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Abstract

Mutualisms can be disrupted when non-native plants are introduced into novel environments, potentially
impacting their establishment success. Introduced species can reassemble mutualisms by forming novel
associations with resident biota or by maintaining familiar associations when they are co-introduced with
their mutualists. Invasive Australian Acacia species in South Africa have formed nitrogen-fixing rhizobium
mutualisms using both pathways.

Here we examined the contributions of novel vs familiar rhizobial associations to the performance of
Acacia saligna across different soils within South Africa’s Core Cape Subregion (CCR), and the concomitant
impacts of exotic rhizobia on the endemic legume, Psoralea pinnata. We grew each legume with and
without Australian Bradyrhizobium strains across various CCR soil types in a glasshouse. We identified
root nodule rhizobium communities associating with seedlings grown in each treatment combination
using next-generation sequencing (NGS) techniques.

Odur results show that different CCR soils affected growth performances of seedlings for both species
while the addition of Australian bradyrhizobia affected growth performances of A. saligna, but not P
pinnata. NGS data revealed that each legume associated mostly with their familiar rhizobial partners,
regardless of soil conditions or inoculum treatment. Acacia saligna predominantly associated with
Australian bradyrhizobia, even when grown in soils without inoculum, while P pinnata largely associated
with native South African Mesorhizobium strains.

Odur study suggests that exotic Australian bradyrhizobia are already present and widespread in pris-
tine CCR soils, and that mutualist limitation is not an impediment to further acacia invasion in the re-
gion. The ability of P pinnata to sanction Australian Bradyrhizobium strains suggests that this species may
be a good candidate for restoration efforts following the removal of acacias in CCR habitats.

Copyright Staci Warrington et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Novel abiotic and biotic conditions can act as strong barriers to the successful
establishment of introduced non-native species (Blackburn et al. 2011). Many plants
rely on mutualisms to complete their life cycles, but these are often disrupted when
they are introduced into new environments (Richardson et al. 2000; Parker 2001).
The re-establishment/replacement of effective mutualisms in the new range depends
on the availability and diversity of resident mutualists as well as the level of interaction
specificity of both the introduced plant and resident native mutualists (Parker 2001; Le
Roux et al. 2017a). When non-native plants have generalist requirements, they could
easily form novel and effective associations with (usually generalist) resident mutualists.
For example, in the Galdpagos Islands, generalist invasive plants have successfully
infiltrated native seed dispersal networks by attracting generalist native bird and reptile
seed feeders (Heleno et al. 2013). Conversely, specialist non-native plants may only
persist if their historical (i.e. native-range; or highly similar) associations are maintained
(Rodriguez-Echeverria et al. 2011). This can happen when they are co-introduced with
their native-range mutualists (i.e., so-called familiar associations; Le Roux et al. 2017a)
or when they encounter resident mutualists that are phylogenetically closely-related
to their native-range mutualists. For example, introductions of many pine trees in
the family Pinaceae initially failed in Southern Hemisphere countries due to a lack of
compatible ectomycorrhizal fungi (EMF) (Policelli et al. 2019). Upon introduction of
pine-specific EMF, however, the trees established successfully and in many instances
became widespread invaders (Richardson et al. 1994). In fact, recent work suggests
that pines that are more invasive are also more reliant on EMF mutualists than less
invasive pines (Moyano et al. 2020, 2021), thus highlighting the need for mutualism
reassembly for invasion success.

The legume family (Fabaceae) comprises approximately 19,500 species, many of
which form mutualistic associations with nitrogen-fixing soil bacteria, called rhizobia.
Rhizobia form nodules on their hosts within which they fix atmospheric nitrogen,
converting it into forms that their legume hosts can utilise in return for carbon-rich
photosynthates. Legumes are also over-represented in alien floras, with approximately
1,189 naturalised species globally (9% of the 13,168 world’s naturalised alien plants;
Van Kleunen et al. 2015; Pysek et al. 2017). Range expansion by non-native legumes
is constrained by the availability of effective rhizobial symbionts (Simonsen et al. 2017;
Lopez et al. 2020), with generalist legumes being more likely to become widespread
than those with specialist requirements (Klock et al. 2015; Harrison et al. 2018;
Wandrag et al. 2020). Highly invasive legumes, therefore, often form associations
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with different rhizobia in their native compared to non-native ranges (e.g., Australian
Acacia spp., Cytisus spp., Leucaena spp. and Robinia spp. in Brazil — de Faria and de
Lima 1998; Acacia pycnantha in South Africa — Ndlovu et al. 2013; Trifolium spp.
in New Zealand — Shelby et al. 2016). Conversely, specialist legumes usually fail to
colonise new areas when they are not co-introduced with their co-evolved rhizobia
(Parker 2001; Gehlot et al. 2013). The genus Mimosa provides a useful example. In
India, non-native Mimosa pudica could not effectively associate with rhizobial strains
associated with native Indian Mimosa species and only successfully established invasive
populations following the introduction of its familiar rhizobial mutualist from South
America (Gehlot et al. 2013; Melkonian et al. 2014).

Legume-rhizobium co-introductions appear to be commonplace. For instance,
Australian acacias and their rhizobia have been co-introduced into South Africa
(Ndlovu et al. 2013; Le Roux et al. 2016; Warrington et al. 2019), New Zealand (Weir
etal. 2004; Warrington et al. 2019), Portugal (Rodriguez-Echeverria 2010; Criséstomo
et al. 2013), and into their non-native ranges in Australia (Birnbaum et al. 2016). In
South Africa, Keet et al. (2017) found a high level of host selection for Australian
bradyrhizobia by acacias, with widespread and localised Acacia species predominantly
associating with one or two co-introduced Australian Bradyrhizobium strains. Acacias
in South Africa are also known to form novel associations with the resident Core Cape
Subregion (CCR) rhizobia (e.g., Ndlovu et al. 2013). Together, this suggests that acacias
are promiscuous host plants capable of forming both familiar (i.e., with co-introduced
rhizobia) and novel (i.e., with resident native rhizobia) associations in their new ranges.

South Africas CCR is renowned for its exceptional plant diversity, attributed, in
part, to a complex mosaic of soil conditions (Linder 2003, 2005; Cowling et al. 2009;
Manning and Goldblatt 2012). The region is home to an estimated 764 native legumes,
of which 83% are endemic (Manning and Goldblatt 2012), and is also recognised as a
hub for exceptionally high endemic rhizobial diversity, with all major rhizobial genera
found in the region (Kock 2004; Elliott et al. 2007; Gerding et al. 2012; Hassen et al.
2012; Kanu and Dakora 2012; Beukes et al. 2013; Lemaire et al. 2015, du Preez 2019).
Heterogenous soil conditions in the CCR are also perceived as important in determining
legume community diversity and composition (Dludlu et al. 2018b), and, in turn, that
of native rhizobial communities through host-plant selection and soil abiotic conditions
(Lemaire et al. 2015; Keet et al. 2017; Dludlu et al. 2018a). Bradyrhizobium strains
are not common associates of native CCR legumes (Lemaire et al. 2015). However,
bradyrhizobia tend to have cosmopolitan distributions within soils (e.g., Le Roux et al.
2021) due to their low sensitivity to fluctuations in soil characteristics, such as pH, which,
in turn, may benefit Bradyrhizobium specialists like introduced Australian acacias (Lange
1961; Lafay and Burdon 2001; Birnbaum et al. 2016; Le Roux et al. 2016; Keet et al.
2017; Kamutando et al. 2019). This low edaphic sensitivity, together with the presence
of a compatible host, may therefore facilitate both the survival of exotic Bradyrhizobium
strains and, subsequently, the successful colonisation by introduced acacias. Indeed,
acacia invasions often result in localised enrichment of Bradyrhizobium strains in the

CCR (Slabbert et al. 2014; Keet et al. 2017; Le Roux et al. 2018) which can lead to
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homogenisation of rhizobial communities and lower native rhizobial diversity (Le Roux
et al. 2018; Kamutando et al. 2019). This may facilitate the successful colonisation
of other Acacia species as acacias often utilise the same bradyrhizobia interchangeably
(Keet et al. 2017; Warrington et al. 2019) while negatively impacting native legumes,
particularly when they are not compatible with Bradyrhizobium (e.g., Rodriguez-
Echeverria et al. 2012). Decreased native rhizobial diversity and a concomitant increase
in bradyrhizobia may also hamper the ability of some native legumes to sanction
ineffective strains (Denison 2000; Westhoek et al. 2021).

Despite the wealth of information on acacias and their rhizobia in the CCR, it
remains unclear how the presence of Australian rhizobia affects the growth performance
of invasive acacias and co-occurring native CCR legumes. Here, we aimed to address
this knowledge gap. A glasshouse experiment was set up to compare the performance of
invasive Acacia saligna and native Psoralea pinnata grown in different uninvaded CCR soil
types, with or without the presence of Australian Bradyrhizobium strains. Next generation
sequencing (NGS) approaches were used to characterise the root nodule communities
of both legumes under these different growth conditions. We hypothesised that the
performance of A. saligna would be enhanced when forming familiar associations under
treatments that received Australian bradyrhizobia inoculum while the performance of
P, pinnata would be negatively impacted by the presence of exotic mutualists.

Methods

Study system

Acacia saligna (Labill.) Wendl., commonly known as Port Jackson willow, is native to
south-western Australia and is invasive in many of the world’s Mediterranean regions.
Of the 15 invasive Australian acacias present in South Africa, A. saligna has the fifth
largest distribution (Richardson et al. 2015). The species forms dense thickets with
many devastating impacts on above- and belowground biodiversity and edaphic char-
acteristics (Le Maitre et al. 2011). Acacia saligna is promiscuous and associates with a
wide range of rhizobia, but, like most Australian acacias, is commonly nodulated by
Bradyrhizobium strains (Marsudi et al. 1999; Lafay and Burdon 2001; Keet et al. 2017;
Stgpkowski et al. 2018).

Psoralea pinnata L., commonly known as fountain bush, is native to the south-
western CCR and is found in a variety of fynbos vegetation types, particularly on acid-
ic, nutrient-poor, sandstone-derived soils, or on richer shale soils (Bello et al. 2017).
The species is predominantly nodulated by Mesorhizobium strains (Kanu and Dakora
2012; Lemaire et al. 2015), however, associations with Paraburkholderia (previously
Burkholderia) and Rhizobium strains have also been documented (Kanu and Dakora
2012). Interestingly, P pinnata has been introduced to western and eastern Australia
where it has become naturalised, and has been identified as a potential invader, includ-
ing in habitats where A. saligna naturally occurs (Stirton et al. 2015). No information
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is currently available on the identity of rhizobia nodulating P pinnata in Australia. In
the CCR, it is frequently found growing in sympatry with Australian acacias (Staci
Warrington, personal observation). Differences in the rhizobial associations of these
two legumes, together with their sympatric distributions in Australia and South Africa,
make them interesting systems to study the impact of familiar and novel mutualist as-
sociations on the performance of native and invasive species.

Soil collection

We collected soils from four pristine CCR areas to capture a range of abiotic condi-
tions. As a fifth soil type, we also sampled soils directly beneath P pinnata plants to
capture the potential abiotic and biotic conditions induced by this species. These soils
were collected during October 2018 across the Stellenbosch Winelands and Overberg
districts of the CCR (see Suppl. material 1: Fig. S1 for site map and Suppl. material 1:
Table S1 for site details).

The four non-Psoralea-conditioned soil types were collected at sites where neither
P pinnata nor A. saligna were present (other native legume species were observed at
these sites). These sites were in the Grootbos Private Nature Reserve (sandy soils),
Kogelberg Nature Reserve (sandy/loamy soils), Rustenberg Winery (clay soils), and
Vergelegen Wine Farm (loamy soils). Within each site, soils were collected from four
sampling points that were approximately 5m apart. The topsoil (the top 5cm of soil)
was scooped aside and 25L of soil excavated at each sampling point. These were then
mixed for each site and stored within a sterile storage container (i.e., 100L of soil in a
single container per site). All soil sampling equipment was rinsed and sterilised with
70% ethanol between collections.

‘Psoralea-conditioned soils’ were collected directly beneath five different 2 pinnata
individuals spread across three different sites: Prawn Lake in Hermanus, Kogelberg
Nature Reserve, and Vergelegen Wine Farm (Suppl. material 1: Fig S1, Table S1).
Individual plants within each site were a minimum of 50 m apart, were over 1.5 m
tall, and were part of a well-established population. The excavation procedure was the
same as for the other four soil types. Twenty litres of soil were collected from within a
1m radius of each of the five shrubs, bulked and mixed thoroughly to make up 100L
of soil per site in total.

All soils were separately sieved through a 4 mm mesh to remove any plant debris and
rocks. All equipment were sterilised with 70% ethanol between sieving of individual
soils. Soils were then returned to storage containers and stored at room temperature for
a period of three months before commencing the glasshouse experiment.

Glasshouse experimental setup

We placed a layer of standard unsterilised store-bought drainage chips, followed by
two litres of site-specific soil, into plastic gardening pots (18 cm diameter x 15.5 cm
height), which were each placed onto a water-collecting saucer. This was done for a
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total of 40 pots per soil type (five soil types; total n = 200). We chose to use whole soils
(instead of soil inocula) to maintain all soil abiotic conditions that may favour native
rhizobia (i.e., to which they are adapted), and to simulate the novel conditions under
which co-introduced rhizobia would need to operate. All equipment used during this
process was sterilised with 70% ethanol between potting of the different soil types. All
pots were then watered with tap water until soils were saturated.

Seeds of A. saligna, collected from invasive CCR populations, were obtained from
the Agricultural Research Council’s Plant Protection Research Institute (ARC-PPRI) in
Stellenbosch. Psoralea pinnata seeds, collected from populations across the Cape Penin-
sula in the CCR, were supplied by Silverhill Seeds in Kenilworth, Cape Town. Prior to
planting, all seeds were surface-sterilised (Birnbaum et al. 2012), and scarified (2 pin-
nata — Siva et al. 2014; A. saligna — Rincén-Rosales et al. 2003). We planted four seeds
of each species into 20 individual pots/soil type. Five weeks later we randomly removed
all but one seedling if multiple seeds had germinated in each pot. In a few pots, no seeds
germinated. To make up for these losses, extra seedlings removed from pots with high
germination rates were transplanted into these pots, within the same species x site x
inoculum treatment combinations (see Suppl. material 1: Table S2 for further details).

To ensure that rhizobial communities were still present in soils post-storage, we
collected fresh soil from each site and added these to the pots as a soil inoculum (van
de Voorde et al. 2012). Soil collections and sieving in the field were done as described
above, except that only 60L of each soil type was collected. We added 0.2L of this
fresh soil to the relevant pots (i.e., each pot containing a specific soil type received soil
inoculum of the same soil type) for both species. This was done six weeks post-sowing
once all seeds had germinated (Klock et al. 2015; Le Roux et al. 2018) and to ensure
seedlings were tall enough to avoid being smothered by the added soil. We sterilised all
equipment with 70% ethanol between additions of different soil inocula.

Australian Bradyrhizobium inoculum preparation

An Australian inoculum cocktail, consisting of five Bradyrhizobium strains that we
previously isolated from Acacia dealbata, A. decurrens, and A. melanoxylon in Australia
(Warrington et al. 2019; see Suppl. material 1: Table S3 for more details), was applied
to the seedlings. These isolates are from the so-called Clade I Bradyrhizobium (sensu
Stgpkowski et al. 2018), an endemic lineage (Mishler et al. 2014) that houses the
primary mutualists of many Australian Acacia species (Stgpkowski et al. 2018; Le
Roux et al. 2021). Therefore, although the strains we used were not isolated from
A. saligna, they likely represent bacteria that are highly compatible with this legume.
Indeed, many Australian acacias appear to share the same Clade 1 Bradyrhizobium
strains interchangeably and with similar efficacy (Wandrag et al. 2013; Keet et al.
2017; Warrington et al. 2019). We grew these strains in separate Yeast Mannitol
liquid broths in a shaking incubator (155 rpm) at 28 °C for a period of 5 days. We
mixed 15mL of each strain, creating a rhizobial cocktail (75 mL) which was diluted in
1,425mL dH,O to make up 1.5L of inoculum. Using a pipette, we added SmL of this
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inoculum to 10 of the 20 pots per species per soil type (n = 10 for each species x soil
type x inoculum addition treatment combination). The remaining 10 pots for each
soil type received SmL sterile Yeast Mannitol broth that had been diluted in the same
manner as the inoculum. Australian inoculum was first added seven weeks post-sowing
as this allowed sufficient time (six weeks) for all seedlings to germinate (Klock et al.
2015; Le Roux et al. 2018) and one week for the bacterial communities added through
the soil inoculum to establish. Inoculum addition was repeated four weeks later.

Glasshouse experiment protocols and measurements

All pots were randomly placed in a glasshouse exposed to ambient light and temperature
conditions, and we randomised all pots weekly to minimise microclimate effects on
seedling growth. Prior to soil inoculum addition, all pots were watered ad libitum
two to three times a week with tap water. After adding the soil inoculum, a stringent
watering system was put in place whereby we individually watered each pot every two
days to minimise cross-contamination. All pots received the same amount of water.
Randomisation took place prior to watering when saucers were dry to further minimise
cross-contamination through spillage.

Plants were grown for a total of 17 weeks. Prior to harvesting plant material, we
measured seedling height (defined as the length between the point where the stem exits
the soil surface and the furthest apical meristem along the main stem). During seedling
harvest we made every effort to minimise nodule loss and damage to seedling root
systems. Each pot was gently tapped to loosen the soils from the sides of the pot. The
seedling and the soil were then easily removed from the pot and placed onto a clean
surface. Here, soils surrounding the root system were loosened further until they could
gently be shaken from the roots. Any roots that had broken off during this process
were collected. These roots, and those still attached to the plant, were rinsed in water
to remove any remaining soil and tapped dry with tissue paper. Root nodules for each
seedling were counted, removed, and placed into tubes containing silica gel for desic-
cation. Finally, we divided seedling biomass into root and shoot fractions and placed
these into separate brown paper bags, followed by drying in an oven at 55 °C for one
week. Dried shoot and root (excluding nodules) material, and desiccated root nodules
were weighed separately. Altogether, the growth performance measurements included
seedling height, seedling shoot dry biomass, seedling root dry biomass, seedling total
dry biomass, and root:shoot ratios.

As a proxy for biological nitrogen fixation (BNF), we analysed 0"°N isotopic
signatures (Lotter et al. 2014). Dried phyllode (A. saligna) and leaf (P pinnata) material
were removed after weighing of shoot material. This material was processed and sent
to iThemba Labs (Pretoria, South Africa) for isotopic analysis (see Suppl. material
1: ESMI1 for details). Generally, 0”N values are expressed as parts per thousand
deviation from the "N composition of atmospheric nitrogen (defined as 0%o; Mariotti
1983). The lighter isotope (*N) is preferentially incorporated by nitrogenase during
N-fixation. Consequently, 0"°’N minima (i.e., extreme negative values) are reached
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when plant-incorporated N is derived solely via BNF (i.e., atmospheric N), and values
increase with increasing contribution of soil-derived N (Unkovich 2013). 6N values
close to zero or negative are indicative of BNF while positive values suggest that NH,
was predominantly assimilated from soil nutrient pools. These 0N measurements,
together with the nodule count and nodule total dry biomass measurements, were used
as proxies to estimate differences in nitrogen assimilation through BNF within specific
soils in the presence and absence of Australian bradyrhizobia.

Statistical analyses of growth performance and BNF measurements

All statistical analyses were conducted in the R statistical environment (v3.4.4; R Core
Team 2021) and separately for each legume species.

To investigate the effect of Australian inoculum and soil type on the overall growth
performance (i.e., seedling height, seedling shoot dry biomass, seedling root dry biomass,
seedling total dry biomass, root:shoot ratios), and BNF (i.e., number of nodules, nodule
total dry biomass, 6"°N) of the seedlings, we ran models using Australian inoculum
(addition or no addition), soil type (Grootbos, Kogelberg, Rustenberg, Vergelegen, and
Psoralea-conditioned), and their interaction as main effects. Factorial ANOVAs followed
by Tukey HSD post-hoc tests were used for most of the performance and proxies of
BNF measurements for both species, except for seedling total dry biomass for A. saligna
seedlings, root:shoot ratio and nodule number for P pinnata seedlings, and seedling
root dry biomass for both species. Generalised linear models with a Gamma family
data distribution (link = inverse) were used for seedling root dry biomass, seedling total
dry biomass and root:shoot, and a generalised linear model with a negative binomial
distribution for nodule number (See Suppl. material 1: Table S4 for details). The
negative binomial data distribution family was chosen for nodule number to account
for over-dispersion of data (Rodriguez 2013). We determined the overall effect size of
Australian inoculum addition and soil type, and their significance, for all performance
measures using the Anova function (type II sum of squares) in the car R package (Fox
and Weisberg 2018). Finally, pairwise contrasts between levels of the main effects were
determined using the emmeans function in the emmeans R package (Lenth et al. 2018).

To determine the relative contribution of the number of nodules to seedling growth
performance and BNF under the two inoculum treatments; that is, the average gain
in performance with increased nodulation (i.e., rhizobial efficacy), we regressed each
growth and BNF measurement against nodule number (continuous predictor) and
Australian inoculum addition treatment (categorical predictor) using generalised linear
models (See Suppl. material 1: Table S4 for details on the data distribution families
used for each measurement). Data from all soil types were combined for these analyses.
We determined overall effect sizes and the significance of each main effect using the
Anova function (type II sum of squares) for each performance and BNF measurement
for each species, except for A. saligna seedling shoot dry biomass, seedling root dry bio-
mass, seedling total dry biomass, root:shoot and nodule total dry biomass, for which
type III sum of squares ANOVAs were used due to the significant interaction term.
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DNA extraction and next-generation sequencing (NGS) of root nodule and
inoculum rhizobia

To determine the identity and abundance of rhizobial strains within root nodules
of A. saligna and P pinnata, we pooled between 3-5 nodules from each seedling
within a particular species x soil x inoculum treatment combination for each of the
20 combinations (i.e., 20 samples in total, each comprising 30-50 nodules). For
DNA extraction, desiccated nodules were tissuelysed into a fine powder to create a
homogenous mixture of nodule material. We extracted DNA from these mixtures using
the DNeasy Plant Mini Extraction Kit (Qiagen, supplied by White Head Scientific,
Cape Town, South Africa) according to manufacturer specifications.

To extract DNA of the Australian Bradyrhizobium isolates used in the inoculum, we
grew all five strains from glycerol stocks in separate Yeast Mannitol broths in a shaking
incubator (155 rpm) at 28°C until there was sufficient bacterial growth (indicated by a
milky, turbid colour change). We extracted DNA from these cultures using the Sigma
Gen-Elute Bacterial Genomic DNA kit (Sigma-Aldrich Co. LLC, USA), according to
manufacturer specifications. Isolated DNA concentrations and quality were checked us-
ing a NanoDrop ND-1,000 UV-Vis Spectrophotometer (Nanodrop Technologies, Wilm-
ington, DE, USA). These samples were used as ‘reference’ strains in subsequent analyses.

We amplified the nodulation C (704C) gene for NGS, using the primers nod-
CFI12F (5’-CCG GAT AGG MTG GKB CCR TA-3’) and nodCRI2R (5°-GTG CAC
AAS GCR TAD RCC TTC AH-3’), with sample-specific barcodes in the forward
primer. This gene has been successfully utilised for taxonomic identification of rhizobia
in both the alpha- and beta-Proteobacteria (Le Roux et al. 2017b). Amplification and
sequencing were performed at the Molecular Research LP next-generation sequencing
service (www.mrdnalab.com, Shallowater, TX, USA) on an Illumina MiSeq instru-
ment following manufacturer protocols. PCR conditions and sequencing protocols
can be found in Suppl. material 1: ESM2.

NGS bioinformatics

NodC sequences were joined, and sequences < 150bp in length or with ambiguous base
calls were removed. Sequences were quality filtered using a maximum expected error
threshold of 1.0 and dereplicated. The dereplicated or unique sequences were denoised;
unique sequences identified with sequencing or PCR point errors were removed; and
chimeras removed, yielding zero-radius Operational Taxonomic Units (zOTUs).

Since no reference database exists for 70dC sequences, each zOTU was blasted
against the NCBI's GenBank database (http://blast.ncbi.nlm.nih.gov/Blast) to
determine its potential taxonomic identity. All non-nitrogen-fixing bacteria were
removed from the dataset so that only rhizobia were considered in subsequent analyses.
We clustered the remaining zOTUs at 97% DNA sequence similarity via the nearest-
neighbour algorithm, based on pairwise sequence similarity distances calculated with
the Needleman-Wunsch algorithm in mothur v1.44.1 (Schloss et al. 2009).
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We found many low-abundance OTUs (<100 sequence reads/sample). Therefore,
the relative abundance of each OTU within individual samples (i.e., each species x soil
x inoculum treatment combination) was calculated and all rare OTUs, that is, those
making up less than 5% of the cumulative abundance per sample for all samples, were
removed from the dataset. This resulted in a final dataset comprising ten OTUs that
occurred at a relative abundance of > 5% in at least one sequenced sample.

Phylogenetic analysis

Blast results indicated that most of our ten OTUs belonged to the genus Bradyrhizobium.
In order to determine the possible geographic origin of the these strains, we obtained
additional 704C sequence data previously generated using the same approaches outlined
above (i.e., the same primers and NGS platform) of Bradyrhizobium strains isolated
from the root nodules of invasive acacias (Keet et al. 2017) and acacia-invaded soils in
South Africa (Le Roux et al. 2018), as well as from root nodules of the Acacia species
(from which some of our inoculum strains were isolated) in Australia (A. decurrens
and A. melanoxylon; Urbina and Klock, unpublished). We downloaded 704C sequence
data from GenBank for Bradyrhizobium strains previously isolated from native CCR
legumes (Lemaire and Muasya, unpublished). We also included one Mesorhizobium
nodC sequence as an outgroup. These additional sequence data were trimmed and
aligned with our data using Clustal W in BioEdit (Hall 1999).

The best-fit nucleotide substitution model for the aligned dataset was determined
using JModelTest (Posada 2008) and Akaike information criterion (Akaike 1973). The
HKY + G + I (Hasegawa et al. 1985) model was identified as the best fit model. We
then used MEGA X (Kumar et al. 2018; Stecher et al. 2020) to reconstruct a phylog-
eny using this model and maximum likelihood search criteria. Bootstrap values were
calculated using the majority rule consensus method to assess topological support of
the phylogeny.

OTU comparisons between treatments

To investigate the prevalence of the Australian inoculum Bradyrhizobium strains in
association with A. saligna seedlings, the relative abundances of dominant inoculum
OTUs were compared between inoculum treatments. These comparisons were only
done for SW OTU1 and SW OTUG as these were the only OTUs present within the
reference samples with a relative abundance > 5% (see Results). We combined the
relative abundance data for all soils and compared these between the two inoculum
treatments using a paired t-test and a Wilcoxon signed-rank test for SW OTU1 and
SW OTUBG, respectively.

The relative abundances of each of the ten individual OTUs were compared between
the different species x Australian inoculum addition treatment combinations for all soil
types combined. This was done to determine whether A. saligna and P pinnara differed
in their rhizobial associations and whether these associations differed in the presence of
the exotic Bradyrhizobium (i.e., inoculum addition). We performed these comparisons
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using a permutational multivariate analysis of variance (PERMANOVA) in the vegan
R package (Oksanen et al. 2013). A distance matrix for relative abundance data of all
ten OTUs was developed following the Bray-Curtis dissimilarity method using the
vegdist function and used this matrix as the response variable in the PERMANOVA
with Australian inoculum addition treatment (inoculum added or not added) and
host species (A. saligna and P pinnata), as well as their interaction, as main effects.
The PERMANOVA was run using the adonis2 function with 999 permutations. We
performed post-hoc analyses using the simper function to elucidate which OTUs
were contributing most to any dissimilarities in the nodule rhizobial community
composition. All functions form part of the vegan R package.

Results

Australian inoculum addition and soil type

As growth performance measurements were frequently significantly correlated for both
species (results not shown), we only report on seedling total dry biomass (significantly
correlated with seedling root and shoot biomasses and seedling height) and root:shoot
ratios. Similarly, only nodule number (which correlated with nodule total dry biomass)
and 0"N are reported as proxies of BNF (also see Suppl. material 1: Tables S5, S6;
Figs S3, S4). Increases in seedling total dry biomass accompanied by low root:shoot
ratios are interpreted as advantageous as this indicates that plants invested more heavily
into shoot biomass than root biomass. This is often due to a higher nutrient availability
either through increased soil nutrient availability or through effective rhizobial
associations (Friel and Friesen 2019).

There was a significant inoculation effect leading to increased nodule formation in
A. saligna seedlings (F(l) = 5.638, p = 0.0201; Suppl. material 1: Table S5). However,
this did not translate into differences between inoculation treatments within each soil
type (Fig. 1) and there was a significant interaction between inoculation and soil type
for A. saligna 0" N values (F(I) =2.507, p = 0.0488; Fig. 1; Suppl. material 1: Table S5).
Counterintuitively, this was primarily driven by an increase in 0"°N values in Psoralea-
conditioned soils for those seedlings that received Australian inoculum (Fig. 1). In
contrast to A. saligna, there was never a significant Australian inoculum addition effect
nor a significant interaction between inoculum addition and soil type for any P pinnata
growth performance and 0"’N measurements.

Soil type significantly influenced all growth performance and 6N measurements
of both species (Suppl. material 1: Table S5). Both species appeared to have significantly
higher total biomass and nodule numbers, and lower 6"°N values when grown in soils
from Rustenberg and Psoralea-conditioned soils (Fig. 1). Root:shoot ratio responses
were largely similar across all five soil types for both species, with differences in
biomass allocation only manifesting between different inoculum treatments of the
same (A. saligna in Psoralea-conditioned soils) or different (2 pinnata in Grootbos,
Rustenberg, and Vergelegen) soils (Fig. 1).



140 Staci Warrington et al. / NeoBiota 72: 129-156 (2022)

Acacia saligna Psoralea pinnata
B 100 B 100 c
A . B2 )
g ¢ e g
s C. S 75
S S
T 50 : . T 50
- b ab -
o a ab 3
2 : = 3
2 25 L @ ) 2 25
J: = J: é
o 00 & 00
Grootbos K Grootbos
c 25 D 25
2.0 20
- -
o °
215 bed 215 abc
7] [Z] . abc
b cd =
I3 . o abc .
g 1.0 . abe d _ abc |z° 1.0 a |
ab - abe ah . . . g
05 . 05 - =
0.0 0.0
Grootbos  Kogelberg Rustenberg Vergelegen Pc Grootbos K Ru geleg Pc
de e
E 250 F 250 o .
. e
8 200 8 200 e
3 b 3 . e
2 150 b bk 2 1% b I
5 1 T 5 : T
= b - b . =
g 100 b D . . Q. g 100 be
P, Ao BT & Be g T
Grootbos K Ru g gelegen Pc Grootbos K g Ve 1 Pc
G H abc
10 10
Cd_ abed ped be
Z 5 ° . - abed Z 5 be . be
o =l abc o c . .
© e abcab“‘ ? Q ﬁ © R N Q
of “rEs T 0 B T ol
5 5
Grootbos  Kogelberg Rustenberg Vergelegen Pc Grootbos K Ru 1 Pc
Soil type Soil type

Figure 1. Comparisons of seedling performances between Australian inoculum addition and soil type
treatment combinations. Seedling total dry biomass (A, B), root:shoot ratio (C, D), number of nodules
(E, F) and 6N (G, H) measurements for Acacia saligna (left) and Psoralea pinnata (right) for each
site (Grootbos, Kogelberg, Rustenberg, Vergelegen and Psoralea-conditioned (Pc) soils) by inoculum
treatment (red — Australian inoculum added; blue — no inoculum added) combination.

Rhizobia efficacy

For A. saligna, nodule number was a significant predictor of seedling total dry bio-
mass (x° ) = 43.862; p < 0.0001) and root:shoot ratios (X*, = 14.8465; p = 0.0001),
both of which increased with increasing nodulation, and 8N values ()(2(1) = 4.2034;
p = 0.0403), which decreased with increasing nodulation (Fig. 2; Suppl. material 1:
Table S6). While Australian inoculum addition on its own was not significant for
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Figure 2. Comparisons of rhizobial efficacy between inoculum addition treatments. The contribution of
nodules to seedling total dry biomass (A, B), root:shoot ratios (C, D) and 0"°N (E, F) of Acacia saligna
(left) and Psoralea pinnata (right) for all sites combined and the influence of inoculum treatment (red
— Australian inoculum added; blue — no inoculum added) on each. P-values for interaction terms (i.c.,

nodule number*inoculum) are provided.

any of the measurements, there were significant interactions between the number of
nodules and Australian inoculum addition for A. saligna seedling total dry biomass
()(2(1) = 11.692; p = 0.0006) and root:shoot ()(2(1) = 4.7948; p = 0.0285), but not for
0PN (x*, = 0.2406; p = 0.6237). Acacia saligna seedlings that did not receive in-
oculum gained more total biomass and root:shoot ratios than those seedlings that did
receive inoculum. That is, for a given number of nodules formed, these values were
higher for uninoculated seedlings than for inoculated seedlings, as indicated by the dif-
ference in slope for these two treatments (Fig. 2; Suppl. material 1: Table S6, Fig. S4).
This increase in total biomass for uninoculated A. saligna seedlings is likely driven by
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an overall higher investment in belowground rather than aboveground growth for all
soil types, as shown by the root:shoot ratios of uninoculated seedlings tending to be
higher than inoculated seedlings (Fig. 1), though these were non-significant.

For P pinnata seedlings, inoculation as a main effect, as well as the interaction
between the number of nodules formed and Australian inoculum addition, were non-
significant for both measures of seedling growth performance and the 0"N values
(Suppl. material 1: Table S6). Only nodule number as a main effect was significant for
all measurements (p < 0.0001 in all instances; Suppl. material 1: Table S6).

NGS Bioinformatics and phylogeny

After data quality-checking, the 70dC dataset generated 272 zOTUs. Removing zO-
TUs representing non-nitrogen-fixing bacteria (34.6% of zOTUs), followed by clus-
tering the remaining zOTUs at 97% DNA similarity level, and the removal of single-
ton/doubleton OTUs (leaving a total of 45 clustered OTUs) and OTUs with < 5%
relative abundance per sample (77.8% of clustered OTUs) for all samples, resulted in
943,739 sequences representing ten OTUs.

Blast results for these OTUs indicated that they belonged to the genera Bradyrhizobium
(five OTUs), Mesorhizobium (four OTUs), and Rhizobium (one OTU) (Suppl. material
1: Table S7). Of these, only two OTUs (SW OTU1 and SW OTUG) were present in
the reference samples used in the Australian inoculum with a relative abundance > 5%.
These blasted to Bradyrhizobium sp. CP1240 and Bradyrhizobium sp. CP1241, respectively,
previously isolated from Acacia species in Australia (Barrett et al. 2016). SW OTUI
and SW OTU2 were the dominant strains isolated from nodules of A. saligna and
P pinnata, respectively, with blast results identifying SW OTU?2 as being closely related
to Mesorhizobium sp. 969n9 previously isolated from South African legumes (Lemaire
& Muasya, unpublished) (Suppl. material 1: Table S7). Blast results also revealed that
A. saligna and P pinnata associated with native CCR Mesorhizobium strains (SW OTU17)
in Grootbos soils, and Australian Bradyrhizobium strains (SW OTU1) in Vergelegen soils,
respectively. These are the only instances of novel associations identified in this study (Fig. 3).

The Bradyrhizobium nodC phylogeny yielded many unsupported nodes, likely be-
cause of the short length (312 bp) of the NGS reads (Fig. 4). However, it provided high
support for two distinct clades, one including Bradyrhizobium strains previously isolated
from native CCR legumes and the other including Bradyrhizobium from this study and
strains previously isolated from acacia-invaded soils (JLR OTUs in Fig. 4; Le Roux et al.
2018) and acacia -associated root nodules in South Africa (JHK OTUs in Fig. 4; Keet et
al. 2017), and acacia root nodules in Australia (HU_MG accessions in Fig. 4; Urbina and
Klock, unpublished). Several of our OTUs (i.e., SW OTUs) clustered with these previ-
ously reported acacia OT Us with high support. Specifically, the dominant Bradyrhizobium
OTU found in this study, SW OTU1, clustered with the dominant OTUs identified by
Keetetal. (2017), Le Roux et al. (2018) and Urbina and Klock (unpublished). The second
most abundant Bradyrhizobium OTU in our study, SW OTUG6, clustered with an abun-
dant OTU identified by Keet et al. (2017) and Urbina and Klock (unpublished) (Fig. 4).
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Figure 3. Relative abundances of the dominant OTUs associating with Acacia saligna and Psoralea
pinnata seedlings. Heatmap based on the relative abundances of the ten rhizobial OTUs identified in
this paper. Darker shades represent higher relative abundances. OTUs are arranged according to country
of origin (top x-axis) based on blast results. Y-axis labels show the reference samples used as inoculum as
well as the 20 species x soil x inoculum addition treatment combinations. OTU labels and genus identity

based on blast results are given on the bottom x-axis.

Root nodule rhizobial composition comparisons

The relative abundances of the two dominant OTUs, SW OTU1 (259,830 sequence
reads) and SW OTUG (10,540 sequence reads), found in the reference samples, did
not differ in A. saligna root nodules between the two inoculum treatments (SW OTUTI:
Paired t-test, t = 1.034, p = ns; SW OTUG6: Wilcoxon signed-rank test, W = 11; p = ns).

PERMANOVA indicated that Australian inoculum addition did not significantly
change the relative composition of nodule OTU communities (F, = 0.405; p =
ns). However, the composition of nodule OTU communities differed significantly
between host plant species (F | =21.485, p < 0.001) (Suppl. material 1: Table S8).
Post-hoc analysis using the simper function showed that this significant host species

effect was largely driven by SW OTU1 and SW OTU2 which accounted for 35.35%
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and 34.01%, respectively, of the total compositional dissimilarity in nodule rhizobial
communities between the two legume species (Suppl. material 1: Table S9). Specifically,
A. saligna associated predominantly with Bradyrhizobium SW OTU1, while P pinnata
predominantly associated with Mesorhizobium SW OTU2. The remaining OTUs each
accounted for less than 10% of the dissimilarity of root nodule communities between
the two legume species (Fig. 3; Suppl. material 1: Table S9).

Discussion

Australian acacias have been co-introduced with their Bradyrhizobium strains into
several regions across the globe (Rodriguez-Echeverria 2010; Criséstomo et al.
2013; Warrington et al. 2019), and these exotic bradyrhizobia have the potential to
negatively impact native legumes by outcompeting native rhizobia or by forming
ineffective novel associations with them (Rodriguez-Echeverria et al. 2012; Le Roux et
al. 2017a). In this study, however, we reject our hypothesis that the presence of exotic
Australian bradyrhizobia negatively impacts the native CCR legume, Psoralea pinnata,
as this species is successful at sanctioning these bacteria in favour of its familiar native
Mesorhizobium strains. Whether the opposite is true for invasive Australian Acacia
saligna (i.e., increased performance due to familiar associations) cannot be wholly
resolved here as it formed familiar associations with Australian bradyrhizobia in all
soils, with only one instance of a novel association. This suggests that the limited effects
of inoculum addition on performance is likely due to the known widespread presence
of exotic Australian bradyrhizobia in acacia-invaded CCR soils (Ndlovu et al. 2013;
Keet et al. 2017; Le Roux et al. 2018; Warrington et al. 2019). Our study suggests that
these exotic bradyrhizobia are also present in pristine, uninvaded, CCR soils.

Recent evidence suggests that nodule communities are largely made up of so-called
core microbiomes, consisting of the most compatible and effective symbionts of the host
(Shade and Handelsman 2012; Rodriguez-Valdecantos et al. 2017), likely as a result
of host selection coupled with neutral processes such as ecological drift (Ramoneda
et al. 2020). Although these mechanisms were not explicitly tested here, our NGS
results and OTU comparisons suggest that Bradyrhizobium and Mesorhizobium are
the core symbionts (through host selection) of A. saligna and P pinnata, respectively
(for A. saligna also see: Marsudi et al. 1999; Lafay and Burdon 2001; Keet et al. 2017;
and for P pinnata also see: Kanu and Dakora 2012; Lemaire et al. 2015). It is likely
that the predominant association of P pinnata with Mesorhizobium, and its ability to
successfully sanction exotic Bradyrhizobium associations, resulted in the negligible effect
of Australian bradyrhizobia on its performance. Although the exact mechanisms are not
known in this case, legumes are known to minimise the impact of ineffective rhizobial
associations through partner selection (Heath and Tiffin 2009; Sachs et al. 2010) and
sanctioning (Kiers et al. 2003; Sachs and Simms 2006). Additionally, our results show
that CCR Mesorhizobium strains can co-exist with Australian bradyrhizobia. Both
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Mesorhizobium and Bradyrhizobium have adaptations to seasonally dry, acidic soils,
likely resulting in overlapping distributions (Rodriguez-Echeverria et al. 2003; Dludlu
etal. 2018a). In contrast, other native CCR legumes have been found to be unable to
limit associations with novel, and potentially less effective, Australian Bradyrhizobium
strains in invaded sites (Le Roux et al. 2016). Psoralea pinnata is often one of the few
native CCR legumes to regenerate through passive restoration in sites where Australian
acacias have been cleared (Reinecke et al. 2008), highlighting its ability to survive
in Bradyrhizobium-enriched soils. Therefore, the impact of co-invading acacias and
bradyrhizobia is likely to be negligible on this native legume, at least from a nitrogen-
fixing symbiosis perspective, making it a good candidate for active restoration.

Aside from the prevalence of familiar rhizobial associations, both A. saligna and
P pinnata formed a single novel association within Grootbos and Vergelegen soils,
respectively. When grown in Grootbos soils, A. saligna plants had nodules contain-
ing high relative abundances of Mesorhizobium SW OTU17 regardless of inoculum
treatment (Fig. 4; Suppl. material 1: Table S10), one of only two non-Bradyrhizobium
associations identified for this species in this study. In Vergelegen soils, when Austral-
ian inoculum was not added, P pinnata associated with the dominant Mesorhizobium
SW OTU2. However, associations predominantly involved the Bradyrhizobium SW
OTU1 when Australian inoculum was added. Nonetheless, both legume species had
similarly poor growth performances under both Grootbos and Vergelegen soils, even
when forming familiar associations. Therefore, while it is intuitive to attribute the
poor growth performances to these novel rhizobial associations, which appear to be
potentially bordering on parasitism (Denison and Kiers 2004; Rodriguez-Echever-
ria et al. 2012), the similarly poor seedling performances in these soils, even when
forming familiar associations, suggests that site-specific edaphic conditions may have
played a greater role.

Opverall, differences in soils, rather than inoculum addition, largely explained
differences in the growth performance and BNF proxies (i.e., 0N values and nodule
numbers) of both legume species (Fig 1). Both species generally performed poorly
in Grootbos, Kogelberg and Vergelegen soils and performed best in Rustenberg and
Psoralea-conditioned soils, regardless of inoculum addition or associations with preferred
rhizobia (Fig. 1, 3). Our rhizobial efficacy results (Fig. 2) showed that 6°N values of
both species decreased with increased nodulation, suggesting BNF is occurring, which
is also suggested by near zero 0"°N values at some sites (Fig. 1). However, importantly,
neither the nodule number—d0"N relationship, nor "N values themselves, were
significantly influenced by Australian inoculum addition, but 6N values did differ
across sites (Fig. 1). Therefore, these differences in seedling performance we observed
are likely due to differences in soil-specific abiotic properties, such as differences in
nutrient levels or water-holding capacity and/or differences in biotic conditions such
as pathogen loads (Thrall et al. 2007). While we did not test for differences in these soil
characteristics between our study sites, previous research illustrates that these are likely
to be present in our soils. Keet et al. (2021) sampled soils throughout the CCR and
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found pH, bioavailable inorganic phosphorus, total carbon, nitrate-nitrogen (NO3’),
ammonium-nitrogen (NH,") and total available nitrogen to differ significantly among
all sampled sites. Importantly, Keet et al.’s (2021) study was conducted at similar
spatial scales to ours and at sites near ours. Such strong spatial turnover in soil abiotic
conditions is characteristic of CCR habitats (Linder 2003, 2005) and likely impacts
both soil microbial (e.g., Keet et al. 2019) and plant (see Ellis et al. 2014) communities.
The overall effects of soil type on plant performance that we observed here, therefore,
likely reflect major differences in soil abiotic conditions and their knock-on effects on
soil microbial communities, between sites. Also, while we did not quantify differences
in nitrogen isotopic fractionation between soils, such differences may explain the
differences in 0"°N values we observed for both legume species between sites.

While we cannot completely exclude the possibility that cross-contamination ex-
plains the dominance of the same Bradyrhizobium strains in A. saligna root nodules of
seedlings grown in inoculated and uninoculated soils, several considerations suggest
that this is an unlikely explanation. Firstly, there was a significant overall inoculation
effect for A. saligna seedlings for many performance measurements. This was never the
case for P pinnata seedlings. Secondly, stringent protocols to minimise cross-contam-
ination were put in place during soil collection and processing, inoculation applica-
tions and the glasshouse experiment (watering, etc.). Furthermore, Keet et al. (2017)
sequenced root nodule communities from 19 different Australian Acacia species (in-
cluding A. saligna) sampled across a wide geographic range (up to 900 km apart) in
South Africa. They used the same DNA barcode as we did and found that all acacias
shared a few, but highly abundant, Bradyrhizobium OTUs. The most dominant OTU
identified by them, JHK OTU1, comprising 49% of their 98,000 sequence reads, is
also the most dominant Bradyrhizobium strain in this study, SW OTU1 (Fig. 4). More
recently, Le Roux et al. (2018) characterised rhizobial communities in acacia-invaded
(by six different species, including A. saligna) and uninvaded CCR soils. They found
that dense acacia stands homogenised rhizobial community structure and enriched
soils for Bradyrhizobium strains. The most dominant Bradyrhizobium OTU identi-
fied by Le Roux et al. (2018) from acacia-invaded soils was JLR OTU1, comprising
almost 10% of the 99,600 sequence reads they obtained, which corresponds to strains
previously isolated from acacias in Australia (UH_MG accessions; Urbina and Klock,
unpublished) and Keet et al.’s (2017) JHK OTU1, and thus our SW OTU1 (Fig. 4).
Additionally, both our Rustenberg Winery and Vergelegen Wine Farm sites were also
previously sampled by Le Roux et al. (2018). These authors found relative abundances
of Bradyrhizobium strains isolated from paired invaded and uninvaded areas at these
two sites to be similar (Le Roux et al. 2018). Together with the known history of co-
introduction of Australian Bradyrhizobium and acacias to South Africa (Ndlovu et
al. 2013; Warrington et al. 2019), these findings strongly suggest that the most par-
simonious explanation for the dominance of the same Australian Bradyrhizobium in
A. saligna nodules between our treatments is that they are, in fact, already established
and widespread in CCR soils.
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Conclusion

This study adds to a growing body of evidence suggesting that rhizobial mutualist
availability is no longer a major limiting factor for acacia invasion (see Wandrag et al.
2020 and references therein) as exotic Australian Bradyrhizobium strains appear to be
established within pristine CCR soils (Ndlovu et al. 2013; Warrington et al. 2019).
Additionally, the one novel Mesorhizobium association for A. saligna in this study
did not hamper seedling performance, and similar associations with Mesorhizobium
strains have been previously documented (Amrani et al. 2010; Boukhatem et al.
2012; Criséstomo et al. 2013). Australian acacias have the ability to utilise a few
(often co-introduced) Bradyrhizobium strains interchangeably (Wandrag et al. 2013;
Keet et al. 2017; Warrington et al. 2019). Therefore, co-introduction of effective
rhizobial partners and mutualist promiscuity are not mutually exclusive but may act
synergistically to enhance acacia colonisation success and invasiveness. Consequently,
the presence of Australian bradyrhizobia in pristine CCR soils suggests that this region
is highly susceptible to further acacia invasion with potentially detrimental above- and
belowground biodiversity impacts. The CCR is home to a high diversity of rhizobia
(Le Maitre et al. 2011; Sprent et al. 2017; Dludlu et al. 2018a) which is tightly linked
to legume community composition (Slabbert et al. 2010; Lemaire et al. 2015; Le Roux
et al. 2016). While there were no notable negative impacts of exotic bradyrhizobia
on the Mesorhizobium strains identified in this study, the same may not be true for
other rhizobial genera or their legume hosts (Le Roux et al. 2016). Our results suggest
that mutualisms with belowground microbiota can contribute more towards habitat
invasibility than previously thought.

References

Akaike H (1973) Maximum likelihood identification of Gaussian autoregressive moving
average models. Biometrika 60: 255-265. https://doi.org/10.1093/biomet/60.2.255
Amrani S, Noureddine NE, Bhatnagar T, Argandona M, Nieto JJ, Vargas C (2010) Phenotypic
and genotypic characterization of rhizobia associated with Acacia saligna (Labill.) Wendl.
in nurseries from Algeria. Systematic and Applied Microbiology 33: 44—51. https://doi.
org/10.1016/j.syapm.2009.09.003

Barrett LG, Zee PC, Bever JD, Miller JT, Thrall PH (2016) Evolutionary history shapes
patterns of mutualistic benefit in Acacia-rhizobial interactions. Evolution 70: 1473-1485.
hteps://doi.org/10.1111/ev0.12966

Bello A, Stirton CH, Chimphango SBM, Muasya AM (2017) Taxonomic revision of African
Psoralea pinnata species complex (Psoraleeae, Leguminosae). South African Journal of
Botany 112: 128-179. https://doi.org/10.1016/j.5ajb.2017.05.003

Beukes CW,, Venter SN, Law IJ, Phalane FL, Steenkamp ET (2013) South African Papilionoid
Legumes Are Nodulated by Diverse Burkholderia with Unique Nodulation and Nitrogen-
Fixation Loci. PLoS ONE 8: ¢68406. https://doi.org/10.1371/journal.pone.0068406


https://doi.org/10.1093/biomet/60.2.255
https://doi.org/10.1016/j.syapm.2009.09.003
https://doi.org/10.1016/j.syapm.2009.09.003
https://doi.org/10.1111/evo.12966
https://doi.org/10.1016/j.sajb.2017.05.003
https://doi.org/10.1371/journal.pone.0068406

Novel versus familiar mutualist associations during invasion 149

Birnbaum C, Barrett LG, Thrall PH, Leishman MR (2012) Mutualisms are not constraining
cross-continental invasion success of Acacia species within Australia. Diversity and
Distributions 18: 962-976. https://doi.org/10.1111/j.1472-4642.2012.00920.x

Birnbaum C, Bissett A, Thrall PH, Leishman MR (2016) Nitrogen-fixing bacterial communities
in invasive legume nodules and associated soils are similar across introduced and native
range populations in Australia. Journal of Biogeography 43: 1631-1644. https://doi.
org/10.1111/jbi.12752

Blackburn TM, Pysek B, Bacher S, Carlton JT, Duncan RP, Jarosik V, Wilson JRU, Richardson
DM (2011) A proposed unified framework for biological invasions. Trends in Ecology and
Evolution 26: 333-339. https://doi.org/10.1016/j.tree.2011.03.023

Boukhatem ZF, Domergue O, Bekki A, Merabet C, Sekkour S, Bouazza F, Duponnois R, de
Lajudie B, Galiana A (2012) Symbiotic characterization and diversity of rhizobia associ-
ated with native and introduced acacias in arid and semi-arid regions in Algeria. FEMS
Microbiology Ecology 80: 534-547. https://doi.org/10.1111/j.1574-6941.2012.01315.x

Cowling RM, Proches §, Partridge TC (2009) Explaining the uniqueness of the Cape Flora:
Incorporating geomorphic evolution as a factor for explaining its diversification. Molecular
Phylogenetics and Evolution 51: 64-74. https://doi.org/10.1016/j.ympev.2008.05.034

Cris6stomo JA, Rodriguez-Echeverria S, Freitas H (2013) Co-introduction of exotic rhizobia
to the rhizosphere of the invasive legume Acacia saligna, an intercontinental study. Applied
Soil Ecology 64: 118-126. https://doi.org/10.1016/j.aps0il.2012.10.005

Denison RF (2000) Legume Sanctions and the Evolution of Symbiotic Cooperation by
Rhizobia. The American Naturalist 156: 567-576. https://doi.org/10.1086/316994

Denison RE, Kiers ET (2004) Lifestyle alternatives for rhizobia: mutualism, parasitism, and
forgoing symbiosis. FEMS Microbiology Letters 237: 187—-193. https://doi.org/10.1016/j.
femsle.2004.07.013

Dludlu MN, Chimphango SBM, Stirton CH, Muasya AM (2018a) Differential preference of
Burkholderia and Mesorhizobium to pH and soil types in the Core Cape Subregion, South
Africa. Genes 9: €2. https://doi.org/10.3390/genes9010002

Dludlu MN, Chimphango SBM, Stirton CH, Muasya AM (2018b) Distinct edaphic habitats are
occupied by discrete legume assemblages with unique indicator species in the Cape Peninsula
of South Africa. Journal of Plant Ecology 11: 632—644. https://doi.org/10.1093/jpe/rtx027

Elliott GN, Chen WM, Bontemps C, Chou JH, Young JPW, Sprent JI, James EK (2007)
Nodulation of Cyclopia spp. (Leguminosae, Papilionoideae) by Burkholderia tuberum. An-
nals of Botany 100: 1403—1411. hteps://doi.org/10.1093/aob/mcm?227

Ellis AG, Verboom GA, van der Niet T, Johnson SD, Linder HP, Allsopp N, Colville JF (2014)
Speciation and extinction in the greater Cape Floristic Region. https://doi.org/10.1093/ac
prof:0s0/9780199679584.003.0006

de Faria SM, de Lima HC (1998) Additional studies of the nodulation status of legume species
in Brazil. Plant and Soil 200: 185-192. https://doi.org/10.1023/A:1004365121077

Fox J, Weisberg S (2018) An R companion to applied regression. Sage publications.

Friel CA, Friesen ML (2019) Legumes Modulate Allocation to Rhizobial Nitrogen Fixation
in Response to Factorial Light and Nitrogen Manipulation. Frontiers in Plant Science 10:

1-9. hteps://doi.org/10.3389/1pls.2019.01316


https://doi.org/10.1111/j.1472-4642.2012.00920.x
https://doi.org/10.1111/jbi.12752
https://doi.org/10.1111/jbi.12752
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.1111/j.1574-6941.2012.01315.x
https://doi.org/10.1016/j.ympev.2008.05.034
https://doi.org/10.1016/j.apsoil.2012.10.005
https://doi.org/10.1086/316994
https://doi.org/10.1016/j.femsle.2004.07.013
https://doi.org/10.1016/j.femsle.2004.07.013
https://doi.org/10.3390/genes9010002
https://doi.org/10.1093/jpe/rtx027
https://doi.org/10.1093/aob/mcm227
https://doi.org/10.1093/acprof:oso/9780199679584.003.0006
https://doi.org/10.1093/acprof:oso/9780199679584.003.0006
https://doi.org/10.1023/A:1004365121077
https://doi.org/10.3389/fpls.2019.01316

150 Staci Warrington et al. / NeoBiota 72: 129-156 (2022)

Gehlot HS, Tak N, Kaushik M, Mitra S, Chen WM, Poweleit N, Panwar D, Poonar N, Parihar
R, Tak A, Sankhla IS, Ojha A, Rao SR, Simon ME, Reis Junior FB Dos, Perigolo N, Tripathi
AK, Sprent JI, Young JPW, James EK, Gyaneshwar P (2013) An invasive Mimosa in India
does not adopt the symbionts of its native relatives. Annals of Botany 112: 179-196.
hteps://doi.org/10.1093/aob/mct112

Gerding M, O’Hara GW, Briu L, Nandasena K, Howieson JG (2012) Diverse Mesorhizobium
spp- with unique nodA nodulating the South African legume species of the genus Lessertia.
Plant and Soil 358: 385-401. hteps://doi.org/10.1007/s11104-012-1153-3

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. In: Nucleic acids symposium series. [London]:
Information Retrieval Ltd., c1979-c2000: 95-98.

Harrison TL, Simonsen AK, Stinchcombe JR, Frederickson ME (2018) More partners, more
ranges: Generalist legumes spread more easily around the globe. Biology Letters 14(11):
1-4. hetps://doi.org/10.1098/rsbl.2018.0616

Hasegawa M, Kishino H, Yano T (1985) Dating of the human-ape splitting by a molecular
clock of mitochondrial DNA. Journal of molecular evolution 22: 160-174. https://doi.
org/10.1007/BF02101694

Hassen Al, Bopape FL, Habig J, Lamprecht SC (2012) Nodulation of rooibos (Aspalathus
linearis Burm. f.), an indigenous South African legume, by members of both the
a-Proteobacteria and B-Proteobacteria. Biology and Fertility of Soils 48: 295-303.
heeps://doi.org/10.1007/s00374-011-0628-3

Heath KD, Tiffin P (2009) Stabilizing mechanisms in a legume-rhizobium mutualism.
Evolution 63: 652—662. https://doi.org/10.1111/j.1558-5646.2008.00582.x

Heleno RH, Olesen JM, Nogales M, Vargas P, Traveset A (2013) Seed dispersal networks in the
Galdpagos and the consequences of alien plant invasions. Proceedings of the Royal Society
B: Biological Sciences 280: €20122112. https://doi.org/10.1098/rspb.2012.2112

Kamutando CN, Vikram S, Kamgan-Nkuekam G, Makhalanyane TP, Greve M, Le Roux JJ,
Richardson DM, Cowan DA, Valverde A (2019) The Functional Potential of the Rhizos-
pheric Microbiome of an Invasive Tree Species, Acacia dealbata. Microbial Ecology 77:
191-200. hteps://doi.org/10.1007/s00248-018-1214-0

Kanu SA, Dakora FD (2012) Symbiotic nitrogen contribution and biodiversity of root-nodule
bacteria nodulating Psoralea species in the Cape Fynbos, South Africa. Soil Biology and
Biochemistry 54: 68-76. https://doi.org/10.1016/j.s0ilbio.2012.05.017

Keet J-H, Ellis AG, Hui C, Le Roux JJ (2017) Legume-rhizobium symbiotic promiscuity and
effectiveness do not affect plant invasiveness. Annals of Botany 119: 1319-1331. https://doi.
org/10.1093/a0b/mex028

Keet J-H, Ellis AG, Hui C, Le Roux JJ (2019) Strong spatial and temporal turnover of soil
bacterial communities in South Africas hyperdiverse fynbos biome. Soil Biology and
Biochemistry 136: e107541. https://doi.org/10.1016/j.50ilbio.2019.107541

Keet J-H, Ellis AG, Hui C, Novoa A, Le Roux JJ (2021) Impacts of Invasive Australian Acacias
on Soil Bacterial Community Composition, Microbial Enzymatic Activities, and Nutrient
Availability in Fynbos Soils. Microbial Ecology 82: 704-721. https://doi.org/10.1007/
s00248-021-01683-1


https://doi.org/10.1093/aob/mct112
https://doi.org/10.1007/s11104-012-1153-3
https://doi.org/10.1098/rsbl.2018.0616
https://doi.org/10.1007/BF02101694
https://doi.org/10.1007/BF02101694
https://doi.org/10.1007/s00374-011-0628-3
https://doi.org/10.1111/j.1558-5646.2008.00582.x
https://doi.org/10.1098/rspb.2012.2112
https://doi.org/10.1007/s00248-018-1214-0
https://doi.org/10.1016/j.soilbio.2012.05.017
https://doi.org/10.1093/aob/mcx028
https://doi.org/10.1093/aob/mcx028
https://doi.org/10.1016/j.soilbio.2019.107541
https://doi.org/10.1007/s00248-021-01683-1
https://doi.org/10.1007/s00248-021-01683-1

Novel versus familiar mutualist associations during invasion 151

Kiers ET, Rousseau RA, West SA, Denison RF (2003) Host sanctions and the legume-rhizobium
mutualism. Nature 425: 78-81. https://doi.org/10.1038/nature01931

Van Kleunen M, Dawson W, Essl E Pergl ], Winter M, Weber E, Kreft H, Weigelt B, Kartesz J,
Nishino M (2015) Global exchange and accumulation of non-native plants. Nature 525:
100-103. https://doi.org/10.1038/nature14910

Klock MM, Barrett LG, Thrall PH, Harms KE (2015) Host promiscuity in symbiont
associations can influence exotic legume establishment and colonization of novel ranges.
Diversity and Distributions 21: 1193-1203. https://doi.org/10.1111/ddi.12363

Kock MM (2004) Diversity of root nodulating bacteria associated with Cyclopia species. PhD
Thesis, 166 pp.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: molecular evolutionary genet-
ics analysis across computing platforms. Molecular biology and evolution 35: 1547-1549.
https://doi.org/10.1093/molbev/msy096

Lafay B, Burdon JJ (2001) Small-subunit rRNA genotyping of rhizobia nodulating Australian
Acacia spp. Applied and Environmental Microbiology 67: 396-402. https://doi.
org/10.1128/AEM.67.1.396-402.2001

Lange RT (1961) Nodule bacteria associated with the indigenous leguminosae of South-
Western Australia. Journal of general microbiology 26: 351-359. https://doi.
0rg/10.1099/00221287-26-2-351

Lemaire B, Dlodlo O, Chimphango S, Stirton C, Schrire B, Boatwright JS, Honnay O,
Smets E, Sprent ], James EK, Muasya AM (2015) Symbiotic diversity, specificity and
distribution of rhizobia in native legumes of the Core Cape Subregion (South Africa).
FEMS Microbiology Ecology 91: 2—17. https://doi.org/10.1093/femsec/fiu024

Lenth R, Singmann H, Love ], Buerkner P, Herve M (2018) Emmeans: Estimated marginal
means, aka least-squares means. R package version 1: €3.

Linder HP (2003) The radiation of the Cape flora, southern Africa. Biological Reviews 78:
597-638. https://doi.org/10.1017/5S1464793103006171

Linder HP (2005) Evolution of diversity: the Cape flora. Trends in Plant Science 10: 1360-1385.
hteps://doi.org/10.1016/j.tplants.2005.09.006

Lopez ZC, Friesen ML, Von Wettberg E, New L, Porter S (2020) Microbial mutualist
distribution limits spread of the invasive legume Medicago polymorpha. Biological Invasions
23: 843-856. https://doi.org/10.1007/s10530-020-02404-4

Lotter D, Archer Van Garderen E, Tadross M, Valentine AJ (2014) Seasonal variation in the
nitrogen nutrition and carbon assimilation in wild and cultivated Aspalathus linearis
(rooibos tea). Australian Journal of Botany 62: 65-73. https://doi.org/10.1071/BT13237

Le Maitre DC, Gaertner M, Marchante E, Ens E-J, Holmes PM, Pauchard A, O’Farrell PJ,
Rogers AM, Blanchard R, Blignaut J, Richardson DM (2011) Impacts of invasive Austral-
ian acacias: Implications for management and restoration. Diversity and Distributions 17:
1015-1029. https://doi.org/10.1111/j.1472-4642.2011.00816.x

Manning ], Goldblatt P (2012) Plants of the Greater Cape Floristic Region. 1: The Core Cape
flora. South African National Biodiversity Institute, Pretoria, xiv + 853 pp.

Mariotti A (1983) Atmospheric nitrogen is a reliable standard for natural 15N abundance
measurements. Nature 303: 685-687. https://doi.org/10.1038/3036852a0


https://doi.org/10.1038/nature01931
https://doi.org/10.1038/nature14910
https://doi.org/10.1111/ddi.12363
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1128/AEM.67.1.396-402.2001
https://doi.org/10.1128/AEM.67.1.396-402.2001
https://doi.org/10.1099/00221287-26-2-351
https://doi.org/10.1099/00221287-26-2-351
https://doi.org/10.1093/femsec/fiu024
https://doi.org/10.1017/S1464793103006171
https://doi.org/10.1016/j.tplants.2005.09.006
https://doi.org/10.1007/s10530-020-02404-4
https://doi.org/10.1071/BT13237
https://doi.org/10.1111/j.1472-4642.2011.00816.x
https://doi.org/10.1038/303685a0

152 Staci Warrington et al. / NeoBiota 72: 129-156 (2022)

Marsudi NDS, Glenn AR, Dilworth MJ (1999) Identification and characterization of fast- and
slow-growing root nodule bacteria from South-Western Australian soils able to nodulate
Acacia saligna. Soil Biology and Biochemistry 31: 1229-1238. https://doi.org/10.1016/
S0038-0717(99)00032-2

Melkonian R, Moulin L, Béna G, Tisseyre P, Chaintreuil C, Heulin K, Rezkallah N, Klonowska
A, Gonzalez S, Simon M, Chen WM, James EK, Laguerre G (2014) The geographical
patterns of symbiont diversity in the invasive legume Mimosa pudica can be explained by the
competitiveness of its symbionts and by the host genotype. Environmental Microbiology
16: 2099-2111. https://doi.org/10.1111/1462-2920.12286

Mishler BD, Knerr N, Gonzilez-Orozco CE, Thornhill AH, Laffan SW, Miller JT (2014)
Phylogenetic measures of biodiversity and neo-and paleo-endemism in Australian acacia.
Nature Communications 5(4473): 1-10. https://doi.org/10.1038/ncomms5473

Moyano ], Rodriguez-Cabal MA, Nufiez MA (2020) Highly invasive tree species are more
dependent on mutualisms. Ecology 101: 1-3. hetps://doi.org/10.1002/ecy.2997

Moyano J, Rodriguez-Cabal MA, Nufiez MA (2021) Invasive trees rely more on mycorrhi-
zas, countering the ideal-weed hypothesis. Ecology 102: 1-8. https://doi.org/10.1002/
ecy.3330

Ndlovu J, Richardson DM, Wilson JRU, Le Roux JJ (2013) Co-invasion of South African
ecosystems by an Australian legume and its rhizobial symbionts. Journal of Biogeography
40: 1240-1251. https://doi.org/10.1111/jbi.12091

Oksanen J, Blanchet FG, Kindt R, Legendre B, Minchin PR, O’hara RB, Simpson GL, Solymos
D, Stevens MHH, Wagner H (2013) Package ‘vegan.” Community ecology package, version
2: 1-295.

Parker MA (2001) Mutualism as a constraint on invasion success for legumes and rhizobia. Di-
versity and Distributions 7: 125-136. https://doi.org/10.1046/j.1472-4642.2001.00103.x

Policelli N, Bruns TD, Vilgalys R, Nufiez MA (2019) Suilloid fungi as global drivers of pine
invasions. New Phytologist 222: 714-725. https://doi.org/10.1111/nph.15660

Posada D (2008) jModelTest: phylogenetic model averaging. Molecular biology and evolution
25: 1253-1256. https://doi.org/10.1093/molbev/msn083

du Preez B (2019) Polhillia on the brink: Taxonomy, ecophysiology and conservation assessment
of a highly threatened Cape legume genus. Stellenbosch University, 223 pp.

Pysek P, Pergl J, Essl E Lenzner B, Dawson W, Kreft H, Weigelt B, Winter M, Kartesz J, Ni-
shino M, Antonova LA, Barcelona JF, Cabezas FJ, Cdrdenas D, Cdrdenas-Toro J, Castafio
N, Chacén E, Chatelain C, Dullinger S, Ebel AL, Figueiredo E, Fuentes N, Genovesi B,
Groom QJ, Henderson L, Inderjit, Kupriyanov A, Masciadri S, Maurel N, Meerman J,
Morozova O, Moser D, Nickrent D, Nowak PM, Pagad S, Patzelt A, Pelser PB, Seebens
H, Shu WS, Thomas J, Velayos M, Weber E, Wieringa JJ, Baptiste MP, Van Kleunen M
(2017) Naturalized alien flora of the world: Species diversity, taxonomic and phyloge-
netic patterns, geographic distribution and global hotspots of plant invasion. Preslia 89:
203-274. https://doi.org/10.23855/preslia.2017.203

R Core Team (2021) R: A language and environment for statistical computing (R Version 4.0.
3, R Foundation for Statistical Computing, Vienna, 2020).


https://doi.org/10.1016/S0038-0717(99)00032-2
https://doi.org/10.1016/S0038-0717(99)00032-2
https://doi.org/10.1111/1462-2920.12286
https://doi.org/10.1038/ncomms5473
https://doi.org/10.1002/ecy.2997
https://doi.org/10.1002/ecy.3330
https://doi.org/10.1002/ecy.3330
https://doi.org/10.1111/jbi.12091
https://doi.org/10.1046/j.1472-4642.2001.00103.x
https://doi.org/10.1111/nph.15660
https://doi.org/10.1093/molbev/msn083
https://doi.org/10.23855/preslia.2017.203

Novel versus familiar mutualist associations during invasion 153

Ramoneda J, Le Roux JJ, Frossard E, Frey B, Gamper HA (2020) Experimental assembly
reveals ecological drift as a major driver of root nodule bacterial diversity in a woody
legume crop. FEMS Microbiology Ecology 96(6): 1-14. https://doi.org/10.1093/fem-
sec/f1aa083

Reinecke MK, Pigot AL, King JM (2008) Spontaneous succession of riparian fynbos: Is unas-
sisted recovery a viable restoration strategy? South African Journal of Botany 74: 412-420.
hteps://doi.org/10.1016/j.52jb.2008.01.171

Richardson DM, Williams PA, Hobbs R] (1994) Pine Invasions in the Southern Hemisphere:
Determinants of Spread and Invadability. Journal of Biogeography 21: e511. https://doi.
org/10.2307/2845655

Richardson DM, Le Roux JJ, Wilson JRU (2015) Australian acacias as invasive species: les-
sons to be learnt from regions with long planting histories. Southern Forests 77: 31-39.
hteps://doi.org/10.2989/20702620.2014.999305

Richardson DM, Allsopp N, D’Antonio CM, Milton SJ, Rejmdnek M (2000) Plant invasions
- the role of mutualisms. Biological reviews of the Cambridge Philosophical Society 75:
65-93. https://doi.org/10.1111/j.1469-185X.1999.tb00041.x

Rincén-Rosales R, Culebro-Espinosa NR, Gutierrez-Miceli FA, Dendooven L (2003)
Scarification of seeds of Acacia angustissima (Mill.) Kuntze and its effect on germination.
Seed Science and Technology 31: 301-307. https://doi.org/10.15258/sst.2003.31.2.07

Rodriguez-Echeverria S (2010) Rhizobial hitchhikers from Down Under: Invasional meltdown
in a plant-bacteria mutualism? Journal of Biogeography 37: 1611-1622. https://doi.
org/10.1111/j.1365-2699.2010.02284x

Rodriguez-Echeverria S, Pérez-Ferndndez MA, Vlaar S, Finnan T (2003) Analysis of the legume-
rhizobia symbiosis in shrubs from central western Spain. Journal of Applied Microbiology
95: 1367-1374. https://doi.org/10.1046/j.1365-2672.2003.02118.x

Rodriguez-Echeverria S, Criséstomo JA, Nabais C, Freitas H (2009) Belowground mutualists
and the invasive ability of Acacia longifolia in coastal dunes of Portugal. Biological Invasions
11: 651-661. hteps://doi.org/10.1007/s10530-008-9280-8

Rodriguez-Echeverrfa S, Le Roux JJ, Criséstomo JA, Ndlovu J (2011) Jack-of-all-trades
and master of many? How does associated rhizobial diversity influence the colonization
success of Australian Acacia species? Diversity and Distributions 17: 946-957. https://doi.
org/10.1111/j.1472-4642.2011.00787 x

Rodriguez-Echeverrfa S, Fajardo S, Ruiz-Diez B, Ferndndez-Pascual M (2012) Differential
effectiveness of novel and old legume-rhizobia mutualisms: Implications for invasion by
exotic legumes. Oecologia 170: 253-261. hteps://doi.org/10.1007/s00442-012-2299-7

Rodriguez-Valdecantos G, Manzano M, Sinchez R, Urbina F, Hengst MB, Antonio Lardies M,
Ruz GA, Gonzdlez B (2017) Early successional patterns of bacterial communities in soil
microcosms reveal changes in bacterial community composition and network architecture,
depending on the successional condition. Applied Soil Ecology 120: 44—54. https://doi.
org/10.1016/j.apsoil.2017.07.015

Rodriguez G (2013) Models for Count Data With Overdispersion. Princeton Statistics, 7 pp.
http://data.princeton.edu/wws509/notes/c4a.pdf


https://doi.org/10.1093/femsec/fiaa083
https://doi.org/10.1093/femsec/fiaa083
https://doi.org/10.1016/j.sajb.2008.01.171
https://doi.org/10.2307/2845655
https://doi.org/10.2307/2845655
https://doi.org/10.2989/20702620.2014.999305
https://doi.org/10.1111/j.1469-185X.1999.tb00041.x
https://doi.org/10.15258/sst.2003.31.2.07
https://doi.org/10.1111/j.1365-2699.2010.02284.x
https://doi.org/10.1111/j.1365-2699.2010.02284.x
https://doi.org/10.1046/j.1365-2672.2003.02118.x
https://doi.org/10.1007/s10530-008-9280-8
https://doi.org/10.1111/j.1472-4642.2011.00787.x
https://doi.org/10.1111/j.1472-4642.2011.00787.x
https://doi.org/10.1007/s00442-012-2299-7
https://doi.org/10.1016/j.apsoil.2017.07.015
https://doi.org/10.1016/j.apsoil.2017.07.015
http://data.princeton.edu/wws509/notes/c4a.pdf

154 Staci Warrington et al. / NeoBiota 72: 129-156 (2022)

Le Roux JJ, Mavengere NR, Ellis AG (2016) The structure of legume-rhizobium interac-
tion networks and their response to tree invasions. Annals of Botany Plants 8: plw038.
hteps://doi.org/10.1093/aobpla/plw038

Le Roux JJ, Hui C, Keet J-H, Ellis AG (2017a) Co-introduction vs ecological fitting as path-
ways to the establishment of effective mutualisms during biological invasions. New Phy-
tologist 215: 1354-1360. https://doi.org/10.1111/nph.14593

Le Roux JJ, Keet J-H, Mutiti B, Ellis AG (2017b) Cultivation may not dramatically alter
rhizobial community diversity or structure associated with rooibos tea (Aspalathus linearis
Burm.f.) in South Africa. South African Journal of Botany 110: 87-96. https://doi.
org/10.1016/j.5ajb.2017.01.014

Le Roux JJ, Ellis AG, van Zyl LM, Hosking ND, Keet J-H, Yannelli FA (2018) Importance
of soil legacy effects and successful mutualistic interactions during Australian acacia inva-
sions in nutrient-poor environments. Journal of Ecology 106: 2071-2081. https://doi.
org/10.1111/1365-2745.12965

Le Roux JJ, Crous PW, Kamutando CN, Richardson DM, Strasberg D, Wingfield MJ, Wright
MG, Valverde A (2021) A core of rhizosphere bacterial taxa associates with two of the
world’s most isolated plant congeners. Plant Soil 468: 277-294. https://doi.org/10.1007/
s11104-021-05049-x

Sachs JL, Simms EL (2006) Pathways to mutualism breakdown. Trends in Ecology and Evolu-
tion 21: 585-592. https://doi.org/10.1016/j.tree.2006.06.018

Sachs JL, Russell JE, Lii YE, Black KC, Lopez G, Patil AS (2010) Host control over infection
and proliferation of a cheater symbiont. Journal of Evolutionary Biology 23: 1919-1927.
heeps://doi.org/10.1111/j.1420-9101.2010.02056.x

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski RA
(2009) 421 et al. Introducing mothur: open-source, platform-independent, community-
supported 422 software for describing and comparing microbial communities. Applied
and Environmental Microbiology 423: ¢75. https://doi.org/10.1128/AEM.01541-09

Shade A, Handelsman ] (2012) Beyond the Venn diagram: The hunt for a core
microbiome. Environmental Microbiology 14: 4-12. https://doi.org/10.1111/j.1462-
2920.2011.02585.x

Shelby N, Duncan RP, van der Putten WH, McGinn KJ, Weser C, Hulme PE (2016) Plant
mutualisms with rhizosphere microbiota in introduced versus native ranges. Journal of
Ecology 104: 1259-1270. https://doi.org/10.1111/1365-2745.12609

Simonsen AK, Dinnage R, Barrett LG, Prober SM, Thrall PH (2017) Symbiosis limits
establishment of legumes outside their native range ata global scale. Nature Communications
8: 1-9. https://doi.org/10.1038/ncomms14790

Siva G, Sivakumar S, Premkumar G, Baskaran P, Senthilkumar T, Jayabalan N (2014)
Enhanced Seed Germination of Psoralea corylifolia L. by Heat Treatment. World Journal
of Agricultural Research 2: 151-154. https://doi.org/10.12691/wjar-2-4-2

Slabbert E, Jacobs SM, Jacobs K (2014) The soil bacterial communities of South African
fynbos riparian ecosystems invaded by Australian Acacia species. PLoS ONE 9: €86560.
hteps://doi.org/10.1371/journal.pone.0086560


https://doi.org/10.1093/aobpla/plw038
https://doi.org/10.1111/nph.14593
https://doi.org/10.1016/j.sajb.2017.01.014
https://doi.org/10.1016/j.sajb.2017.01.014
https://doi.org/10.1111/1365-2745.12965
https://doi.org/10.1111/1365-2745.12965
https://doi.org/10.1007/s11104-021-05049-x
https://doi.org/10.1007/s11104-021-05049-x
https://doi.org/10.1016/j.tree.2006.06.018
https://doi.org/10.1111/j.1420-9101.2010.02056.x
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1111/j.1462-2920.2011.02585.x
https://doi.org/10.1111/j.1462-2920.2011.02585.x
https://doi.org/10.1111/1365-2745.12609
https://doi.org/10.1038/ncomms14790
https://doi.org/10.12691/wjar-2-4-2
https://doi.org/10.1371/journal.pone.0086560

Novel versus familiar mutualist associations during invasion 155

Slabbert E, Kongor RY, Esler KJ, Jacobs K (2010) Microbial diversity and community structure
in Fynbos soil. Molecular Ecology 19: 1031-1041. https://doi.org/10.1111/j.1365-
294X.2009.04517 x

Sprent JI, Ardley J, James EK (2017) Biogeography of nodulated legumes and their nitrogen-
fixing symbionts. New Phytologist 215: 40-56. https://doi.org/10.1111/nph.14474

Stecher G, Tamura K, Kumar S (2020) Molecular evolutionary genetics analysis (MEGA) for
macOS. Molecular Biology and Evolution 37: 1237-1239. https://doi.org/10.1093/mol-
bev/msz312

Stepkowski T, Banasiewicz ], Granada CE, Andrews M, Passaglia LMP (2018) Phylogeny and
phylogeography of rhizobial symbionts nodulating legumes of the tribe Genisteae. Genes
9: e163. https://doi.org/10.3390/genes9030163

Stirton CH, Stajsic V, Bello A (2015) Naturalized species of Psoralea (Fabaceae: Psoraleeae) in
Australia. Muelleria 33: 97-107.

Thrall PH, Slattery JE Broadhurst LM, Bickford S (2007) Geographic patterns of symbiont
abundance and adaptation in native Australian Acacia-rhizobia interactions. Journal of
Ecology 95: 1110-1122. hetps://doi.org/10.1111/j.1365-2745.2007.01278.x

Unkovich M (2013) Isotope discrimination provides new insight into biological nitrogen
fixation. New Phytologist 198: 643—646. https://doi.org/10.1111/nph.12227

Valdovinos FS, Ramos-Jiliberto R, Garay-Narvdez L, Urbani P, Dunne JA (2010) Consequenc-
es of adaptive behaviour for the structure and dynamics of food webs. Ecology Letters 13:
1546-1559. https://doi.org/10.1111/j.1461-0248.2010.01535.x

van de Voorde TF], van der Putten WH, Bezemer TM (2012) Soil inoculation method de-
termines the strength of plant-soil interactions. Soil Biology and Biochemistry 55: 1-6.
hteps://doi.org/10.1016/j.s0ilbio.2012.05.020

Wandrag EM, Sheppard A, Duncan RE, Hulme PE (2013) Reduced availability of rhizobia
limits the performance but not invasiveness of introduced Acacia. Journal of Ecology 101:
1103-1113. hteps://doi.org/10.1111/1365-2745.12126

Wandrag EM, Birnbaum C, Klock MM, Barrett LG, Thrall PH (2020) Availability of soil mutual-
ists may not limit non-native Acacia invasion but could increase their impact on native soil
communities. Journal of Applied Ecology 00: 1-8. https://doi.org/10.1111/1365-2664.13577

Warrington S, Ellis A, Novoa A, Wandrag EM, Hulme PE, Duncan RP, Valentine A, Le Roux J]J
(2019) Cointroductions of Australian acacias and their rhizobial mutualists in the Southern
Hemisphere. Journal of Biogeography 46: 1519-1531. https://doi.org/10.1111/jbi. 13602

Weir BS, Turner SJ, Silvester WB, Park D-C, Young JM (2004) Unexpectedly Diverse
Mesorhizobium Strains and Rhizobium leguminosarum Nodulate Native Legume Genera
of New Zealand, while Introduced Legume Weeds are Nodulated by Bradyrhizobium
Species. Applied and Environmental Microbiology 70: 5980-5987. https://doi.
org/10.1128/AEM.70.10.5980-5987.2004

Westhoek A, Clark L], Culbert M, Dalchau N, Griffiths M, Jorrin B, Karunakaran R, Ledermann
R, Tkacz A, Webb I, James EK, Poole PS, Turnbull LA (2021) Conditional sanctioning in
a legume-Rhizobium mutualism. Proceedings of the National Academy of Sciences of the
United States of America 118: 1-8. https://doi.org/10.1073/pnas.2025760118


https://doi.org/10.1111/j.1365-294X.2009.04517.x
https://doi.org/10.1111/j.1365-294X.2009.04517.x
https://doi.org/10.1111/nph.14474
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.3390/genes9030163
https://doi.org/10.1111/j.1365-2745.2007.01278.x
https://doi.org/10.1111/nph.12227
https://doi.org/10.1111/j.1461-0248.2010.01535.x
https://doi.org/10.1016/j.soilbio.2012.05.020
https://doi.org/10.1111/1365-2745.12126
https://doi.org/10.1111/1365-2664.13577
https://doi.org/10.1111/jbi.13602
https://doi.org/10.1128/AEM.70.10.5980%E2%80%935987.2004
https://doi.org/10.1128/AEM.70.10.5980%E2%80%935987.2004
https://doi.org/10.1073/pnas.2025760118

156 Staci Warrington et al. / NeoBiota 72: 129-156 (2022)

Supplementary material |

Supplementary materials

Authors: Staci Warrington, Allan G. Ellis, Jan-Hendrik Keet, Johannes J. Le Roux

Data type: docx

Explanation note: Electronic Supplementary Materials (ESM1, ESM2). Tables S1-S9.
Figures S1-54.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.72.79620.suppl1


http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.72.79620.suppl1

	How does familiarity in rhizobial interactions impact the performance of invasive and native legumes?
	Abstract
	Introduction
	Methods
	Study system
	Soil collection
	Glasshouse experimental setup
	Australian Bradyrhizobium inoculum preparation
	Glasshouse experiment protocols and measurements
	Statistical analyses of growth performance and BNF measurements
	DNA extraction and next-generation sequencing (NGS) of root nodule and inoculum rhizobia
	NGS bioinformatics
	Phylogenetic analysis
	OTU comparisons between treatments

	Results
	Australian inoculum addition and soil type
	Rhizobia efficacy
	NGS Bioinformatics and phylogeny
	Root nodule rhizobial composition comparisons

	Discussion
	Conclusion
	References

