forestry District, Hubei Province (Fig. 1). In Shennongjia, the annual
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temperature is 12 �C, annual precipitation ranges from 800 to 2,500 mm, and the elevation

ranges from 398 to 3,105 m above sea level. In March and April 2016, the daily minimum

temperature in Shennongjia is often below 10 �C (Fig. S1). The vertical vegetation

spectrum along the sampling sites consisted of mixed deciduous and evergreen broad-

leaved forest (1,000–1,700 m) and deciduous forest (1,600–2,100 m).

Five squares were established in three locations, and four squares were established

in the fourth location. Thus, 19 squares were used in our experiment in total.

The dimensions of the squares were 1� 1 m. A pool of at least three individual plants from

one square of a given location was used as one sample. From each square, we collected

one rhizosphere, one root, and one leaf endosphere sample. The squares in each

location were used as replicates. A total of 57 samples were analyzed.

At each sampling point, the distance between each square was greater than five m.

In each square, more than three healthy S. vulgaris plants were gently pulled out of the

ground, and the soil around the roots was shaken off. Rhizosphere soil was extracted from

the root-adhering soil, which was the soil that remained attached to the roots after shaking

(Guyonnet et al., 2017). We then placed these plants into a sterile plastic bag, which

was subsequently sealed and stored at 4 �C until arrival at the laboratory, at which time

the samples were treated immediately.

We placed the roots with the root-adhering soil from one square into a 50 mL centrifuge

tube, after which they were rinsed with sterile water and centrifuged for 5 min at 2,000�g.

Figure 1 Four sampling locations in Shennongjia, Hubei Province, China. Map data: Google Earth,

DigitalGlobe. Full-size DOI: 10.7717/peerj.6162/fig-1
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The supernatant was then discarded, while the soil that remained in the tube was stored

at -80 �C and used as rhizosphere soil for the DNA extraction.

We randomly selected healthy and undamaged leaves and roots, and then attempted

to remove the microorganisms from the leaf and root surfaces using the following steps:

the samples were washed with ultrapure water, soaked and oscillated for 1 min

with 70% alcohol, and then washed for 1 min (leaves) or 5 min (roots) with

1% sodium hypochlorite solution, and then finally rinsed four times with sterile water

(Richter-Heitmann et al., 2016). Next, 0.1 mL of the final wash was spread on trypticase

soy agar plates to check for contamination (Siciliano & Germida, 1999).

Approximately two g of plant tissue was macerated with a sterile pestle and mortar

with liquid nitrogen, and 0.25–0.3 g of finely ground material of soil or plant tissue

was used for DNA extraction. We extracted DNA using the MOBIO Power Soil

DNA Isolation Kit (MO-BIO, Carlsbad, CA, USA) according to the manufacturer’s

instructions.

PCR amplification and next-generation sequencing

We used 16S rRNA gene amplicons to determine the diversity of the bacterial communities

in each of the samples. For polymerase chain reaction (PCR), we used primers 799F

(5′-AACMGGATTAGATACCCKG-3′) and 1193R (5′-ACGTCATCCCCACCTTCC-3′),

which were designed to specifically amplify the V5, V6, and V7 hypervariable

regions of the 16S rRNA gene of bacterial DNA while excluding amplification of

chloroplastic DNA from the plants, as suggested in some previous studies

(Chelius & Triplett, 2001; Bulgarelli et al., 2012; Bodenhausen, Horton & Bergelson, 2013;

Beckers et al., 2016).

Polymerase chain reaction was conducted in 30 mL reactions with Phusion� High-

Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA) containing 0.2 mM

of forward and reverse primers and about 10 ng template DNA. The thermal cycling

consisted of initial denaturation at 98 �C for 1 min, followed by 30 cycles of denaturation

at 98 �C for 10 s, annealing at 50 �C for 30 s, and elongation at 72 �C for 30 s, and

then a final extension at 72 �C for 5 min.

The size of PCR products was checked on 2% agarose gels. Samples with a bright

main band between 400 and 450 bp were selected for further experiments. PCR products

were purified with a Qiagen Gel Extraction Kit (Qiagen, Düsseldorf, Germany), and

sequencing libraries were generated using a TruSeq� DNA PCR-Free Sample Preparation

Kit (Illumina, San Diego, CA, USA) following the manufacturer’s recommendations.

Purified samples were quantified with a Qubit Fluorometer (Invitrogen, Waltham, MA,

USA), and an equivalent quantity of DNA for each sample was pooled together.

In addition, index codes were added to the libraries.

The library quality was assessed using a Qubit Fluorometer (Invitrogen, Waltham, MA,

USA) and Bioanalyzer 2100 system (Agilent, Santa Clara, CA, USA). Finally, the library

was sequenced on an Illumina HiSeq2500 platform and 250 bp paired-end reads

were generated. Sequencing was conducted at Novogene Bioinformatics Technology

Co., Ltd (Beijing, China).
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Sequence data treatment

Paired-end reads were assigned to samples based on their unique barcode, truncated

by cutting off the barcode and primer sequence, and then merged using FLASH

(V1.2.7, http://ccb.jhu.edu/software/FLASH/). Quality filtering of the raw tags was

performed under specific filtering conditions to obtain high-quality clean tags according to

the QIIME (V1.7.0, http://qiime.org/index.html) quality-controlled process. The tags

were compared with those in a reference database (Gold Database, http://drive5.com/

uchime/uchime_download.html) using the UCHIME algorithm (http://www.drive5.com/

usearch/manual/uchime_algo.html) to detect chimeric sequences, which were removed

to yield the effective tags.

Sequence analyses were performed with Uparse software (Uparse v7.0.1001,

http://drive5.com/uparse/), and sequences with �97% similarity were assigned to the

same OTU. Representative sequences for each OTU were then screened for

further annotation. For each representative sequence, the GreenGene Database

(http://greengenes.lbl.gov) was employed based on the RDP classifier (Version 2.2,

http://sourceforge.net/projects/rdp-classifier/) algorithm to annotate taxonomic

information.

Of the 3,046,898 high-quality reads that were originally obtained, 2,620,319 sequences

were used for further analysis after removing the OTUs that were not classified as

bacterial or that matched chloroplasts, mitochondria, or Viridiplantae. The average length

of the sequences was 375 nt. Fewer sequences were obtained from the leaf samples

than from the root and soil samples. An average of 42% reads from the leaf samples were

plastid or mitochondrial. After removal of plastid and mitochondrial contaminants,

the leaf samples still had an average of 36,040 usable reads (Table S1). In total, 2,617,582

reads were annotated to 34 bacterial phyla, 2,445,328 reads were annotated to 275 families,

and 721,155 reads annotated to 246 species (Table S2).

The abundance of the OTUs was normalized using a standard sequence number

corresponding to the sample with the lowest number of sequences. From the raw

reads, we produced 4,918 OTUs. After normalization, ca. 500 OTUs were eliminated.

Most of the eliminated OTUs were from soil samples and had fewer than 10 reads

across all of the samples. Ultimately, 4,369 bacterial OTUs were used in the

downstream analyses.

Selection of core bacterial OTUs in the endosphere

The core OTUs were manually selected based on the average relative abundance and the

relative frequency (rf) of each OTU per compartment. The rf of each OTU was calculated

using the following formula: rf = number of samples in which a certain OTU was

present/total number of samples. We first ranked the OTUs from highest relative

abundance to lowest and then selected a certain number of top OTUs that collectively

comprised about 80% of the total abundance of the bacterial community. This is similar

to the Pareto concept (the 80–20 rule) applied in microbiological community analysis

as suggested by Werner et al. (2011). After their identification, we plotted the average

relative abundance and frequency of the core OTUs across each sample type.
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Statistical analyses

Analyses of alpha and beta diversity were performed based on the output normalized data.

We calculated the Shannon’s diversity index (H′) using the “diversity” function in the

vegan package (Dixon, 2003), while Venn diagrams were plotted with the “venn.

diagram”function of the VennDiagram package (Chen, 2016). Differences in the bacterial

alpha diversities between compartments and locations were compared by multiple

comparisons of Shannon index (H′) means between different groups of samples

accomplished using the function “glht” in the multcomp package, as this function offers

a robust procedure for comparing multiple means under heteroscedasticity (Herberich,

Sikorski & Hothorn, 2010). Tukey post hoc tests were used for multiple comparisons,

and the single-step method was used to adjust the P-values (Table S3).

The Welch’s t-test is similar to the Student’s t-test and can be applied when the

two compared groups have unequal variances. The abundance data of the top five phyla

and top 10 families had unequal variances between the different plant compartments.

Hence, to determine whether the abundances of the top five phyla and top 10 families

differed significantly between the plant compartments, we conducted Welch’s t-tests

using STAMP software (Parks et al., 2014).

Bray–Curtis distances between the samples were calculated using the function “vegdist”

within the vegan package. Nonmetric multidimensional scaling (NMDS) was performed

using the vegan packages. Permutational multivariate analysis (PERMANOVA),

corroborated by the NMDS plots and using the Bray–Curtis distance, was performed with

the function “adonis” in the vegan package as described in Desgarennes et al. (2014).

With the exception of the Welch’s t-tests, all analyses were conducted using R

(R Core Team, 2015).

RESULTS

Alpha-diversity of the bacterial communities

The majority of the bacterial OTUs identified in the leaf and root endosphere were also

present in the rhizosphere. Moreover, 289 OTUs were detected solely in the endophytic

bacterial communities, which was a considerably small number and only 6.6% of

all the identified OTUs. Additionally, only 160 and 69 OTUs were exclusively observed

in the leaves and roots, representing 12.4% and 4.6% of the leaf and root

communities, respectively (Fig. 2A). The percentage of OTUs shared between the

locations was 33%, 17%, and 9% for the rhizosphere, root, and leaf samples, respectively

(Figs. 2B–2D).

The levels of microbial diversity differed significantly among the compartments.

Alpha diversity measured by the Shannon index (H′) was affected by compartments,

but not by locations. Specifically, H′ decreased significantly from the soil to the root or leaf

endospheres (Fig. 3; Table S3).

Bacterial community composition

Across all samples, we detected a total of 34 distinct bacterial phyla, among which the top

10 phyla comprised an average of >98% bacterial abundance in all samples, and the top
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five (Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Acidobacteria)

comprised an average of >90% of the bacterial abundance (Fig. 4A). Samples from the

different compartments differed from one another in relation to the relative abundance of

the five dominant phyla: rhizosphere bacterial communities were enriched for

Acidobacteria; root endosphere samples had a high abundance of Proteobacteria; and leaf

endosphere samples had the highest abundance of Firmicutes (Fig. 4A). The bacterial

community composition differed between compartments at the family level. Rhizosphere

bacterial communities had higher abundances of Flavobacteriaceae and

Sphingomonadaceae, while Oxalobacteraceae and Pseudomonadaceae were most

abundant in the root endosphere and Caulobacteraceae were enriched in the leaf

Figure 2 Venn diagrams of shared OTUs (number of OTUs) across three compartments of

S. vulgaris plants and four sampling locations. (A) Shared OTUs across three compartments of

S. vulgaris. (B) Shared OTUs of the leaf endosphere across four locations. (C) Shared OTUs of the root

endosphere across four locations. (D) Shared OTUs of the rhizospheres across four locations. Letters in

the figure: L = leaf endosphere, R = root endosphere, RS = rhizosphere; 1–4 represents the four

sampling locations. The diagrams were calculated on a rarefied dataset.

Full-size DOI: 10.7717/peerj.6162/fig-2
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endosphere (Fig. 4B). The significance of these differences was confirmed by the Welch’s

t-tests (Figs. S2 and S3). Bacterial community composition also differed substantially

between the compartments and locations in the relative abundance profiles at the

OTU level (Fig. 5; Table 1).

Core bacterial OTUs in the root and leaf endospheres

From the 1,284 OTUs in the leaf endosphere, we identified 36 OTUs with >0.70 rf as

core OTUs that collectively comprised more than 70% of the leaf endophytic bacterial

communities (Table S4). The endosphere bacterial communities were dominated

by a few bacterial phyla or orders, including Alpha-, Beta-, and Gammaproteobacteria,

Actinobacteria, Firmicutes (Bacilli), and Bacteroidetes (Flavobacteria, Table 2).The top five

OTUs in the leaf endosphere were Brevundimonas diminuta (Alphaproteobacteria),

Exiguobacterium sibiricum (Bacilli), Pseudomonas sp. (OTU7, Gammaproteobacteria),

OTU6 (Alcaligenaceae, Betaproteobacteria), and Pseudomonas viridiflava

(Gammaproteobacteria, Fig. 6A; Table S4).

Similarly, from the 1,543 OTUs, we identified 30 OTUs as core root endophytic

bacteria. The four most abundant were: OTU3 (Oxalobacteraceae, Betaproteobacteria),

Pseudomonas sp. (OTU7), P. viridiflava, and Duganella sp. (OTU15, Betaproteobacteria,

Fig. 6B; Table S5). With the exception of three OTUs, the core root endophytic

bacteria were present in all of the root samples. These OTUs collectively comprised

more than 70% of the root endophytic bacterial communities (Table S5).

Figure 3 Boxplots of the estimated Shannon index (H′) in the bacterial communities of each

compartment of S. vulgaris plants and sampling locations. Letters on the top of the boxplots show the

results of multiple comparisons of the Shannon index between different groups of samples, and further

details of these comparisons are provided in Table S3. Full-size DOI: 10.7717/peerj.6162/fig-3
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DISCUSSION

Differences between the plant compartments and sampling locations

We determined that the bacterial communities associated with Senecio vulgaris were

primarily influenced by plant compartments, as the alpha diversity was significantly

decreased in the root and leaf endospheres compared with the rhizosphere soil

(Fig. 3; Table S3). These findings were consistent with observations from many other

plants, such as Agave species (Coleman-Derr et al., 2015), rice (Edwards et al., 2015), and

poplar (Beckers et al., 2016). Microbial diversity declines sequentially from the rhizosphere

to the root and leaf endospheres, which suggests increasingly stronger competition

among microorganisms as the habitat becomes more tightly defined (Müller et al., 2016).

However, specific communication may occur in these compartments because of specific

plant metabolites (Haichar et al., 2014).

Figure 4 Relative abundance of the top 10 phyla and families in the bacterial communities associated

with each compartment of Senecio vulgaris plants and sampling locations. (A) The top 10 phyla.

(B) The top 10 families. Full-size DOI: 10.7717/peerj.6162/fig-4
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Although most bacteria in the root and leaf endospheres were recruited from the

rhizosphere, the bacterial community structures in these three compartments were clearly

distinct from one another. Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes

dominated the rhizosphere and endosphere of S. vulgaris. However, the relative

abundance of Proteobacteria and Firmicutes increased, while that of Acidobacteria

decreased from the rhizosphere to the endosphere. These findings regarding the varying

phyla distributions between the plant compartments are consistent with observations

from other plants, including rice (Edwards et al., 2015), maize (Liu et al., 2017), grape

(Zarraonaindia et al., 2015), agave (Coleman-Derr et al., 2015), Brassica stricta

(Wagner et al., 2016), Oxyria digyna, and Saxifraga oppositifolia (Kumar et al., 2017).

In combination, these results indicate that there may be certain factors that shape the

structure of the rhizo- and endophytic bacterial communities acting in different

environments and host species. It is suggested that such factors include root exudates in

the soil, the physicochemical properties of the plant cell walls, and the metabolites

from active plant cells (Haichar et al., 2008; Bulgarelli et al., 2012; Guyonnet et al., 2017).

Furthermore, Bulgarelli et al. (2013) proposed a two-step selection model in which

rhizodeposition and convergent host genotype-dependent selection drives the community

shift in the rhizosphere and endophyte microbiota differentiation. Obviously, this plant

selection process can explain the differentiation between the bacterial microbiota

in the endosphere and in the soil.

We also found that the bacterial communities associated with S. vulgaris were

influenced by sampling locations that were far from one another or in different types of

Figure 5 Nonmetric multidimensional scaling (NMDS) plots for Bray–Curtis distances of the

bacterial communities associated with each compartment of Senecio vulgaris plants and sampling

locations. Full-size DOI: 10.7717/peerj.6162/fig-5
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habitats. This type of influence is often the result of differences between climate and

soil physiochemical properties between locations (Werner et al., 2011; Coleman-Derr

et al., 2015). We were unable to measure the geochemical properties of all the

soil samples, and we have here omitted the investigation regarding the influence of

these factors on plant microbiota. Recent studies have demonstrated that plant

host-specific traits, including broad morphological characteristics (Kembel et al., 2011)

and specific genetic pathways and gene products (Horton et al., 2014; Lebeis et al., 2015),

can have significant effects on microbiota composition and diversity.

Core bacterial OTUs in the root and leaf endospheres

When only the profile of the endophytic bacterial OTUs was considered, major differences

were observed between the locations (Fig. 5). However, when the abundance of the

OTUs was considered, the S. vulgaris plants from different locations were found to share

similar core OTUs in the leaf and root endospheres. These core OTUs accounted for much

less than 20% of the total OTUs but did account for >70% of the abundance of the

endophytic bacterial communities. These findings demonstrated that the core taxa

Table 1 Results of the multiple comparisons of the permutational ANOVA(PERMANOVA) tests on

bacterial communities in the leaf endosphere, root endosphere, and rhizosphere of Senecio vulgaris

plants from different locations.

Comparison pair1 DF F R2 P

L1–L2 1(8) 2.586 0.244 0.001**

L1–L3 1(8) 3.310 0.293 0.006**

L1–L4 1(7) 1.936 0.217 0.025*

L2–L3 1(8) 1.708 0.176 0.045*

L2–L4 1(7) 1.570 0.183 0.014*

L4–L3 1(7) 1.812 0.206 0.019*

R1–R2 1(8) 2.026 0.202 0.105 ns

R1–R3 1(8) 2.170 0.213 0.029*

R1–R4 1(7) 2.520 0.265 0.04*

R2–R3 1(8) 2.101 0.208 0.039*

R2–R4 1(7) 2.038 0.225 0.052 ns

R3–R4 1(7) 1.089 0.135 0.302 ns

RS1–RS2 1(8) 2.359 0.228 0.041*

RS1–RS3 1(8) 4.596 0.365 0.006**

RS1–RS4 1(7) 3.426 0.329 0.001**

RS2–RS3 1(8) 3.222 0.287 0.012*

RS2–RS4 1(7) 3.044 0.303 0.009**

RS3–RS4 1(7) 1.433 0.170 0.08 ns

Notes:
ns, not significant.
Significance code:
* P < 0.05,
** P < 0.01.
1 Explanation for the sample groups: L = leaf endosphere, R = root endosphere, RS = rhizosphere; 1–4 represents the four
locations for sampling.
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of the endophytic bacterium might be consistent across hosts of the same species

growing in different locations, as has been observed in Arabidopsis (Bulgarelli et al., 2012;

Lundberg et al., 2012), grape (Samad et al., 2017), and some other plant species

(Kumar et al., 2017).

The dominating phyla or orders, including Alpha-, Beta-, and Gamma-proteobacteria,

Actinobacteria, Firmicutes (Bacilli), and Bacteroidetes (Flavobacteria), also tend to be the

Table 2 The bacterial taxa dominate in the endosphere of Senecio vulgaris.

Phylum Class Order Family Genus

In leaves and roots

Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Chryseobacterium

Flavobacterium

Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas

Gammaproteobacteria Enterobacteriales Enterobacteriaceae /

Pseudomonadales Pseudomonadaceae Pseudomonas

Only in leaves

Actinobacteria Actinobacteria Corynebacteriales Corynebacteriaceae Corynebacterium

Mycobacteriaceae Mycobacterium

Micrococcales Brevibacteriaceae Brevibacterium

Micrococcaceae Kocuria

Propionibacteriales Propionibacteriaceae Propionibacterium

Firmicutes Bacilli Bacillales Bacillaceae Bacillus

Family_XII Exiguobacterium

Staphylococcaceae Staphylococcus

Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Brevundimonas

Rhizobiales Bradyrhizobiaceae Bosea

Bradyrhizobium

Rhizobiaceae Ensifer

Betaproteobacteria Burkholderiales Alcaligenaceae /

Comamonadaceae Pelomonas

Variovorax

Oxalobacteraceae /

Duganella

Massilia

Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter

Only in roots

Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Rhizobium

Sphingomonadales Sphingomonadaceae Sphingobium

Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax

Methylophilales Methylophilaceae Methylophilus

Methylotenera

Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas

Notes:
This table summarized the taxa information of the core OTUs in the endosphere of S. vulgaris plants, and the abundance
data of the core OTUs are provided in Tables S4 and S5.
/ = unidentified taxa.
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dominant endophytic bacteria of other plants, as reviewed by Hardoim et al. (2015),

Müller et al. (2016), and Finkel et al. (2017). In S. vulgaris plants, the core leaf endophytic

bacterial OTUs belonged to 19 families, while those in the roots belonged to 10 families

(Table 2; Tables S4 and S5). We compared these dominant families to those reported

in previous studies and found that the dominant families in the S. vulgaris roots

substantially overlapped with those reported as the core set present in Arabidopsis

thaliana, Salicornia europaea, and Helianthus annuus. Among the leaf endophytic

bacteria, A. thaliana shared many families with S. vulgaris, while Sequoia sempervirens and

Figure 6 The relative frequency vs relative abundance of core bacterial operational taxonomic units

(OTUs) in the root and leaf endospheres of S. vulgaris plants. (A) The root endospheres. (B) The leaf

endospheres. OTUs: 1 = Brevundimonas diminuta, 2 = Exiguobacterium sibiricum, 3 = Pseudomonas

spp., 4 = an undefined species from Alcaligenaceae, 5 = Pseudomonas viridiflava, 6 = an undefined species

from Oxalobacteraceae, and 7 = Duganella spp. The relative frequency (rf) of an OTU was calculated

using the following formula: rf = number of samples in which a certain OTU was present/number of all

samples. Full-size DOI: 10.7717/peerj.6162/fig-6
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Sequoiadendron giganteum shared few with S. vulgaris (Table 3). This comparison

indicated that although the structure of the endophytic bacteria communities differed

between plant species, similarities in the taxa of the plant bacteriome could be observed at

the phylum, order, or even the family level.

In the leaf and root bacterial communities of Senecio vulgaris, there were several

dominant genera, namely Brevundimonas, Pseudomonas, Exiguobacterium,

Sphingomonas, Flavobacterium, Rhizobium, Massilia, and Duganella. Among these,

Pseudomonas and Rhizobium have been thoroughly investigated as plant-associated

genera. Pseudomonas is known to occupy numerous ecological niches, including the

rhizospheres and endospheres of many plants. For instance, 21 Pseudomonas strains were

isolated from the roots of Populus deltoides (Jun et al., 2015), and 12 Pseudomonas strains

showed promising growth-promoting effects when applied to lettuce in the field

(Cipriano et al., 2016). Massilia and Duganella are in the order Burkholderiales, which is

well known for its biodegradative capacities and antagonistic properties toward

multiple soil-borne fungal pathogens (Benítez & Gardener, 2009; Chebotar et al., 2015).

The genus Flavobacterium comprises a significant fraction of the endophytic microbiota

in a broad range of plant species, indicating a specialized capacity to proliferate in

plant environments and suggesting a role in plant function (Kolton et al., 2016).

Bacterial function prediction

It would be interesting to determine whether the plant-associated bacteria possess

plant-growth-promoting traits (PGPTs), such as the ability to fix nitrogen, solubilize

Table 3 Dominant bacterial families in the root and leaf endosphere of Senecio vulgaris plants reported as core members in previous studies.

Famliy Root endosphere Leaf endosphere

A. thaliana Barely Rice Vitis

spp.

O. digyna,

S. oppositifolia

P. tremula, P. alba S. europaea H. annuus A. thaliana P. tremula,

P. alba

S. sempervirens,

S. giganteum

Caulobacteraceaea,b √ √ √ √

Pseudomonadaceaea,b √ √ √ √ √ √ √

Sphingomonadaceaea,b √ √ √ √ √ √

Oxalobacteraceaea,b √ √ √ √ √ √ √ √

Flavobacteriaceaea,b √ √ √ √ √ √ √

Comamonadaceaea,b √ √ √ √ √ √ √ √

Rhizobiaceaea √ √ √ √ √ √ √

Enterobacteriaceaea √ √ √ √

Methylophilaceaea √ √

Xanthomonadaceaea √ √ √ √

Alcaligenaceaeb √ √ √

Family_XIIb

Bacillaceaeb √ √

Propionibacteriaceaeb

Notes:
√ corresponds to bacterial families present as core members. Arabidopsis thaliana, barely, and rice are based onMüller et al. (2016) and the references therein; Vitis spp.
are based on Samad et al. (2017); Oxyria digyna and Saxifraga oppositifolia are based on Kumar et al. (2017); Populus tremula and Populus alba are based on Beckers et al.
(2016); Salicornia europaea is based on Zhao et al. (2016); Helianthus annuus is based on Leff et al. (2016); Sequoia sempervirens and Sequoiadendron giganteum are based
on Carrell & Frank (2015).
a Dominant family in the root endosphere of S. vulgaris.
b Dominant family in the leaf endosphere of S. vulgaris (Fig. 4B).
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phosphate, produce IAA, hydrogen cyanide, siderophore, and 1-aminocyclopropane-

1-carboxylate deaminase, or the possession of antifungal activity. Among the

PGPTs, the nitrogen cycle mediated by microbes has been shown to be important

in alien plant invasion, such as Fallopia spp. in Europe (Bardon et al., 2014,

2016) and Sorghum halepense in North America (Rout & Chrzanowski, 2009;

Rout et al., 2013).

The S. vulgaris dominant endophytes B. diminuta and Rhizobium leguminosarum may

be beneficial to host plants. Singh et al. (2016) applied B. diminuta to rice and found that it

helped reduce arsenic accumulation and produced IAA to obtain soluble phosphate

and promote the growth of rice. Moreover, R. leguminosarum biovar. Phaseoli isolated

from sludge-treated soil was found to form root nodules in white clover (Trifolium repens)

(Chaudri, Mcgrath & Giller, 1992; Chaudri et al., 1993). Purchase, Miles & Young (1997)

found that R. leguminosarum was resistant to heavy metals, particularly cadmium,

and that it could effectively conduct nitrogen fixation. In addition, Chabot, Antoun &

Cescas (1996) showed that R. leguminosarum promoted the growth of maize and lettuce

via phosphate solubilization.

We also identified some cold-resistant bacteria as core bacterial OTUs in the root

and leaf endospheres of S. vulgaris. These included Sphingomonas aerolata, Sphingomonas

faeni, E. sibiricum, and OTU 3. Isolates of two Sphingomonas species (Sphingomonas

aerolata and Sphingomonas faeni) showed psychrotolerant traits (Busse et al., 2003).

E. sibiricum is one of 14 known Exiguobacterium spp. (Vishnivetskaya, Kathariou &

Tiedje, 2009). Strains of this species isolated from Siberian permafrost could grow well

at low temperature (e.g., 4 �C) and had remarkable tolerance to repeated freeze-thawing

cycles (Vishnivetskaya et al., 2007). OTU3 (Oxalobacteraceae), which may have been a

member of either the genera Duganella, Rugamonas, or Janthinobacterium, was

highly abundant in the root samples (Fig. 6B; Table S5). Janthinobacterium lividum was

observed in the endosphere of two native perennial plants, O. digyna and Saxifraga

oppositifolia, in three Arcto-Alpine regions (Kumar et al., 2017). Janthinobacterium spp.

were reported to thrive in extremely cold, dry, and high solar ultraviolet radiation

environments and to manifest strong antimicrobial activity (Koo et al., 2016, and

references therein). When our plants were collected in April of 2016 in Shennongjia, we

found that Senecio vulgaris was one of the weeds that emerged in early spring and that

the daily minimum temperature was often below 10 �C (Fig. S1). Therefore, it is not

surprising that cold-resistant bacteria are present in the endosphere of Senecio vulgaris

plants in this region, and it is possible that they could facilitate host growth under cold

conditions.

In future studies, we could predict the function of plant-associated bacteria using

PICRUST, a bioinformatics software package designed to predict metagenome functional

content frommarker gene (e.g., 16S rRNA) surveys and full genomes (Langille et al., 2013).

The establishment of plant-derived culture collections is also important for the

assessment of the biological potential of microbial communities. The combination of

culture-dependent and -independent techniques is useful to the study of the role of

microbiomes in plant invasion.
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CONCLUSIONS
We collected rhizosphere soil, root and leaf endosphere samples in four Senecio vulgaris

populations in a subtropical mountainous area in Central China. The bacterial 16S rRNA

gene data obtained from these samples revealed significant structural differences in the

bacterial communities associated with this invasive plant species between different

plant compartments and sampling locations. However, similar core bacteria were observed

from leaf and root endophytic communities, despite a distance of over 100 km and an

elevation range of 1,200–1,800 m between the sampling locations. As expected, we observed

heavy metal-resistant, phosphate-solubilizing, and nitrogen-fixing bacteria, such as

B. diminuta and R. leguminosarum, in the S. vulgaris roots and leaves at relatively

high abundance. These bacteria might be involved in plant adaptions to heavy metal

contamination and poor soil nutrition. However, the presence of cold-resistant bacteria was

unexpected. The presence of these types of bacteria might be important for the adaptation

of S. vulgaris to harsh environments. Future studies should be conducted to isolate

these endophytes in S. vulgaris plants and test their function in vitro and in vivo.

ACKNOWLEDGEMENTS
We are very thankful to colleagues at the Biological Department of CUG for their generous

technical assistance. Additionally, the three reviewers are thanked for their valuable input.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work is supported by the National Natural Science Foundation of China (31570537

and 31200425) and the Fundamental Research Funds for the Central Universities

(CUG130411) granted to Dandan Cheng. The funders had no role in study design,

data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Natural Science Foundation of China: 31570537 and 31200425.

Fundamental Research Funds for the Central Universities: CUG130411.

Competing Interests

The authors declare there are no competing interests.

Author Contributions

� Dandan Cheng conceived and designed the experiments, performed the experiments,

analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or

tables, authored or reviewed drafts of the paper, approved the final draft.

� Zhongsai Tian performed the experiments, analyzed the data, contributed reagents/

materials/analysis tools, prepared figures and/or tables, authored or reviewed drafts of

the paper, approved the final draft.

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 17/24

http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


� Liang Feng authored or reviewed drafts of the paper, approved the final draft.

� Lin Xu performed the experiments, contributed reagents/materials/analysis tools,

authored or reviewed drafts of the paper, approved the final draft.

� Hongmei Wang authored or reviewed drafts of the paper, approved the final draft.

DNA Deposition

The following information was supplied regarding the deposition of DNA sequences:

The sequence data is available in GenBank: https://www.ncbi.nlm.nih.gov/nuccore/?

term=MG274323:MG279042[accn].

The data is also available as a Supplemental File.

Supplemental Information

Supplemental information for this article can be found online at http://dx.doi.org/10.7717/

peerj.6162#supplemental-information.

REFERENCES
Bardon C, Piola F, Bellvert F, Haichar FeZ, Comte G, Meiffren G, Pommier T, Puijalon S,

Tsafack N, Poly F. 2014. Evidence for biological denitrification inhibition (BDI) by plant

secondary metabolites. New Phytologist 204(3):620–630 DOI 10.1111/nph.12944.

Bardon C, Poly F, Piola F, Pancton M, Comte G, Meiffren G, Haichar FE. 2016. Mechanism of

biological denitrification inhibition: procyanidins induce an allosteric transition of the

membrane-bound nitrate reductase through membrane alteration. FEMS Microbiology Ecology

92(5):fiw034 DOI 10.1093/femsec/fiw034.

Beckers B, Beeck MOD, Thijs S, Truyens S, Weyens N, Boerjan W, Vangronsveld J. 2016.

Performance of 16s rDNA primer pairs in the study of rhizosphere and endosphere

bacterial microbiomes in metabarcoding studies. Frontiers in Microbiology 7:650

DOI 10.3389/fmicb.2016.00650.

Benítez MS, Gardener BB. 2009. Linking sequence to function in soil bacteria: sequence-directed

isolation of novel bacteria contributing to soilborne plant disease suppression.

Applied and Environmental Microbiology 75(4):915–924 DOI 10.1128/aem.01296-08.

Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, Jarošík V, Wilson JRU,

Richardson DM. 2011. A proposed unified framework for biological invasions.

Trends in Ecology & Evolution 26(7):333–339 DOI 10.1016/j.tree.2011.03.023.

Blossey B, Notzold R. 1995. Evolution of increased competitive ability in invasive

nonindigenous plants: a hypothesis. Journal of Ecology 83(5):887–889 DOI 10.2307/2261425.

Bodenhausen N, Horton MW, Bergelson J. 2013. Bacterial communities associated

with the leaves and the roots of Arabidopsis thaliana. PLOS ONE 8(2):e56329

DOI 10.1371/journal.pone.0056329.

Briggs D. 1976. Genecological studies of lead tolerance in groundsel (Senecio vulgaris L.).

New Phytologist 77(1):173–186 DOI 10.1111/j.1469-8137.1976.tb01512.x.

Bulgarelli D, Rott M, Schlaeppi K, Ver Loren Van Themaat E, Ahmadinejad N, Assenza F,

Rauf P, Huettel B, Reinhardt R, Schmelzer E, Peplies J, Gloeckner FO, Amann R,

Eickhorst T, Schulze-Lefert P. 2012. Revealing structure and assembly cues for

Arabidopsis root-inhabiting bacterial microbiota. Nature 488(7409):91–95

DOI 10.1038/nature11336.

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 18/24

https://www.ncbi.nlm.nih.gov/nuccore/?term=MG274323:MG279042
https://www.ncbi.nlm.nih.gov/nuccore/?term=MG274323:MG279042
https://www.ncbi.nlm.nih.gov/nuccore/?term=MG279042
http://dx.doi.org/10.7717/peerj.6162#supplemental-information
http://dx.doi.org/10.7717/peerj.6162#supplemental-information
http://dx.doi.org/10.7717/peerj.6162#supplemental-information
http://dx.doi.org/10.1111/nph.12944
http://dx.doi.org/10.1093/femsec/fiw034
http://dx.doi.org/10.3389/fmicb.2016.00650
http://dx.doi.org/10.1128/aem.01296-08
http://dx.doi.org/10.1016/j.tree.2011.03.023
http://dx.doi.org/10.2307/2261425
http://dx.doi.org/10.1371/journal.pone.0056329
http://dx.doi.org/10.1111/j.1469-8137.1976.tb01512.x
http://dx.doi.org/10.1038/nature11336
http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


Bulgarelli D, Schlaeppi K, Spaepen S, Ver Loren Van Themaat E, Schulze-Lefert P. 2013.

Structure and functions of the bacterial microbiota of plants. Annual Review of Plant Biology

64(1):807–838 DOI 10.1146/annurev-arplant-050312-120106.

Busse HJ, Denner EB, Buczolits S, Salkinoja-Salonen M, Bennasar A, Kampfer P. 2003.

Sphingomonas aurantiaca sp. nov., Sphingomonas aerolata sp. nov. and Sphingomonas faeni

sp. nov., air- and dustborne and Antarctic, orange-pigmented, psychrotolerant bacteria,

and emended description of the genus Sphingomonas. International Journal of Systematic and

Evolutionary Microbiology 53(5):1253–1260 DOI 10.1099/ijs.0.02461-0.

Callaway RM, Cipollini D, Barto K, Thelen GC, Hallett SG, Prati D, Stinson K, Klironomos J.

2008. Novel weapons: invasive plant suppresses fungal mutualists in America but not in its

native Europe. Ecology 89(4):1043–1055 DOI 10.1890/07-0370.1.

Carrell AA, Frank AC. 2015. Bacterial endophyte communities in the foliage of coast redwood

and giant sequoia. Frontiers in Microbiology 6:1008 DOI 10.3389/fmicb.2015.01008.

Chabot R, Antoun H, Cescas MP. 1996. Growth promotion of maize and lettuce by

phosphate-solubilizing Rhizobium leguminosarum Biovar. Phaseoli. Plant and Soil

184(2):311–321 DOI 10.1007/bf00010460.

Chaudri AM, Mcgrath SP, Giller KE. 1992. Metal tolerance of isolates of Rhizobium

leguminosarum Biovar Trifolii from soil contaminated by past applications of sewage sludge.

Soil Biology and Biochemistry 24(2):83–88 DOI 10.1016/0038-0717(92)90262-v.

Chaudri AM, Mcgrath SP, Giller KE, Rietz E, Sauerbeck DR. 1993. Enumeration of indigenous

Rhizobium leguminosarum Biovar Trifolii in soils previously treated with metal-contaminated

sewage sludge. Soil Biology and Biochemistry 25(3):301–309

DOI 10.1016/0038-0717(93)90128-x.

Chebotar VK, Malfanova NV, Shcherbakov AV, Ahtemova GA, Borisov AY, Lugtenberg B,

Tihonovich IA. 2015. Endophytic bacteria in microbial drugs that improve plant development.

Applied Biochemistry & Microbiology 51(3):283–289 DOI 10.7868/s0555109915030058.

Chelius MK, Triplett EW. 2001. The diversity of archaea and bacteria in association with the

roots of Zea mays L. Microbial Ecology 41(3):252–263 DOI 10.1007/s002480000087.

Chen H. 2016. VennDiagram: generate high-resolution Venn and Euler plots.

Available at https://cran.r-project.org/web/packages/VennDiagram/index.html.

Cheng D, Nguyen VT, Ndihokubwayo N, Ge J, Mulder PPJ. 2017. Pyrrolizidine alkaloid

variation in Senecio vulgaris populations from native and invasive ranges. PeerJ 5:e3686

DOI 10.7717/peerj.3686.

Cipriano MAP, Lupatini M, Lopessantos L, Silva MJD, Roesh LFW, Destéfano SAL, Freitas SS,

Kuramae EE. 2016. Lettuce and rhizosphere microbiome responses to growth promoting

Pseudomonas species under field conditions. FEMS Microbiology Ecology 92(12):fiw197

DOI 10.1093/femsec/fiw197.

Coleman-Derr D, Desgarennes D, Fonseca-Garcia C, Gross S, Clingenpeel S, Woyke T,

North G, Visel A, Partida-Martinez LP, Tringe SG. 2015. Plant compartment and

biogeography affect microbiome composition in cultivated and native Agave species.

New Phytologist 209(2):798–811 DOI 10.1111/nph.13697.

Compant S, Clément C, Sessitsch A. 2010. Plant growth-promoting bacteria in the

rhizo- and endosphere of plants: their role, colonization, mechanisms involved and prospects

for utilization. Soil Biology and Biochemistry 42(5):669–678 DOI 10.1016/j.soilbio.2009.11.024.

Dai ZC, Fu W, Wan LY, Cai HH, Wang N, Qi SS, Du DL. 2016. Different growth

promoting effects of endophytic bacteria on invasive and native clonal plants. Frontiers in

Plant Science 7:706 DOI 10.3389/fpls.2016.00706.

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 19/24

http://dx.doi.org/10.1146/annurev-arplant-050312-120106
http://dx.doi.org/10.1099/ijs.0.02461-0
http://dx.doi.org/10.1890/07-0370.1
http://dx.doi.org/10.3389/fmicb.2015.01008
http://dx.doi.org/10.1007/bf00010460
http://dx.doi.org/10.1016/0038-0717(92)90262-v
http://dx.doi.org/10.1016/0038-0717(93)90128-x
http://dx.doi.org/10.7868/s0555109915030058
http://dx.doi.org/10.1007/s002480000087
https://cran.r-project.org/web/packages/VennDiagram/index.html
http://dx.doi.org/10.7717/peerj.3686
http://dx.doi.org/10.1093/femsec/fiw197
http://dx.doi.org/10.1111/nph.13697
http://dx.doi.org/10.1016/j.soilbio.2009.11.024
http://dx.doi.org/10.3389/fpls.2016.00706
http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


De Silva S, Ball AS, Huynh T, Reichman SM. 2016. Metal accumulation in roadside soil in

Melbourne, Australia: effect of road age, traffic density and vehicular speed.

Environmental Pollution 208:102–109.

Desgarennes D, Garrido E, Torresgomez MJ, Peña-Cabriales JJ, Partida-Martinez LP. 2014.

Diazotrophic potential among bacterial communities associated with wild and cultivated

Agave species. FEMS Microbiology Ecology 90(3):844–857 DOI 10.1111/1574-6941.12438.

Dixon P. 2003. VEGAN, a package of R functions for community ecology. Journal of Vegetation

Science 14(6):927–930 DOI 10.1111/j.1654-1103.2003.tb02228.x.

Edwards J, Johnson C, Santos-Medellín C, Lurie E, Podishetty NK, Bhatnagar S, Eisen JA,

Sundaresan V. 2015. Structure, variation, and assembly of the root-associated microbiomes

of rice. Proceedings of the National Academy of Sciences of the United States of America

112(8):E911–E920 DOI 10.1073/pnas.1414592112.

Figueroa R, Doohan D, Cardina J, Harrison K. 2007. Common groundsel (Senecio vulgaris) seed

longevity and seedling emergence. Weed Science 55(3):187–192 DOI 10.1614/ws-06-122r1.1.

Finkel OM, Castrillo G, Herrera Paredes S, González IS, Dangl JL. 2017. Understanding

and exploiting plant beneficial microbes. Current Opinion in Plant Biology 38:155–163

DOI 10.1016/j.pbi.2017.04.018.

Frantzen J, Hatcher PE. 1997. A fresh view on the control of the annual plant Senecio vulgaris.

Integrated Pest Management Reviews 2:77–85.

Gaby JC, Buckley DH. 2011. A global census of nitrogenase diversity. Environmental Microbiology

13(7):1790–1799 DOI 10.1111/j.1462-2920.2011.02488.x.

Guyonnet JP, Vautrin F, Meiffren G, Labois C, Cantarel AA, Michalet S, Comte G, Haichar FE.

2017. The effects of plant nutritional strategy on soil microbial denitrification activity

through rhizosphere primary metabolites. FEMS Microbiology Ecology 93(4):fix022

DOI 10.1093/femsec/fix022.

Haichar FZ, Marol C, Berge O, Rangel-Castro JI, Prosser JI, Balesdent J, Heulin T, Achouak W.

2008. Plant host habitat and root exudates shape soil bacterial community structure.

ISME Journal 2(12):1221–1230 DOI 10.1038/ismej.2008.80.

Haichar FEZ, Santaella C, Heulin T, Achouak W. 2014. Root exudates mediated interactions

belowground. Soil Biology and Biochemistry 77:69–80 DOI 10.1016/j.soilbio.2014.06.017.

Hardoim PR, Van Overbeek LS, Berg G, Pirttilä AM, Compant S, Campisano A, Döring M,

Sessitsch A. 2015. The hidden world within plants: ecological and evolutionary considerations

for defining functioning of microbial endophytes.Microbiology and Molecular Biology Reviews

79(3):293–320 DOI 10.1128/mmbr.00050-14.

Herberich E, Sikorski J, Hothorn T. 2010. A robust procedure for comparing multiple

means under heteroscedasticity in unbalanced designs. PLOS ONE 5(3):e9788

DOI 10.1371/journal.pone.0009788.

Horton MW, Bodenhausen N, Beilsmith K, Meng D, Muegge BD, Subramanian S, Vetter MM,

Vilhjálmsson BJ, Nordborg M, Gordon JI, Bergelson J. 2014. Genome-wide association

study of Arabidopsis thaliana leaf microbial community. Nature Communications 5(1):5320

DOI 10.1038/ncomms6320.

Hulme PE. 2009. Trade, transport and trouble: managing invasive species pathways

in an era of globalization. Journal of Applied Ecology 46(1):10–18

DOI 10.1111/j.1365-2664.2008.01600.x.

Joshi J, Vrieling K. 2005. The enemy release and EICA hypothesis revisited: incorporating

the fundamental difference between specialist and generalist herbivores. Ecology Letters

8(7):704–714 DOI 10.1111/j.1461-0248.2005.00769.x.

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 20/24

http://dx.doi.org/10.1111/1574-6941.12438
http://dx.doi.org/10.1111/j.1654-1103.2003.tb02228.x
http://dx.doi.org/10.1073/pnas.1414592112
http://dx.doi.org/10.1614/ws-06-122r1.1
http://dx.doi.org/10.1016/j.pbi.2017.04.018
http://dx.doi.org/10.1111/j.1462-2920.2011.02488.x
http://dx.doi.org/10.1093/femsec/fix022
http://dx.doi.org/10.1038/ismej.2008.80
http://dx.doi.org/10.1016/j.soilbio.2014.06.017
http://dx.doi.org/10.1128/mmbr.00050-14
http://dx.doi.org/10.1371/journal.pone.0009788
http://dx.doi.org/10.1038/ncomms6320
http://dx.doi.org/10.1111/j.1365-2664.2008.01600.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00769.x
http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


Jun SR, Wassenaar TM, Nookaew I, Hauser L, Wanchai V, Land M, Timm CM, Lu TYS,

Schadt CW, Doktycz MJ, Pelletier DA, Ussery DW. 2015. Diversity of

Pseudomonas genomes, including Populus-associated isolates, as revealed by

comparative genome analysis. Applied and Environmental Microbiology 82(1):375–383

DOI 10.1128/aem.02612-15.

Keane RM, Crawley MJ. 2002. Exotic plant invasions and the enemy release hypothesis.

Trends in Ecology & Evolution 17(4):164–170 DOI 10.1016/s0169-5347(02)02499-0.

Kembel SW, Eisen JA, Pollard KS, Green JL. 2011. The phylogenetic diversity of metagenomes.

PLOS ONE 6(8):e23214 DOI 10.1371/journal.pone.0023214.

Kolton M, Erlacher A, Berg G, Cytryn E. 2016. The flavobacterium genus in the plant

holobiont: ecological, physiological, and applicative insights. In: Sowinski CS, ed.

Microbial Models: From Environmental to Industrial Sustainability. Singapore: Springer,

189–207.

Koo H, Strope BM, Kim EH, Shabani AM, Kumar R, Crowley MR, Andersen DT, Bej AK. 2016.

Draft genome sequence of Janthinobacterium sp. Ant5-2-1, isolated from proglacial lake

Podprudnoye in the Schirmacher Oasis of East Antarctica. Genome Announcements

4(1):e01600–e01615 DOI 10.1128/genomea.01600-15.

Kumar M, Brader G, Sessitsch A, Mäki A, Van Elsas JD, Nissinen R. 2017. Plants assemble

species specific bacterial communities from common core taxa in three arcto-alpine climate

zones. Frontiers in Microbiology 8:12 DOI 10.3389/fmicb.2017.00012.

Langille MGI, Zaneveld J, Caporaso JG, Mcdonald D, Dan K, Reyes JA, Clemente JC,

Burkepile DE, Thurber RLV, Knight R, Beiko RG, Huttenhower C. 2013. Predictive

functional profiling of microbial communities using 16S rRNA marker gene sequences.

Nature Biotechnology 31(9):814–821 DOI 10.1038/nbt.2676.

Lebeis SL, Paredes SH, Lundberg DS, Breakfield N, Gehring J, Mcdonald M, Malfatti S,

Glavina Del Rio T, Jones CD, Tringe SG, Dangl JL. 2015. Salicylic acid modulates

colonization of the root microbiome by specific bacterial taxa. Science 349(6250):860–864

DOI 10.1126/science.aaa8764.

Leff JW, Lynch RC, Kane NC, Fierer N. 2016. Plant domestication and the assembly of bacterial

and fungal communities associated with strains of the common sunflower, Helianthus annuus.

New Phytologist 214(1):412–423 DOI 10.1111/nph.14323.

Li ZG, Zhang GS, Liu Y, Wan KY, Zhang RH, Chen F. 2013. Soil nutrient assessment for urban

ecosystems in Hubei, China. PLOS ONE 8(9):e75856 DOI 10.1371/journal.pone.0075856.

Liu H, Chen LP, Ai YW, Yang X, Yu YH, Zuo YB, Fu GY. 2009. Heavy metal contamination in

soil alongside mountain railway in Sichuan, China. Environmental Monitoring and Assessment

152(1–4):25–33 DOI 10.1007/s10661-008-0293-7.

Liu Y, Wang R, Li Y, Cao Y, Chen C, Qiu C, Bai F, Xu T, Zhang X, Dai W, Zhao J, Cheng C.

2017. High-throughput sequencing-based analysis of the composition and diversity of

endophytic bacterial community in seeds of “Beijing” hybrid maize planted in China.

Plant Growth Regulation 81(2):317–324 DOI 10.1007/s10725-016-0208-5.

Long HH, Schmidt DD, Baldwin IT. 2008. Native bacterial endophytes promote host growth in a

species-specific manner; phytohormone manipulations do not result in common growth

responses. PLOS ONE 3(7):e2702 DOI 10.1371/journal.pone.0002702.

Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J, Malfatti S, Tremblay J,

Engelbrektson A, Kunin V, Glavina Del Rio T, Edgar RC, Eickhorst T, Ley RE, Hugenholtz P,

Tringe SG, Dangl JL. 2012. Defining the core Arabidopsis thaliana root microbiome.

Nature 488(7409):86–90 DOI 10.1038/nature11237.

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 21/24

http://dx.doi.org/10.1128/aem.02612-15
http://dx.doi.org/10.1016/s0169-5347(02)02499-0
http://dx.doi.org/10.1371/journal.pone.0023214
http://dx.doi.org/10.1128/genomea.01600-15
http://dx.doi.org/10.3389/fmicb.2017.00012
http://dx.doi.org/10.1038/nbt.2676
http://dx.doi.org/10.1126/science.aaa8764
http://dx.doi.org/10.1111/nph.14323
http://dx.doi.org/10.1371/journal.pone.0075856
http://dx.doi.org/10.1007/s10661-008-0293-7
http://dx.doi.org/10.1007/s10725-016-0208-5
http://dx.doi.org/10.1371/journal.pone.0002702
http://dx.doi.org/10.1038/nature11237
http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


Mei L, Zhu M, Zhang DZ, Wang YZ, Guo J, Zhang HB. 2014. Geographical and temporal

changes of foliar fungal endophytes associated with the invasive plant Ageratina adenophora.

Microbial Ecology 67(2):402–409 DOI 10.1007/s00248-013-0319-8.

Müller-Schärer H, Frantzen J. 1996. An emerging system management approach for biological

weed control in crops: Senecio vulgaris as a research model. Weed Research 36(6):483–491

DOI 10.1111/j.1365-3180.1996.tb01677.x.

Müller-Schärer H, Schaffner U, Steinger T. 2004. Evolution in invasive plants: implications for

biological control. Trends in Ecology & Evolution 19(6):417–422 DOI 10.1016/j.tree.2004.05.010.

Müller DB, Vogel C, Bai Y, Vorholt JA. 2016. The Plant microbiota: systems-level insights

and perspectives. Annual Review of Genetics 50(1):211–234

DOI 10.1146/annurev-genet-120215-034952.

Ndihokubwayo N, Nguyen VT, Cheng D. 2016. Effects of origin, seasons and storage under

different temperatures on germination of Senecio vulgaris (Asteraceae) seeds. PeerJ 4:e2346

DOI 10.7717/peerj.2346.

Orians CM, Ward D. 2010. Evolution of plant defenses in nonindigenous environments.

Annual Review of Entomology 55(1):439–459 DOI 10.1146/annurev-ento-112408-085333.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. 2014. STAMP: statistical analysis of taxonomic

and functional profiles. Bioinformatics 30(21):3123–3124 DOI 10.1093/bioinformatics/btu494.

Paul ND, Ayres PG. 1987. Effects of rust infection of Senecio vulgaris on competition with

lettuce. Weed Research 27(6):431–441 DOI 10.1111/j.1365-3180.1987.tb01594.x.

Perrig D, Boiero ML, Masciarelli OA, Penna C, Ruiz OA, Cassán FD, Luna MV. 2007.

Plant-growth-promoting compounds produced by two agronomically important strains of

Azospirillum brasilense, and implications for inoculant formulation. Applied Microbiology and

Biotechnology 75(5):1143–1150 DOI 10.1007/s00253-007-0909-9.

Pieterse CMJ, Zamioudis C, Berendsen RL, Weller DM, Wees SCMV, Bakker PAHM. 2014.

Induced systemic resistance by beneficial microbes. Annual Review of Phytopathology

52(1):347–375 DOI 10.1146/annurev-phyto-082712-102340.

Purchase D, Miles RJ, Young TWK. 1997. Cadmium uptake and nitrogen fixing ability in

heavy-metal-resistant laboratory and field strains of Rhizobium leguminosarum Biovar Trifolii.

FEMS Microbiology Ecology 22(1):85–93 DOI 10.1016/s0168-6496(96)00080-3.

Pysek P, Jarosík V, Hulme PE, Kühn I, Wild J, Arianoutsou M, Bacher S, Chiron F, Didziulis V,

Essl F, Genovesi P, Gherardi F, Hejda M, Kark S, Lambdon PW, Desprez-Loustau M-L,

Nentwig W, Pergl J, Poboljsaj K, Rabitsch W, Roques A, Roy DB, Shirley S, Solarz W,

Vila M, Winter M. 2010. Disentangling the role of environmental and human pressures on

biological invasions across Europe. Proceedings of the National Academy of Sciences of the United

States of America 107(27):12157–12162 DOI 10.1073/pnas.1002314107.

R Core Team. 2015. R: A language and environment for statistical computing. Version 2.15.2.

Vienna: R Foundation for Statistical Computing. Available at https://www.R-project.org/.

Richter-Heitmann T, Eickhorst T, Knauth S, Friedrich MW, Schmidt H. 2016. Evaluation of

strategies to separate root-associated microbial communities: a crucial choice in rhizobiome

research. Frontiers in Microbiology 7:773 DOI 10.3389/fmicb.2016.00773.

Robinson D, O’Donovan J, Sharma M, Doohan D, Figueroa R. 2003. The biology of

Canadian weeds. 123. Senecio vulgaris L. Canadian Journal of Plant Science 83(3):629–644

DOI 10.4141/p01-124.

Rodriguez RJ, Henson J, Volkenburgh EV, HoyM,Wright L, Beckwith F, Kim YO, Redman RS.

2008. Stress tolerance in plants via habitat-adapted symbiosis. ISME Journal 2(4):404–416

DOI 10.1038/ismej.2007.106.

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 22/24

http://dx.doi.org/10.1007/s00248-013-0319-8
http://dx.doi.org/10.1111/j.1365-3180.1996.tb01677.x
http://dx.doi.org/10.1016/j.tree.2004.05.010
http://dx.doi.org/10.1146/annurev-genet-120215-034952
http://dx.doi.org/10.7717/peerj.2346
http://dx.doi.org/10.1146/annurev-ento-112408-085333
http://dx.doi.org/10.1093/bioinformatics/btu494
http://dx.doi.org/10.1111/j.1365-3180.1987.tb01594.x
http://dx.doi.org/10.1007/s00253-007-0909-9
http://dx.doi.org/10.1146/annurev-phyto-082712-102340
http://dx.doi.org/10.1016/s0168-6496(96)00080-3
http://dx.doi.org/10.1073/pnas.1002314107
https://www.R-project.org/
http://dx.doi.org/10.3389/fmicb.2016.00773
http://dx.doi.org/10.4141/p01-124
http://dx.doi.org/10.1038/ismej.2007.106
http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


Rodriguez RJ, White JF Jr, Arnold AE, Redman RS. 2009. Fungal endophytes: diversity and

functional roles. New Phytologist 182(2):314–330 DOI 10.1111/j.1469-8137.2009.02773.x.

Rout ME, Callaway RM. 2012. Interactions between exotic invasive plants and soil microbes in the

rhizosphere suggest that ‘everything is not everywhere’. Annals of Botany 110(2):213–222

DOI 10.1093/aob/mcs061.

Rout ME, Chrzanowski TH. 2009. The invasive Sorghum halepense harbors endophytic

N2-fixing bacteria and alters soil biogeochemistry. Plant and Soil 315(1–2):163–172

DOI 10.1007/s11104-008-9740-z.

Rout ME, Chrzanowski TH, Westlie TK, DeLuca TH, Callaway RM, Holben WE. 2013.

Bacterial endophytes enhance competition by invasive plants. American Journal of Botany

100(9):1726–1737 DOI 10.3732/ajb.1200577.

Samad A, Trognitz F, Compant S, Antonielli L, Sessitsch A. 2017. Shared and host-specific

microbiome diversity and functioning of grapevine and accompanying weed plants.

Environmental Microbiology 19(4):1407–1424 DOI 10.1111/1462-2920.13618.

Shipunov A, Newcombe G, Raghavendra AKH, Anderson CL. 2008. Hidden diversity of

endophytic fungi in an invasive plant. American Journal of Botany 95(9):1096–1108

DOI 10.3732/ajb.0800024.

Siciliano SD, Germida JJ. 1999. Taxonomic diversity of bacteria associated with the roots of

field-grown transgenic Brassica napus cv. Quest, compared to the non-transgenic B. napus

cv. Excel and B. rapa cv. Parkland. FEMS Microbiology Ecology 29(3):263–272

DOI 10.1111/j.1574-6941.1999.tb00617.x.

Singh N, Marwa N, Mishra SK, Mishra J, Verma PC, Rathaur S, Singh N. 2016. Brevundimonas

diminutamediated alleviation of Arsenic toxicity and plant growth promotion in Oryza sativa L.

Ecotoxicology & Environmental Safety 125:25–34.

Solgi E, Roohi N, Kouroshi-Gholampour M. 2016. A comparative study of metals in roadside

soils and urban parks from Hamedan metropolis, Iran. Environmental Nanotechnology,

Monitoring & Management 6:169–175 DOI 10.1016/j.enmm.2016.10.006.

Tian Z, Cheng D, Xu L, Zhao JY, Xiaojing, Feng L. 2018. Preliminary investigation on invasion

situation of Senecio vulgaris L. (Asteraceae) in China. Safety and Environmental Engineering

25:7–14 [in Chinese with English abstract].

Truyens S, Weyens N, Cuypers A, Vangronsveld J. 2015. Bacterial seed endophytes: genera,

vertical transmission and interaction with plants. Environmental Microbiology Reports

7(1):40–50 DOI 10.1111/1758-2229.12181.

Vishnivetskaya TA, Kathariou S, Tiedje JM. 2009. The Exiguobacterium genus: biodiversity

and biogeography. Extremophiles 13(3):541–555 DOI 10.1007/s00792-009-0243-5.

Vishnivetskaya TA, Siletzky R, Jefferies N, Tiedje JM, Kathariou S. 2007. Effect of low

temperature and culture media on the growth and freeze-thawing tolerance of Exiguobacterium

strains. Cryobiology 54(2):234–240 DOI 10.1016/j.cryobiol.2007.01.008.

Vitousek PM, D’Antonio CM, Loope LL, Westbrooks R. 1996. Biological invasions as global

environmental change. American Scientist 84:468–478.

Wagner MR, Lundberg DS, Del Rio TG, Tringe SG, Dangl JL, Mitchell-Olds T. 2016.

Host genotype and age shape the leaf and root microbiomes of a wild perennial plant.

Nature Communications 7(1):12151 DOI 10.1038/ncomms12151.

Wei S, Zhou Q, Wang X. 2003. Characteristics of 18 species of weed hyperaccumulating

heavy metals in contaminated soils. Journal of Basic Science and Engineering 11:152–160

[in Chinese with English abstract].

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 23/24

http://dx.doi.org/10.1111/j.1469-8137.2009.02773.x
http://dx.doi.org/10.1093/aob/mcs061
http://dx.doi.org/10.1007/s11104-008-9740-z
http://dx.doi.org/10.3732/ajb.1200577
http://dx.doi.org/10.1111/1462-2920.13618
http://dx.doi.org/10.3732/ajb.0800024
http://dx.doi.org/10.1111/j.1574-6941.1999.tb00617.x
http://dx.doi.org/10.1016/j.enmm.2016.10.006
http://dx.doi.org/10.1111/1758-2229.12181
http://dx.doi.org/10.1007/s00792-009-0243-5
http://dx.doi.org/10.1016/j.cryobiol.2007.01.008
http://dx.doi.org/10.1038/ncomms12151
http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/


Werner JJ, Zhou D, Caporaso JG, Knight R, Angenent LT. 2011. Comparison of Illumina

paired-end and single-direction sequencing for microbial 16S rRNA gene amplicon surveys.

ISME Journal 6(7):1273–1276 DOI 10.1038/ismej.2011.186.

Zarraonaindia I, Owens SM, Weisenhorn P, West K, Hamptonmarcell J, Lax S, Bokulich NA,

Mills DA, Martin G, Taghavi S, Van Der Lelie D, Gilbert JA. 2015. The soil microbiome

influences grapevine-associated microbiota. mBio 6(2):e02527–14 DOI 10.1128/mbio.02527-14.

Zhang H, Wang Z, Zhang Y, Ding M, Li L. 2015. Identification of traffic-related metals and

the effects of different environments on their enrichment in roadside soils along the

Qinghai–Tibet highway. Science of the Total Environment 521–522:160–172

DOI 10.1016/j.scitotenv.2015.03.054.

Zhao S, Zhou N, Zhao Z, Zhang K, Tian C. 2016. Endophytic bacterial diversity and dynamics

in root of Salicornia europaea estimated via high throughput sequencing. Acta Microbiologica

Sinica 56:1000–1008 [in Chinese, with English abstract].

Zhu BR, Barrett SCH, Zhang DY, Liao WJ. 2016. Invasion genetics of Senecio vulgaris: loss of

genetic diversity characterizes the invasion of a selfing annual, despite multiple introductions.

Biological Invasions 19(1):255–267 DOI 10.1007/s10530-016-1277-0.

Cheng et al. (2019), PeerJ, DOI 10.7717/peerj.6162 24/24

http://dx.doi.org/10.1038/ismej.2011.186
http://dx.doi.org/10.1128/mbio.02527-14
http://dx.doi.org/10.1016/j.scitotenv.2015.03.054
http://dx.doi.org/10.1007/s10530-016-1277-0
http://dx.doi.org/10.7717/peerj.6162
https://peerj.com/

	Diversity analysis of the rhizospheric and endophytic bacterial communities of Senecio vulgaris L. (Asteraceae) in an invasive range ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References


