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ABSTRACT

Plant-microbe interactions mediate both the invasiveness of introduced plant species and the
impacts that they have in invaded ecosystems. Although the phylogenetic composition of the
rhizospheric microbiome of Acacia dealbata (an invasive Australian tree species) has been
investigated, little is known about the functional potential of the constituents of these altered
microbial communities. We used shotgun DNA sequencing to better understand the link
between bacterial community composition and functional capacity in the rhizospheric
microbiomes associated with invasive A. dealbata populations in South Africa. Our analysis
showed that several genes associated with plant growth-promoting (PGP) traits were
significantly overrepresented in the rhizospheric metagenomes compared to neighbouring bulk
soils collected away from A. dealbata stands. The majority of these genes are involved in the
metabolism of nitrogen, carbohydrates and vitamins, and in various membrane transport
systems. Overrepresented genes were linked to a limited number of bacterial taxa, mostly
Bradyrhizobium species, the preferred N-fixing rhizobial symbiont of Australian acacias.
Overall, these findings suggest that A. dealbata enriches rhizosphere soils with potentially
beneficial microbial taxa, and that members of the genus Bradyrhizobium may play an integral
role in mediating PGP processes that may influence the success of this invader when colonizing

novel environments.
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INTRODUCTION

Rhizosphere microbial communities are highly diverse, both taxonomically and functionally
[1]. Taxonomically, rhizosphere microbial communities consist primarily of taxa in the phyla
Proteobacteria, Actinobacteria and Bacteroidetes [2]. Recent studies investigating the
metabolic capabilities of the rhizosphere microbiomes of several plant species (e.g. soybean
[3], wheat and cucumber [4], grapevine [5], wild and domesticated barley [6], and the
widespread weed Jacobaea vulgaris [7]) have shown that genes overrepresented in the
rhizosphere (compared to bulk soils away from focal plant species) include, among others,
those encoding for proteins involved in the movement of bacteria toward root exudates and
roots-adhesion, genes required for the metabolism of macro- and micronutrients, and stress
tolerance-related genes. However, investigations to understand the metabolic capabilities of
the rhizosphere microbiome of leguminous plants have received comparatively little attention
(but see Mendes et al. [3] for a crop species). Understanding functional attributes of soil
microbiomes and how these may change in response to invasive species, may be particularly
valuable for understanding the factors promoting plant invasiveness and subsequent invader-
mediated impacts on the ecosystems.

Many biological interactions determine plant fitness, including antogonistic (e.g., fungal
diseases) and beneficial (e.g., pollination, seed dispersal, mycorrhizae, etc.) interactions, often
with implications for the establishment and subsequent invasiveness of non-native plants [8,
9]. Introduced non-native plants can reassemble such interactions upon arrival in new
environments through the formation of novel associations with resident species, or through co-
introduction with their interacting partners. These two pathways have been postulated to have
distinct consequences for the rate and accrual of invader impacts [10].

Acacia dealbata (silver wattle) is a leguminous tree native to South-Eastern Australia and

Tasmania [11]. Like many invasive Australian acacias, invasive stands of silver wattle lead to



losses in aboveground plant biodiversity and to diverse alterations to the structure and
functioning of rhizoshphere microorganisms in invaded ecosystems [12]. These invasions also
affect soil microbial community structure and composition by altering nutrient pools through
processes like excessive leaf litter inputs (carbon) and biological nitrogen fixation (nitrogen)
[13]. While the microbiome of A. dealbata has been characterized [ 14] and found to be enriched
in bacteria of the classes Alpha- and Gammaproteobacteria, and in fungi of the classes
Pezizomycetes and Agaricomycetes, the functional potential of these microbial communities
remains unexplored. However, certain a priori hypotheses can be formulated for invasive
legumes. For example, the symbiosis between most legumes and bacteria collectively known
as rhizobia, may suggest functional enrichment for rhizosphere communities linked to the
supply and metabolism of nitrogen [15]. Indeed, various invasive acacias are known to
preferentially associate with nitrogen-fixing Bradyrhizobia, even when these mutualists are not
commonly found in association with native resident legumes (e.g., [16]). Surprisingly, many
invasive acacias have been co-introduced with their Bradyrhizobia to numerous parts of the
world (e.g., [17, 18]). Moreover, molecular evidence suggests that this is also the case for silver
wattle invasions in South Africa (S Warrington, personal communication).

Different approaches can be used to elucidate the functional capabilities of rhizosphere
microbiomes. For instance, DNA sequencing can be employed to determine the taxonomic
makeup of rhizosphere microbial isolates [19], although it has been estimated that 99% of soil
bacteria cannot be cultured in the laboratory [20]. Microbial functions can be derived from
phylogenetic markers such as the 16S rRNA gene (PICRUSt; [21]); however bacterial strains
with identical 16S rRNA gene sequences can exhibit highly divergent genomes and
physiologies [22], making this technique ineffective to investigate functionality. Shotgun

metagenomics can provide a better insight into community functional potential [23].



In this study, based on shotgun metagenomic data, we substantiated and expanded the
preliminary analysis performed by Kamutando et al. [ 14] to better describe the genetic capacity
of the bacterial communities in bulk and rhizosphere soil samples obtained from different A.
dealbata populations. We also discuss several bacterial plant growth-promoting (PGP) traits.
Finally, we suggest that the genus Bradyrhizobium may play an integral role in mediating PGP
processes and may contribute to the success of this invader when colonizing novel

environments.

MATERIALS AND METHODS

Sample collection and DNA isolation

Rhizosphere and non-rhizosphere (bulk) soil samples were collected as described previously
[14]. Briefly, samples were collected from eight sites located in the grassland biome of South
Africa. At each rhizosphere soil, firmly attached to the roots, and bulk soil, gathered 10-20 m
away from any conspecific tree, were collected using sterile conditions. A total of 80 samples
were collected (8 populations x5 individuals x2 habitat types (rhizosphere or bulk soil)), of
which four rhizosphere and four bulk soil samples from four different A. dealbata populations
were randomly selected for shotgun metagenomics. Metagenomic DNA was isolated using a
PowerSoil DNA isolation kit (MO Bio Laboratories, Inc. Carlsbad, CA) as indicated by the

manufacturer.

DNA library preparation and sequencing

Metagenomic DNA was processed using a Nextera dual-indexed DNA sample preparation kit
following the manufacturer’s instructions (Illumina Inc., San Diego, CA, USA). Library
fragments of 300-850 bp were selected from approx. 50 nanograms of metagenomic DNA,

using the Experion Automated Electrophoresis System (Bio-Rad, Hercules, California 94547,



USA). Individual libraries were quantified using the Sequencing Library gPCR Quantification
kit (Illumina Inc., San Diego, CA, USA), pooled in equimolar ratios, and re-purified. Pooled
libraries (12nM each) were sequenced (2 x 150 bp paired end reads) on an Illumina HiSeq2000
instrument at the Molecular Research LP next generation sequencing service, USA

(http://www.mrdnalab.com).

De-novo assembly, coverage analysis and gene prediction

Paired-end sequences were quality filtered (reads with a mean Phred quality score < 25 and/or
containing ambiguous bases) using Prinseq-lite [24]. Quality-filtered reads were de novo
assembled into longer contiguous segments (i.e., contigs) using metaSPAdes v3.7.1 [25] and
default settings. Contigs with length < 500bp were removed from each sample. To determine
the percentage of assembled reads, quality-filtered sequences were mapped back to the contigs
using Burrows-Wheeler Aligner (BWA) [26] and the resultant alignments were ‘sorted’ and
‘indexed’ using SAMtools version 1.3.1 [27]. Contig coverage was predicted using bamM

(http://ecogenomics.github.io/BamM/), and open-reading frames (ORFs) were predicted using

Prodigal v2.6.3 [28].

Taxonomic and functional annotation of protein-coding ORFs

Predicted ORFs were aligned against the NCBI-nr database using DIAMOND (BLASTP
v0.7.1, E-value cut-off at 1e7) [29]. Functional annotations based on Kyoto Encyclopaedia of
Genes and Genomes (KEGG) pathways, and taxonomic annotations of the protein-coding
ORFs were performed in MEGAN CE v6.5.9 [30]. From these, we obtained two matrices that
contained the taxonomic and functional ORF hit counts, which were used for statistical
analysis. Normalization of ORF hits was performed in MEGAN CE during the comparison of

samples.



Genome reconstruction, refinement and quality checking

Contigs with lengths of <1,500 bp were filtered from the assemblies to improve genome
binning, which is highly reliant on the proportion of long contigs [31]. Binning of the long
contigs was performed using CONCOCT v0.4.1 [31]. The recovered composite genomes were
imported into the Anvi’o v2.2.2 and refined using the script “anvio-refine” as described
previously [32]. The quality of the refined genome bins (i.e., completeness, contamination and
strain heterogeneity) was assessed using CheckM v1.0.7 [33], an automated method used to
estimate contamination and completeness of genome bins using marker genes that are specific
to the respective lineage within a reference genome tree [33]. BamM

(http://ecogenomics.github.io/BamM/) was used to assess coverage in composite genomes with

>70% completeness.

Composite genome annotation

Composite genomes showing > 70% completeness were submitted to the Rapid Annotation
Subsystem Technology (RAST) server v2.0 [34, 35]. The predicted gene-encoded proteins
(amino acid sequences) for each genome bin obtained after RAST annotations were submitted

to the KEGG Annotation Server (KAAS) v2.1 [36].

Statistical analyses

The matrices containing taxonomic and functional ORF hit counts were Hellinger-transformed
and the distances between samples calculated using Bray-Curtis. Dissimilarities between
samples were depicted using PCoA plots. A permutational analysis of variance
(PERMANOVA; [37]) was used to test for differences in composition and function between

habitats (rhizosphere vs. bulk soil). KEGG orthologue groups shared between the rhizosphere



and bulk soil metagenomes were identified using Venn diagrams. Statistical Analysis of
Metagenomic Profiles (STAMP) package was used to discriminate between important taxa and
functions between the rhizosphere and the bulk soil samples [38]. Statistical significance was
assessed using a two-sided White’s non-parametric t-test with Benjamini-Hochberg false

discovery rate (p-value <0.05) [39].

RESULTS

Soil metagenomes associated with invasive A. dealbata

Illumina Hiseq2000 sequencing produced a total of 73,292,578 reads (10.87 Gbp, average
length of 148 bp) for the four bulk soil metagenomes and 58,020,031 reads (8.55 Gbp, average
length of 147 bp) for the four rhizosphere soil metagenomes. After quality filtering,
approximately 70 million reads (10.29 Gbp) for bulk soil samples, and 54.8 million reads (7.98
Gbp) for rhizosphere soil samples, were obtained. Assembled contigs from bulk soil
metagenomes showed an average sequence coverage of 55.06%, while 63.77% coverage was

observed in rhizospheric metagenomes (Supplementary Table S1).

Taxonomic profiling

Taxonomic annotation of protein-coding ORFs resulted in identification of 1,390 taxa (species
level), with a total of 256,005 ORF hits. Bacteria accounted for about 99% of the ORFs, while
0.24% were assigned to archaea, 0.15% to eukaryotes and 0.01% to viruses. 0.05% of the ORFs
remained unassigned (Supplementary Table S2). A PCoA plot of Bray-Curtis dissimilarities
showed no clear differences in microbial structure and composition between the rhizosphere
and the bulk soil metagenomes (Supplementary Fig. S1; PERMANOVA F16=1.07; P = 0.39).

At the phylum level, Actinobacteria, Proteobacteria, and Acidobacteria accounted for the



Fig. 1 Mean relative abundance of taxa (phylum level) within each sample. The relative

abundance of each taxon was calculated as the percentage of protein-coding ORF hits per

sample.
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majority of the ORFs (Fig. 1; Supplementary Table S2). The relative abundance of these phyla
did not differ significantly between the rhizosphere and bulk soil samples (White’s non-
parametric t-test, P > 0.05). However, 25 and 27 taxa (species level) were overrepresented in
bulk soil and rhizospheric metagenomes, respectively (Supplementary Table S3), including,
for example, Bradyrhizobium and Sphingomonas species, which are known to contain strains

with PGP activities [40, 41].

Functional profiles

A total 0of 4,125 KEGG Orthologues (KOs) were obtained, of which 1,969 (48%) were assigned
to functional categories, while 2,156 (52%) did not have known functional roles. 3,182
(77.14%) KOs were shared between the rhizosphere and bulk soil metagenomes, where 623
(15.1%) were unique to the rhizosphere samples and 320 (7.76%) were observed only in bulk
soil samples (Supplementary Fig. S3a). A PCoA plot based on Bray-Curtis dissimilarities
derived from KO counts (104,372 ORF hits) showed no significant differences between
rhizosphere and bulk soil communities (Supplementary Fig. S1, PERMANOVA F,6=1.09; P
= 0.32). Nevertheless, STAMP analysis identified 173 KOs which were significantly enriched
in one or other of the two habitats: 94 KOs were over-represented in the rhizosphere, while 79
KOs were over-represented in bulk soil metagenomes (Supplementary Table S4). Of the 173
KOs, 152 (87.86 %) were present in both habitats, 14 (8.09%) KOs were unique to the
rhizosphere and 7 (4.05%) KOs were unique to the bulk soils (Supplementary Fig. S3b).

The differentially abundant genes (KOs) of the rhizosphere (94 in total) were associated with
amino acid metabolism (e.g., OTC and metH), bacterial chemotaxis (e.g., cheD), bacterial
secretion systems (e.g., virB10), citrate acid cycle (e.g., PC), metabolism of cofactors and
vitamins (e.g., /ipB and bioA), metabolism of fructose, galactose and starch (e.g., gal/K and

manA), nitrogen metabolism (e.g., nirB and nasA), purine metabolism (e.g., purN) and the two-
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Fig. 2 Heat map of differentially abundant plant growth-beneficial functions, as revealed by
STAMP statistical analysis. Genes associated with a similar function are represented by one
colour; for example, black denotes genes associated with ABC transporters. Each row was
scaled so that the mean of each gene across samples was calculated and coloured by the
corresponding z-score of each cell. Clustering of the samples was done using the UPGMA
method with correlation distances. Individual genes associated to a specific function are shown

on the left side of the figure.
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component system (e.g., vicK) in the rhizosphere samples (Fig. 2). The analysis of the data
revealed that the genera Bradyrhizobium (105 genes), Amycolatopsis (81 genes),
Mycobacterium (72 genes) and Rubrobacter (61 genes) were the bacterial taxa carrying most
of the putative plant growth-beneficial functions in the rhizosphere of A. dealbata. Other
bacteria with known plant growth-promoting potential such as Rhizobium and Streptomyces

were also shown to be present in rhizosphere soils (Supplementary Table S5).

Composite genomes reconstructed from soil metagenomes of invasive A. dealbata

The binning of metagenomic contigs (length > 1,500bp) yielded 46 bins (Supplementary Table
S6). Bin refinement, using Anvio, resulted in five composite genomes that showed > 70%
completeness, including Bin12.2 (80.17% complete, 4.55% contamination), Bin15.1 (89.56%
complete, 0.74% contamination), Bin17.1 (83.64% complete, 1.64% contamination), Bin20.1
(85.11% complete, 3.02 contamination) and Bin21 (73.49% complete, 0% contamination)
(Supplementary Table S7). Other genome bins showed less than 50% completeness and high
contamination (Supplementary Table S7). Genome annotation identified those five composite
genomes as Koribacter (Binl2.2, 4.9 Mbp), Bradyrhizobium (Bin 15.1, 7.5 Mbp),
Geodermatophilus (Binl7.1, 3.91 Mbp), Kribella (Bin 20.1, 6.6 Mbp) and Sphaerobacter
(Bin21, 2.4 Mbp). Bradyrhizobium, Geodermatophilus, Kribbela and Sphaerobacter were
present in high abundance in the rhizosphere, as compared to Koribacter which was more
abundant in the bulk soil. The highest number of coding sequences and subsystems were
predicted in the composite genome of Bradyrhizobium, in relation to the other composite
genomes (Table 1).

The composite genomes overrepresented in the rhizosphere (i.e., Bradyrhizobium,
Geodermatophilus, Kribella and Sphaerobacter) showed potential for the metabolism of

compounds that can directly or indirectly promote plant growth (Fig. 3; Supplementary Tables
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Table 1 Characteristics of the five near-complete composite genomes obtained from Acacia

dealbata-invaded soil metagenomes.

Parameters Bin12.2 Binl15.1 B17.1 Bin20.1 Bin21
Closest taxonomic neighbour Koribacter Bradyrhizobium Geodermatophilus | Kribbela Sphaerobacter
Genome size (Mbp) 4.9 7.5 3.91 6.6 2.4
Sequence size (bp) 4,912,472 7,476,157 3,911,194 6,607,702 | 2,363,288
Shortest contig size 1501 1530 2523 2203 1662
Median sequence size 4644 7822 14308 19673 4680
Mean sequence size 5918.6 9785.5 17778.2 26751.8 5908.2
Longest contig size 30361 49996 84287 122199 26027
No. of contigs with protein-encoding | 830 764 220 247 400
genes (PEGs)

No. of subsystems 299 476 345 390 229
No. of coding sequences 4417 7052 3796 6324 2442
No. of RNAs 57 47 49 33 32

GC content (%) 53.7 63.9 68.5 69.5 66.3
N50 value 5926 8817 21074 40710 4887
L50 value 274 266 62 51 154
Genome completeness (%) 80.17 89.56 83.64 85.11 73.49
Genome contamination (%) 4.55 0.74 1.64 3.02 0
Sequence coverage values (no. of reads mapped back to the composite genomes)

34R (Rhizosphere) 4 346699 48 906 0

43R (Rhizosphere) 10 3342 114 117 94458
21R (Rhizosphere) 15 21915 334833 1043984 8

51R (Rhizosphere) 17 12035 57 1569 107
Rhizosphere soil total 46 383991 335052 1046576 94573
14C (Bulk soil) 51 2989 82 638 6

23C (Bulk soil) 214753 1013 166 582 21
84C4 (Bulk soil) 43 3006 146 1081 49
43C (Bulk soil) 27 4256 5517 1334 82
Bulk soil total 214874 11264 5911 3635 158
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Fig. 3 Summary of putative PGP roles of the genomes reconstructed from A. dealbata
rhizosphere metagenomes. Results are based on RAST (Overbeek et al., 2014) and KAAS
(Moriya et al., 2007) annotations of genome bins (> 70% completeness). Black arrows illustrate
transference of phosphorus solubilizing enzymes from bacteria to the soil and the uptake of
phosphate and potassium by the bacteria. Orange arrows denote conveyance of bacterial
metabolites into the soil. Dark blue arrows depict plant depositions into the rhizosphere and re-
uptake of organic nutrients by plant roots. Red arrows illustrate secretion of various enzymes
involved in decomposition of plant deposits and uptake of organic nutrients by the bacteria.
Light green arrows elucidate assimilation of nitrogen, phosphorus and potassium into the plant

host.
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S8-S11). For example, we identified genes involved in metabolism of B-vitamins such as
thiamine (e.g., thiL and thiG genes), riboflavin (e.g., ribA gene), pyridoxine (e.g., pdxA and
pdxJ genes), biotin (e.g., bio4 and bioB genes), lipoic acid (e.g., lipA and lipB genes) and folate
(e.g., fol4 and folC genes). Genes encoding for metabolism of secondary metabolites such as
antibiotics, for example, monobactam (i.e., dapB), streptomycin (i.e., 7/bC), carbapenem (i.e.,
proA) and penicillin (i.e., penP) were also identified in the genomes.

Most of the genes associated with the cycling of nitrogen and sulphur were predicted in the
Bradyrhizobium genome, compared to the other composite genomes. For instance, genes
involved in the conversion of dinitrogen into ammonia (e.g., nif4, nifD and nifH), dissimilatory
nitrogen reduction (e.g., napB and nirD), assimilatory nitrogen reduction (e.g., nird) and
denitrification (e.g., napA and nirK). The capacity for assimilatory sulfate reduction (e.g., cysN
and cysH genes) and the sox system (e.g., sox4 and soxB genes) were also found in the
Bradyrhizobium genome. All four composite genomes revealed the potential for carbon cycling
processes. For example, genes encoding the enzymes responsible for the metabolism of starch

(e.g., AMY), mannose (manA), fructose (fucA) and galactose (galK) were predicted.

DISCUSSION

We investigated the microbial functional diversity within the rhizosphere of a widespread
invasive Australian tree species, 4. dealbata, in South Africa. Numerous studies have
illustrated how invasive plants can change soil microbial community diversity and structure
(e.g. [3, 7]). Such changes often result in positive feedbacks between invasive plants and altered
soil microbial communities (e.g., [42]), but the precise functional changes underlying these
phenomena remains unexplored. Here we report that invasive plants do indeed change soil
microbial functionality, assessed using shotgun metagenomics. Specifically, we found different

microbial functional traits, known to promote plant growth, to be overrepresented in the
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rhizospheres of 4. dealbata compared to uninvaded soils. Moreover, Bradyrhizobium species,
the preferred rhizobial mutualists of Australian acacias [17, 18], harboured most of these traits.
We were also able to assemble a composite genome of Bradyrhizobium and several other
genomes.

Previous studies have shown that the “rhizosphere effect”; that is, where the rhizosphere is
enriched for microbial communities that differ (both taxonomically and functionally) from
those of the surrounding soil, seems to be primarily host plant-driven. For example, the
rhizosphere effect in barley [6] and soybean [3] appears to be stronger than those of
Arabidopsis thaliana and A. thaliana relatives [43, 44], at least on the basis of bacterial
community composition. The stronger rhizosphere effect may be related to a stronger
investment of some plant species in the promotion of a beneficial microbiome, potentially
through differential patterns in root exudation. Our results are in agreement with these studies,
where only a limited number of bacterial species and functions were overrepresented in the
rhizosphere of A. dealbata compared to the bulk soil metagenomes.

It is particularly notable that genes associated with PGP traits, such as bacterial chemotaxis,
bacterial secretion system, two-component system, and metabolism of cofactors, vitamins,
carbohydrates and nitrogen, were overrepresented in the rhizospheric metagenomes (Figure 2).
Many of these genes have been previously associated to key traits in bacteria colonizing
rhizosphere soils of model plants such as Arabidopsis thaliana [45-47], agricultural crops [3,
4] and forage plants [48].

Studies on crops such as wheat, cucumber and soybean revealed the potential of particular
plants in selecting for a relatively low number of rhizospheric microorganisms, which were
postulated to harbour important growth-promoting activities [3, 4]. Our results indicate that
these findings may also hold up for invasive plants. In mapping PGP traits to rhizosphere-

associated taxa, we found most of the genes overrepresented in the rhizosphere to be associated
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with Bradyrhizobium, Amycolatoptis and Mycobacterium species (Supplementary Table S5).
Bradyrhizobium is a nitrogen fixer, commonly found in association with acacias [49-51], which
is likely enhancing the competitive ability of these trees in invaded habitats. Un-invaded natural
ecosystems often have depleted nitrogen levels, hence bacteria that fix nitrogen may improve
the competitive ability of these trees when growing in areas with poor nitrogen nutrition [52],
thereby promoting their invasiveness [50, 53]. It is therefore expected for such beneficial
microbes to be enriched by their invasive host plants, as has been shown for 4. dealbata [14].
Recent work illustrated that several invasive acacias homogenize rhizobial bacterial
communities, even across wide geographic ranges [42]. Acacias and their Bradyrhizobial
associates have been co-introduced in numerous regions around the globe, including South
Africa (S Warrington, personal communication). Therefore, Bradyrhizobial enrichment by
invasive A. dealbata in South Africa may represent multiple and co-invading organisms,
possibly with strong positive feedbacks [42].

We also found several members of the genus Amycolatopsis, known to prolifically degrade
lignin and low molecular weight aromatics compounds [54, 55], to be dominant in the
rhizosphere of invasive A. dealbata trees. This may reflect the large levels of detritus
accumulated by this plant [56]. Also, Amycolatopsis species have previously been reported to
contribute to plant health by antibiotic production [57]. The genus Mycobacterium, which
contains important human pathogens [58], was also prevalent in rhizosphere soils. This is not
surprising, as most of the species of the genus are ubiquitous saprophytes in many
environments [59]. Some bacterial species of the genera Burkholderia, Enterobacter,
Herbaspirillum, Ochrobactrum, Pseudomonas, Ralstonia, Serratia, Staphylococcus,
Stenotrophomonas and Xylella can enter bivalent interactions with plant and human hosts [60,
61]. This seems to indicate that the molecular basis for bacterial pathogenicity is both

conserved and independent of host phylogeny. Mycobacterium belongs to the order
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Actinomycetales, which includes many species that produce different types of antibiotics [62].
Antibiotic production may help these bacteria to colonize and proliferate on plant surfaces by
outcompeting other microbes, including plant soil-borne pathogens [63], thereby protecting the
host plant from soil borne diseases [64]. Members of the genera Rhizobium and Streptomyces,
with well-known beneficial effects on plant growth [65, 66], were also linked to genes
associated with PGP traits in the rhizosphere metagenomes. Overall, our results suggest that in
addition to Bradyrhizobium, which may be the primary driver of PGP processes in invaded
soils, A. dealbata associate with several other taxa of beneficial bacteria.

Because most of the genes linked to key PGP traits could be assigned to the genus
Bradyrhizobium, we reconstructed the Bradyrhizobium genome from the rhizosphere
metagenomes. Using this strategy, we confirmed that most of the genes associated with PGP
traits, such as metabolism of nitrogen, carbohydrates, sulphur, antibiotics and vitamins, as well
as various two-component systems, bacterial secretion systems and bacterial chemotaxis, were
indeed found in the Bradyrhizobium genome. Some of these traits may have relevance in
invasion ecology, for example, the ability to modify the nitrogen cycle. The ability to control
nitrification rates seems to influence species coexistence and dominance [67]. This was shown
for the invasive grass Andropogon gayanus in Australian woodlands, which prefers ammonium
over nitrate as a nitrogen source, thereby inhibiting nitrification but stimulating ammonification
[68]. Other studies have reported that invasive plants, such as Fallopia spp., could modify
denitrification and nitrification processes [69]. Modification of these processes in invaded soils
could lead to reduced nitrogen loss from the ecosystem through nitrate leaching or
volatilization of nitrous oxides and dinitrogen, promoting the productivity of the invader.

The potential for production of soluble vitamins and antibiotics detected in the rhizosphere
metagenomes and genomes of Bradyrhizobium, Sphaerobacter, Geodermatophilus and

Kribbela may also be important in the context of plant invasions [62, 70]. Soluble vitamins
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show the potential to protect plants against phytopathogens [71, 72], to antagonize the effects
of antioxidants (e.g., singlet oxygen species) [73, 74] and to act as cofactors in metabolic
reactions [75, 76]. Recently, pyridoxine (vitamin B6) was shown to influence nitrogen balance
in plants [77], an effect which can directly impact on the rate of plant development and overall
plant fitness. The secretion of antibiotics may promote the competitive ability of bacteria by
suppressing competitive microbes [78].

Although our results suggest that 4. dealbata plants enrich the rhizosphere with beneficial
bacterial taxa for A. dealbata, it can still be argued that the presence of genes in a genome does
not necessarily mean that these genes are being expressed. Nevertheless, Ofek-Lalzar et al. [4]
combined both metagenomics (functional potential) and metatranscriptomics (functional
expression) to show that a large proportion of genes involved in PGP activities were indeed
expressed. Thus, we can postulate that at least some of the important genes detected in the
rhizosphere metagenomes may be expressed in soil environments invaded by A. dealbata.

However, a more in-depth investigation is needed to validate this hypothesis.

In conclusion, using shotgun metagenomics, this study has demonstrated that several bacterial
traits such as those related to motility towards the plant host, antibiotics production, nutrient
cycling and membrane transport systems, among others, are overrepresented in the rhizosphere
microbiome of A. dealbata. We also show that, although this leguminous tree seems to
associate with different bacterial taxa, Bradyrhizobium strains, possibly co-introduced with A.
dealbata, harbour most of these genes and therefore probably play an integral role in promoting
A. dealbata growth and productivity. We argue that using samples from a variety of soils, as
opposed to samples from similar soils, improves progress towards the identification of taxa
with a greater likelihood of influencing the host phenotype, and therefore with the potential to

promote the invasiveness of 4. dealbata.
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