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ABSTRACT

Plants host microorganisms that can facilitate their success in becoming invasive. Established plant invasions might thus provide
useful insights into potential changes in plant-associated microbiomes over the course of the invasion process. Here, we investi-
gated the endophytic bacterial communities of the invasive herbaceous legume Lupinus polyphyllus, which is able to form mutu-
alistic associations with N-fixing bacteria. More specifically, we examined the alpha diversity (observed bacterial taxa richness
and Shannon diversity) and composition of bacterial communities in roots and nodules sampled from core and edge locations
within 10 established invasion sites (> 10years old) in southwestern Finland. Moreover, we compared the alpha diversity and
structure of bacterial communities in the rhizosphere and bulk soil between core and edge locations within these invasion sites.
We found that roots and nodules had distinctive endophytic bacterial communities, with roots having 24% higher bacterial alpha
diversity (Shannon diversity) than nodules. In nodules, the dominant bacteria were assigned to the family Bradyrhizobiaceae,
which includes N-fixing bacteria. Soil bacterial communities, instead, were shaped by soil type, with bulk soil hosting up to 27%
higher alpha diversity (richness and Shannon diversity) than rhizosphere soil; however, there was no apparent difference in their
community composition. Soil bacterial communities were only weakly associated with soil chemistry. Endophytic and soil bac-
terial communities did not differ between core and edge locations within the established invasions. Our findings suggest that L.
polyphyllus may not induce dramatic changes in the bacterial communities with which it associates over the course of the local
invasion process.

1 | Introduction host plant (Compant, Clément, and Sessitsch 2010). As an exam-

ple, mutualistic partners such as N-fixing bacteria (rhizobia) and

Collectively, all of the microorganisms associated with an in-
dividual plant form the plant microbiome, which can often
affect plant performance. Interactions between plants and
soil microbes can be critical to plant establishment and inva-
siveness (Parker 2001; Dawson and Schrama 2016) due to the
ability of some microbes to promote plant growth and mitigate
abiotic stress (Bulgarelli et al. 2013; Begum et al. 2019; Trivedi
et al. 2022), thus potentially contributing to invasion success
(Rout et al. 2013). In particular, endophytic microbes that in-
habit the internal plant tissues are likely to be beneficial to the

mycorrhizal fungi assist in nutrient uptake in nutrient-poor soils
(Smith and Smith 2011; Bulgarelli et al. 2013) and may provide
a competitive advantage to their host plant over coexisting, non-
mutualistic plant species (Rout et al. 2013).

Plants are able to modify the structure and function of their
microbiomes, for example, by enriching beneficial microbes
(Reinhold-Hurek et al. 2015), as well as to alter soil chemis-
try (Gibbons et al. 2017). For terrestrial plants, bulk soil (i.e.,
the soil beyond the direct influence of plant roots) serves as a
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reservoir for microorganisms. Plants use root exudates to at-
tract beneficial microbes from the bulk soil to the rhizosphere
(i.e., the soil compartment influenced by rhizodeposits) and
then to the roots (Compant, Clément, and Sessitsch 2010). As
a consequence, microbial diversity tends to be lower towards
the inside of the root (i.e., the dilution effect), with root endo-
phytic microbial communities consisting of a few dominant
phyla (Bulgarelli et al. 2013; Wang et al. 2020). Plant microbi-
omes can also be species-specific (Reinhold-Hurek et al. 2015)
and may differ among plant organs or tissue types (Trivedi
et al. 2020).

So far, most research has focused on the effects of invasive
alien plants on soil microbiomes by comparing invaded and
uninvaded rhizosphere soils (reviewed in Custer and van
Diepen 2020; Torres et al. 2021), while the endophytic mi-
crobiomes of plant invaders have received less attention (but
see Birnbaum et al. 2016; Lu-Irving et al. 2019; Jara-Servin
et al. 2023). Moreover, little is known about local changes in
plant endophytic microbiomes over the course of plant inva-
sions. Previous studies have reported that invasive alien plants
can undergo rapid evolution in their introduced range (Buswell,
Moles, and Hartley 2011; Colautti and Barrett 2013; Clements
and Jones 2021), exhibiting different phenotypic traits between
core regions and invasion fronts (Colautti and Barrett 2013).
Such phenotypic shifts in plant invaders might also be reflected
in their microbiomes, which are typically expected to change
within the introduced range over time (Lu-Irving et al. 2019).
However, for short-lived plant invaders, changes in microbiomes
might occur even within local invasions, in which more estab-
lished core locations have a longer invasion history than the ex-
panding edges (Batten et al. 2006). Therefore, established plant
invasions might provide useful insights into changes in plant-
associated microbiomes over the course of the invasion process.

Here, we focused on the bacterial communities associated
with the short-lived perennial herb Lupinus polyphyllus Lindl.
(garden lupin, Fabaceae). The species is a summer-green herb,
50-100cm tall, that has a strong taproot with some side roots
(Eckstein et al. 2023). It originates from western North America
and is considered invasive on many continents, including
Europe (Eckstein et al. 2023). As a legume, it can form a mutu-
alistic association with N-fixing bacteria belonging to the genus
Bradyrhizobium (Stepkowski et al. 2007; Stepkowski et al. 2018;
Ramula, Mousavi, and Kalske 2023). The species inhabits di-
verse habitat types, from mountain meadows in central Europe
to nutrient-poor road verges and wastelands in Fennoscandia
(Eckstein et al. 2023). It is classified as one of the most harm-
ful plant invaders in Europe (Nentwig et al. 2018), partly due to
its associations with N-fixing bacteria which lead to an increase
in soil N content (Hiltbrunner et al. 2014; Prass et al. 2022). In
its introduced range, L. polyphyllus is associated with changes
in plant community composition and declines in the diversity
of vascular plant species and arthropods (Eckstein et al. 2023).
Moreover, the species contains numerous chemical compounds
(alkaloids) that may have negative allelopathic effects on co-
existing plant species (Eckstein et al. 2023). In our study area in
southwestern Finland, the invasion history of the species dates
back to the late 1800s when it was reported to have escaped
from gardens (Eckstein et al. 2023). In this study, we examined
the alpha diversity and composition of endophytic bacterial

communities in roots and root nodules sampled from core and
edge locations within established invasion sites (> 10years old).
We also compared the alpha diversity and structure of bacterial
communities in the rhizosphere and in bulk soil between core
and edge locations within invasion sites and explored differ-
ences in the chemistry of rhizosphere soil (nutrient content, pH)
between the two locations. We hypothesised that: (1) the alpha
diversity and community composition of endophytic bacteria
would differ between tissue types (roots, nodules) and between
sampling locations (core, edge) within invasions, with diversity
being higher in roots than in nodules, and N-fixing bacteria
(members of Bradyrhizobiaceae) dominating in nodules sampled
from core locations in particular; (2) soil bacterial alpha diver-
sity would be higher in bulk soil than in the rhizosphere due to
the dilution effect (Reinhold-Hurek et al. 2015); (3) soil bacterial
communities would be associated with soil chemistry; and (4)
soil nitrogen content would be higher in core than in edge loca-
tions within established invasions due to their longer invasion
history and a higher relative abundance of rhizobia associated
with the study species.

2 | Materials and Methods
2.1 | Root and Soil Sampling

We carried out root and soil sampling in 10 sites with estab-
lished invasions of L. polyphyllus over 4days (29 June-2 July)
in the summer of 2020 when the species was flowering. All
of these sites were close to Turku in southwestern Finland
(latitude: 60.357-60.521, longitude: 22.168-22.740; distances
1.7-32.7km apart). They featured sandy moraine or clay soil
and were located in wastelands, road verges, former fields,
or forest understoreys. The exact age of the invasions is un-
known, but the species has been present in each location since
at least 2010 when we visited the populations for the first time
(Ramula 2014). The size of these invasions varies between 65
and 2400 m? (mean + SD =617.4 + 736.4m?), and currently, they
contain hundreds of individuals (mean cover=59.7%, range:
2%-96%). In each invasion site, we haphazardly sampled 10
flowering individuals from the core and edge locations, re-
spectively, with plant density typically being lower in the latter
(mean+SD=3.3+1.1 for core and 2.0 £ 0.9 for edge). We dug up
each sampled plant, used a spade to gently remove soil close to
its root system, cut a ca. 10-cm piece of root containing nodules
and placed it in a plastic ziplock bag, resulting in a total of 200
root samples (10 plants X 2 locations X 10 invasion sites). In addi-
tion, we collected soil samples from the ectorhizosphere (hereaf-
ter rhizosphere) of three plants (at a depth of 10-15cm) and bulk
soil (at a depth of >20cm) in the core and edge locations; these
samples were pooled within each location per invasion site and
stored in a plastic bag. Altogether, we had 40 soil samples (2 lo-
cations (core and edge) X 2 soil types (rhizosphere and bulk) x 10
invasion sites). To avoid cross-contamination, the spade and se-
cateurs were wiped with ethanol after each sampling event. We
transported all samples in a cold box to the laboratory and pre-
served the soil samples at —80°C for later use. In the laboratory,
we rinsed the roots with tap water to remove the soil and cut
about 2cm of each sample and some nodules for further anal-
ysis. These root and nodule samples were surface-sterilised in
96% ethanol for 1 min and 3% NaClO for 3-5min and rinsed with
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deionised water three times. The specimens were preserved in
Eppendorf tubes at —80°C for DNA isolation.

To characterise soil chemistry, we collected separate soil sam-
ples from the rhizosphere of L. polyphyllus in the core and edge
locations of each invasion site (no bulk soil was sampled). Again,
we sampled three flowering plants per location and pooled their
rhizosphere soil (0.5L soil in total), resulting in 20 soil samples
(2 locationsx 10 invasion sites). The following soil properties
were analysed: total nitrogen (N), nitrate (NO,~), ammonium
(NH,*), calcium (Ca), phosphorus (P), potassium (K), magne-
sium (Mg) and pH. The soil analysis was carried out by Eurofins
Agro in Finland (https://www.eurofins.fi/agro).

2.2 | DNA Extraction

We cut the root samples into pieces 2-4 mm in length using ster-
ilised (in 70% ethanol) blades. We then crushed the nodules and
root pieces (up to 150 mg) using tweezers sterilised in 70% etha-
nol for DNA extraction. For the soil samples, we used 300 mg of
each sample for DNA extraction. For all samples (roots, nodules,
soil), we extracted DNA with the NucleoSpin Soil Kit (Macherey-
Nagel GmbH Co. KG, Duren, Germany) following the provided
protocol. To improve the DNA yield, root and nodule samples
were placed in TissueLyser II (Qiagen) for the sample lysis step.
The extracted DNA samples were preserved at —20°C for PCR
and sequencing.

2.3 | Polymerase Chain Reaction (PCR)

Locus-specific PCR and library preparation was done by
the company Bioname Ltd., Finland (www.bioname.fi).
The ribosomal bacterial 16S v8-v9 gene region was am-
plified using nested PCR and two primer pairs (799F
[AACMGGATTAGATACCCKG; Chelius and Triplett 2001]
and 1492R [GGYTACCTTGTTACGACTT; Lane 1991]), and
(1062F [GTCAGCTCGTGYYGTGA; modified from Ghyselinck
et al. 2013] and 1390R [ACGGGCGGTGTGTRCAA; modified
from Zheng et al. 1996]). The secondary pair of the primers in-
cluded a linker-tag to enable the subsequent attachment of NGS
adapters. To increase amplicon library diversity, the secondary
primer pair was used as four different versions so that they in-
cluded heterogeneity spacers between the linker-tag and the
locus-specific oligo. A blank PCR control was added to each PCR
batch to evaluate the purity of reagents and the level of cross-
contamination. In this project, the PCR controls were done in
parallel in separate tubes because the DNA plates contained no
empty wells. Initially, we carried out a pre-PCR using the prim-
ers 799F and 1492R to amplify a longer fragment of the bacterial
16S region. This primer pair is used to exclude plant chloroplast
amplification (Chelius and Triplett 2001). The reaction setup fol-
lowed Kankaanpii et al. (2020) and included 5uL of 2X MyTaq
HS Red Mix (Bioline, UK), 2.4 uL of H,0, 150 nM of each primer
and 2L of DNA extract per sample in a 10-uL volume. Cycling
conditions for 799F and 1492R were as follows: 3min at 95°C,
35cycles of 45s at 95°C, 455 at 54°C, and 1 min at 72°C, ending
with 5min at 72°C. The nested PCR reaction included the locus-
specific primer pair 1062F and 1390R. The PCR mixture from
the pre-PCR round was used as a DNA template in this round

of PCR. All PCR reactions after the pre-PCR were carried out in
two technical replicates, in which each replicate contained two
heterogeneity versions of each primer.

2.4 | Library Preparation and Sequencing

Library PCR followed, with minor modifications, the procedure
of Vesterinen et al. (2016). We used a dual indexing strategy, in
which each reaction (including technical replicates) was pre-
pared with a unique combination of forward and reverse indices.
All index sets were balanced perfectly so that each nucleotide
position included either T/G or A/C, which ensures base call-
ing for each channel during sequencing. For a reaction volume
of 10uL, we mixed 5uL of MyTaq HS RedMix, 500nM of each
tagged and indexed primer (i7 and i5) and 3 uL of locus-specific
PCR product from the first PCR phase. For library preparation
PCR, we used the following protocol: initial denaturation for
3min at 98°C, then 12cycles of 20s at 95°C, 15s at 60°C and
30s at 72°C, followed by 3min at 72°C. All the indexed reactions
were then pooled and purified using magnetic beads (Vesterinen
et al. 2018). Sequencing was done at the Turku Centre for
Biotechnology (Turku, Finland), on an Illumina NovaSeq6000
SP FlowCell v1.5 PE 2 x 250 apparatus (Illumina Inc., San Diego,
California, USA), run together with other samples, including a
PhiX control library.

2.5 | Bioinformatics and Diversity Measures

Our bioinformatics pipeline closely followed that in Kaunisto
et al. (2020) as summarised below. In this study, we processed
a total of 44,489,226 raw reads (25,151,901 in PCR replicate
1 and 19,337,325 in PCR replicate 2). Paired-end reads were
merged and trimmed for quality using 64-bit VSEARCH version
2.14.2 (Rognes et al. 2016), and the primers were removed from
the merged reads using the software CUTADAPT version 2.7
(Martin 2011) with 20% rate for primer mismatches and strict
length parameters: minimum length 285bp, maximum length
320bp (longer sequences clipped from 3’ end). After removing
singletons and chimers, the unique reads were clustered into
ZOTUs (zero-radius operational taxonomic units) with 32-bit
USEARCH version 11 (Edgar 2010). ZOTUs were mapped back
to the primer-trimmed reads to construct a zotu table with the
‘usearch_global’ algorithm in VSEARCH (Rognes et al. 2016).
The resulting sequence variants were assigned to taxa using
custom databases with SINTAX (Edgar 2010) in VSEARCH
(Rognes et al. 2016). The databases were downloaded from
https://drive5.com/usearch/manual/sintax_downloads.html
with the following reference: 16S RDP training set rdp_16s_v18
(21k seqs). The reads from both PCR replicates were pooled if
reads were detected in both of them. We removed singletons
(read count < 2) and only retained reads assigned as Bacteria.

Bioinformatic processing resulted in 15,003 ZOTUs for subse-
quent analyses. Since the sampling design for soil differed from
that for roots and nodules, we analysed these two data sets sepa-
rately. After rarefying (8104 sequences per sample for roots and
nodules and 88 sequences for soil, Figure S1), we continued our
analyses with a total of 13,478 ZOTUs for the root and nodule
samples, and 1141 ZOTUs for the soil samples. Low sequence
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counts for soil were due to the inadequate dilution of the sam-
ples. To evaluate the diversity of these bacterial communities,
we calculated two alpha diversity measures (observed ZOTU
richness and Shannon index (H’)) separately for the root and
nodule data and for the soil data using the R (R Core Team 2023)
packages ‘phyloseq’ (McMurdie and Holmes 2013) and ‘micro-
eco’ (Liu et al. 2021).

2.6 | Statistical Analyses

To analyse the alpha diversity of plant endophytic bacteria, we
conducted a linear mixed model (LMM, lmer4::lmer) for each
diversity measure (observed ZOTU richness and Shannon di-
versity) with tissue type (root, nodule), sampling location (core,
edge), and their interaction as fixed explanatory variables, and
invasion site as a random factor. For the soil samples collected,
we examined the effect of soil type (rhizosphere, bulk), location
(core, edge), and their interaction on soil bacterial alpha diversity
(ZOTU richness and Shannon diversity) with an LMM. Invasion
site was again included as a random factor in the model. For
the soil data, we repeated the analysis without four rhizosphere
samples that had much lower alpha diversity than the other
samples (see Figure 2b,d) and present the results from both
analyses when they differ. To test whether the effect of sampling
location on endophytic and soil bacterial alpha diversity differed
across invasion sites, we fitted different slopes for each invasion
site and compared the model AIC to that of the model with a
constant slope. Different slopes were not supported in any of the
cases (AIC was lower for the models with a constant slope). For
all models, we evaluated the significance of the fixed variables
with an F test based on the Kenward-Roger method (ImerT-
est::anova; Kuznetsova, Brockhoff, and Christensen 2017). We
verified assumptions visually from residual plots.

We explored differences in the composition of endophytic and
soil bacterial communities with a permutational multivariate
analysis of variance (PERMANOVA, vegan::adonis2; Oksanen
et al. 2022) based on Bray-Curtis dissimilarities calculated from
the relative abundances of bacterial ZOTUs (separate analyses
for the two data sets). For the analysis of plant bacterial commu-
nities, we pooled 10 replicates (plants) per location for each inva-
sion site and used tissue type (root, nodule), location (core, edge)
and their interaction as fixed explanatory variables. For the
analysis of soil bacterial communities, we used soil type (rhizo-
sphere, bulk), location (core, edge) and their interaction as fixed
explanatory variables. For both analyses, we tested the signifi-
cance of each factor with 9999 permutations. The results were
visualised with non-metric multidimensional scaling (NMDS),
with the number of dimensions based on the lowest stress value
obtained: two dimensions for the root bacterial communities
(stress=0.15) and three dimensions for the soil bacterial com-
munities (stress=0.19). Finally, we explored whether the vari-
ances of the endophytic and soil bacterial communities differed
in relation to different grouping variables, including tissue type,
soil type and location (vegan::betadisper). This analysis reveals
potential differences in the magnitude of the variation between
the bacterial communities compared.

Forsignificantcategorical variablesin the PERMANOVAsabove,
we carried out indicator species analysis (indspecies::multipatt

with func=IndVal.g; De Céceres and Legendre 2009). This
analysis explores differences in the abundance and frequency
of each ZOTU in the samples collected from the different levels
of categorical variables. Here, we used indicator species analysis
to identify ZOTUs that were associated with roots and nodules.
We visualised shared ZOTUs between roots and nodules with a
Venn diagram (microeco::trans_venn).

To test whether the soil bacterial communities were associated
with soil chemistry, we conducted a canonical corresponding
analysis, CCA (vegan::cca) based on six uncorrelated soil vari-
ables estimated from the rhizosphere soil only (total N, NH,*,
Ca, P, Mg, and pH). We did not consider K due to its strong cor-
relation with Mg (r=0.79) and N (r=0.69) and also excluded
NO,~ due to its correlation with total N (r=0.99). The bacterial
data were relative abundances and the soil variables were stan-
dardised to have unit variance. The significance of each soil
variable was evaluated based on 9999 permutations. Finally, we
analysed the effect of sampling location (core, edge) on soil abi-
otic properties with separate t-tests conducted for each of the six
soil variables (t.test function in R).

3 | Results
3.1 | Endophytic Bacterial Communities

Root and nodule samples collected from 10 established in-
vasions of L. polyphyllus yielded a total of 13,478 bacterial
ZOTUs that were assigned to 28 phyla, 66 classes, 120 orders
and 310 families. The main bacterial phylum in both roots
and nodules was Proteobacteria (58% of ZOTUs in roots and
74% in nodules), followed by Bacteroidetes (22% and 20%, re-
spectively) and Actinobacteria (11% and 3%, respectively). In
both plant tissue types, the top three bacterial families were
Bradyrhizobiaceae, Chitinophagaceae and Sphingobacteriaceae,
with Chitinophagaceae being the most abundant family in roots
and Bradyrhizobiaceae being the most abundant family in nod-
ules (Figure 1a).

Measured as ZOTU richness, the alpha diversity of endophytic
bacteria was similar between plant tissue types and sampling
locations within invasion sites (Table 1, Figure 2a). By contrast,
measures of Shannon diversity were similar between core and
edge locations, but differed between tissue types (Table 1), being
24% higher in roots than in nodules (Figure 2c). Likewise, the
composition of endophytic bacterial communities differed be-
tween plant tissue types but not between core and edge locations
within invasion sites (Table 2, Figure 3a, Figure S2). Community
composition of nodules exhibited a smaller variance than those of
roots (I, ;3=28.500, p<0.001), meaning that they clustered more
tightly and were thus more homogeneous (Figure 3a). The vari-
ances of endophytic bacterial communities did not differ between
core and edge locations within invasions (F' 13s=0223,p= 0.639).
Indicator species analysis revealed 1353 ZOTUs (10.1% of the
total number) that were good indicators of roots and 1027 ZOTUs
(7.6%) that were indicators of nodules. The top 10 indicator
ZOTUs of roots belonged to class Actinobacteria and represented
multiple families, while the top 10 ZOTUs of nodules belonged
to the class Alphaproteobacteria and family Bradyrhizobiaceae

40f 10

Ecology and Evolution, 2024

85UBD1 7 SUOWILLIOD SAIIERID 8|qedi[dde ay) Aq peusenob 812 sao1Le YO 9SN JO Sa|N1 10) Aid T aUIIUQ AB]IA UO (SUOTHPUOD-PUR-SULBIALI0D" A 1M ARe.d 1 jBul [Uo//Sdiy) SUONIPUOD pue swe | 8y} 89S *[7202/2T/9T] uo Akeiqi8uliuo A8|IM ‘pisuoliedljand 91PNl Wiospond Ag 6990/ €399/200T OT/I0P/W0D A8 1M AeIq1jul juo//Sdny Wwolj pepeojumod ‘2T ‘%202 ‘85..5v02



(Table S1). Overall, 3.1% of all ZOTUs were unique to roots and
0.2% of ZOTUs were present in nodules only (Figure 3b).
3.2 | Soil Bacterial Communities

Soil samples collected from the rhizosphere and bulk soil of
the 10 established invasions yielded a total of 1141 bacterial

a) 100 Family
Q |:| Bradyrhizobiaceae
< 80 || Burkholderiaceae
8 . Chitinophagaceae
5 . Comamonadaceae
T 60 [ Methylophilaceae
_g D Microbacteriaceae
© 40 . Phyllobacteriaceae
_g D Propionibacteriaceae
® 20 B Pseudomonadaceae
) Rhizobiaceae
& i Sphingobacteriaceae

g |:| Yersiniaceae

Root Nodule
Tissue

b) 100 Family
Q D Alcaligenaceae
< 80 || Bradyrhizobiaceae
3 [:] Burkholderiaceae
% . Chitinophagaceae
T 60 B comamonadaceae
3 D Flavobacteriaceae
T 40 . Gaiellaceae
1 I:] Gemmatimonadaceae
® 20 || Microbacteriaceae
© Oxalobacteraceae
@ Roseiflexaceae

0 . Xanthomonadaceae

Bulk Rhizosphere
Soil type
FIGURE 1 | Family-level taxonomic distribution of the endophytic
bacterial communities (a) in roots and nodules and (b) soil bacterial
communities in the rhizosphere and bulk soil sampled from 10 invasion
sites of the legume Lupinus polyphyllus. Shown are the 10 most abundant
families per tissue and soil type. Data are pooled across the 10 invasion
sites.

ZOTUs that were assigned to 17 phyla, 37 classes, 69 orders and
141 families. The main bacterial phyla in both soil types were
Proteobacteria, Bacteroidetes and Actinobacteria, with the top
three families being Bradyrhizobiaceae, Burkholderiaceae and
Chitinophagaceae (Figure 1b). The relative proportions of these
top families differed between soil types, with Bradyrhizobiaceae
being most abundant in the rhizosphere and Chitinophagaceae
in bulk soil (Figure 1b).

Both measures of bacterial alpha diversity (ZOTU richness and
Shannon diversity) differed between soil types (Table 1), with
bulk soil containing 27% more bacterial ZOTUs and having 12%
higher ZOTU diversity than the rhizosphere soil (Figure 2b,d).
However, the rhizosphere soil samples from four invasion sites
had remarkably low alpha diversity (Figure 2b,d), and when
these samples were excluded from the analysis, there was no
difference in ZOTU richness or Shannon diversity between soil
types (F, ,;=1.733, p=0.201 and F, ,;=1.851, p=0.187, respec-
tively). Sampling location did not explain variation in soil bacte-
rial alpha diversity either on its own or through an interaction
with soil type (Table 1). There was no difference in the composi-
tion of soil bacterial communities between rhizosphere and bulk
soil or between core and edge locations within invasion sites
(Table 2, Figures S2 and S3). Moreover, the variances of the soil
bacterial communities were similar between the two soil types
(F, ,.=0.999, p=0.324) and sampling locations (F, ,.=0.640,

1,36
p=0.429).

1,36

Canonical correspondence analysis (CCA) revealed that the soil
bacterial communities were only weakly associated with soil
chemistry (N, NH,*, P, Ca, Mg, pH) that altogether explained
2.2% of the bacterial composition variation (R? Adj =2.2%).
Among the six soil variables considered, NH,*, Ca and pH cor-
related with the first CCA axis, while Mg correlated with the
second CCA axis, and P and total N were not associated with the
soil bacterial communities (Table S2, Figure 4).

3.3 | Soil Nutrient Content and pH

Soil in the core locations within invasion sites tended to have
higher total N content compared to invasion edges, although
this difference was only marginally significant (Table 3). For the
other nutrients considered (NH,*, P, Ca, Mg) and pH, there was

TABLE 1 | Results of linear mixed models analysing alpha diversity based on endophytic and soil bacterial ZOTUs sampled in core and edge

locations within 10 invasion sites of the legume Lupinus polyphyllus.

Richness Shannon (H')
Data Fixed factors Fat agr P Fg ae P

Endophytic bacterial diversity Tissue type (root, nodule) 2.107, 5, 0.148 73.811 5, <0.001

Location (core, edge) 0.447, 346 0.504 0.087, 545 0.768

Tissue X Location 0.233 5, 0.629 0.048, 54, 0.826

Soil bacterial diversity Soil type (thizosphere, bulk) 6.002, , 0.022 5.646, 5, 0.025

Location (core, edge) 0.629, ,, 0.435 0.831, ,, 0.370

Soil x Location 0.793, 55 0.382 0972 ,5 0.334

Note: Invasion site was used as a random factor in all models, df and ddf denote the degrees of freedom in the numerator and denominator, respectively. p-values <0.05

are in bold.
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TABLE 2 | Results of PERMANOVA analysing endophytic and soil bacterial community composition in core and edge locations within 10

invasion sites of the legume Lupinus polyphyllus.

Response variable Fixed factors df F R? P
Endophytic bacterial community Tissue type (root, nodule) 1 11.334 0.231 0.001
Location (core, edge) 1 1.257 0.026 0.190
Tissue X Location 1 0.568 0.016 0.959
Soil bacterial community Soil type (thizosphere, bulk) 1 0.912 0.025 0.697
Location (core, edge) 1 1.220 0.033 0.095
Soil X Location 1 0.623 0.019 0.998

Note: Analyses are based on Bray-Curtis dissimilarities calculated from the relative abundance of bacterial ZOTUs. p-values <0.05 are in bold.

no difference between core and edge locations within invasion
sites (Table 3).

4 | Discussion

We explored plant endophytic and soil bacterial communities in
core and edge locations within 10 established invasions of the
legume L. polyphyllus in southwestern Finland, all of which
have existed for more than 10years. We found that the Shannon
diversity and composition of endophytic bacterial communities
differed between roots and nodules but not between core and
edge locations within invasion sites. Specifically, roots had 24%
higher Shannon diversity than nodules, which were instead
characterised by more-homogenous bacterial communities
dominated by rhizobial ZOTUs in family Bradyrhizobiaceae. In
soils invaded by L. polyphyllus, the alpha diversity of the bacte-
rial communities was shaped by soil type, with bulk soil having

27% higher bacterial richness and 12% higher Shannon diversity
than the rhizosphere. However, this result was driven by four
influential rhizosphere samples and disappeared when these
samples were excluded from the analysis. The composition of
soil bacterial communities did not differ between rhizosphere
and bulk soil or between core and edge locations within an inva-
sion site but was weakly associated with soil chemistry (NH,*,
Ca, Mg, pH). Moreover, soil variables were similar between core
and edge locations.

In these endophytic and soil bacterial communities, the lack of
a difference between core and edge locations within the estab-
lished invasions of L. polyphyllus indicates that this plant invader
may not induce dramatic changes in the plant and soil microbi-
ota over the course of a local invasion. This finding is consistent
with the results of our previous study conducted at the same
sites of L. polyphyllus, in which we observed no overall differ-
ence in the rhizosphere bacterial communities between invaded
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FIGURE 4 | Canonical correspondence analysis (CCA) ordination
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Lupinus polyphyllus. Arrows show vectors of significant soil variables
(p<0.05). Colours represent soil samples from core and edge locations
within each invasion site. Each symbol is based on 3 pooled samples per
location within each site.

and uninvaded soils (Mousavi and Ramula 2024). Although sev-
eral studies have reported changes in plant and/or soil micro-
biota associated with plant invasions (reviewed in Custer and
van Diepen 2020; Torres et al. 2021), negligible effects similar
to ours are not exceptional (Custer and van Diepen 2020). For

example, for five Australian legumes, N-fixing bacterial com-
munities in nodules and associated soils rarely differed between
invasive and non-invasive populations (Birnbaum et al. 2016).
Similarly, a study of the perennial wetland plant Phragmites
australis in Michigan (USA) found that native and non-native
populations harboured identical root microbial communities
(bacteria and fungi) (Bickford et al. 2018). It is also possible,
however, that the lack of differences here in the endophytic and
soil bacterial communities between core and edge locations
within lupin invasions could be also explained by uncertainty
related to our sampling design. We assumed that invasion edges
with lower invader density represented invasion fronts, but this
assumption may not hold if the invasions were declining rather
than expanding. The present growth status of the studied in-
vasions is not known, but demographic models parameterised
using data from the years 2010 to 2011 predicted that most of
them were either stable or increasing over time (asymptotic pop-
ulation growth rates, A: 1.008-3.198), with only one population
predicted to decline (4=0.739; Ramula 2014). Moreover, rhizo-
sphere soil in core locations within invasion sites tended to have
a slightly higher N content than edges-a trend that could be due
to a longer history of rhizobia in the core locations, and which
would support the idea that the sampled edges indeed repre-
sented invasion fronts. Finally, as we focused on the bacterial
communities only, we cannot rule out the possibility that there
might have been differences in the diversity or composition of
fungal communities between core and edge locations within in-
vasions. However, soil fungal communities in general tend to be
less responsive to plant invasions than soil bacterial communi-
ties (reviewed in Torres et al. 2021), and this is especially likely
to be true for our study species, which is well known to form
mutualistic associations with symbiotic N-fixing bacteria, while
the nature of its mycorrhizal associations (if any) are still being
debated (Oba, Tawaray, and Wagatsuma 2001; Shi et al. 2017).

Plant endophytic microbiomes are typically influenced by tissue
type (e.g., Given et al. 2020; Trivedi et al. 2020), which often
results in distinct microbial community structures in different
plant organs (Trivedi et al. 2020). As we predicted, the roots and
nodules of L. polyphyllus were inhabited by unique endophytic
bacterial communities, with putative N-fixing bacteria (phylum
Proteobacteria, family Bradyrhizobiaceae) being predominant
in nodules. Due to this dominance, bacterial alpha diversity
(Shannon diversity) was higher in roots than in nodules, but
there was no difference in overall bacterial richness (i.e., the
number of ZOTUs) between roots and nodules. The nodules we
examined also contained other putatively non-N-fixing bacteria,
as has been reported previously for other legumes (De Meyer,
De Beuf, and Willems 2015; Birnbaum et al. 2016), including the
study species (Ramula, Mousavi, and Kalske 2023). In the pres-
ent study, these other top indicator ZOTUs found in the nodules
represented the families Chromobacteriaceae, Brucellaceae, and
Bartonellaceae (Table S1). The type genera of these three fami-
lies contain pathogenic bacteria. Chromobacterium includes op-
portunistic pathogenic species (Loke and Saud 2021), Brucella
spp. are well-known animal and human pathogens (Kdmpfer,
Wohlgemuth, and Scholz 2014), and Bartonella spp. are rec-
ognised as (mostly) animal pathogens (Baldani, Santos, and
Massard 2014). Here, the roots of L. polyphyllus were dominated
by members of the family Chitinophagaceae that have been re-
ported to promote plant growth (Madhaiyan et al. 2015) as well
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TABLE 3 | Results of t-tests comparing soil chemistry between core and edge locations within 10 invasion sites of the legume Lupinus polyphyllus

(n=20 soil samples).

Variable Core (mean + SD) Edge (mean +SD) t p

log(total N) 3.75£2.31 2.55+2.62 1.784 0.091
log(NH4+) 0.57+0.29 0.46+0.12 1.146 0.267
log(P) 9.75+8.64 9.27+9.467 0.425 0.676
log(Ca) 1393+791 1363+£1198 0.364 0.720
Mg 245.30£133.30 189.80£135.60 0.923 0.368
pH 5.99+£0.41 5.84+0.49 0.743 0.467

Note: All nutrients are reported as mg/L.

as to protect against plant pathogens (Carrion et al. 2019). In
addition to plant tissue type, plant endophytic microbiomes
are often shaped by plant genotype (e.g., Bulgarelli et al. 2013;
Wagner et al. 2016). Previous studies have found that genotype
has a much smaller effect on root-associated microbes than
on leaf-associated microbes (Wagner et al. 2016; Dastogeer
et al. 2020), while for the annual legume, Medicago truncatula,
genotype modulated the root endosphere community in partic-
ular (Brown et al. 2020). As we did not consider genotype in the
present field-based study, our interpretation of the factors that
structure plant microbiomes is somewhat limited.

We observed that soil bacterial alpha diversity (in terms of both
ZOTU richness and Shannon diversity) was higher in bulk soil
than in the rhizosphere soil associated with the plant invader
when all soil samples were included, but there was no difference
in the community composition of bacteria between the two soil
types. This result agrees with previous findings from different
study systems that have reported microbial diversity to be high-
est in bulk soil and to decline moving through the rhizosphere to
the inside of the root (reviewed in Reinhold-Hurek et al. 2015).
Nevertheless, the difference we detected in alpha diversity be-
tween soil types disappeared when four rhizosphere samples
with low diversity were excluded from the data. It should be
noted, though, that our diversity measures of endophytic and
soil bacteria are not directly comparable to each other due to
the different laboratory protocols used. Soil samples were not
adequately diluted, which resulted in much lower bacterial di-
versity compared to the root and nodule samples. Here, the soil
bacterial community structure was weakly associated with soil
chemistry (NH,*, Ca, Mg, pH), with these variables explaining
only 2.2% of the variation. Both rhizosphere and bulk soils in
the present study were dominated by members of the families
Bradyrhizobiaceae, Burkholderiaceae and Chitinophagaceae,
while in our previous study based on the same study sites, the
top three families in the rhizosphere of L. polyphyllus were
Chitinophagaceae, Bradyrhizobiaceae and Gemmatimonaceae
(Mousavi and Ramula 2024). Similar to the endophytic bacterial
communities, soil bacterial communities did not differ between
core and edge locations within established invasions in terms of
alpha diversity or composition. The same was true also for the
nutrient content and pH of rhizosphere soil, which were very
similar between core and edge locations. The only exception
was total N content, which tended to be slightly higher in core
locations compared to edges. This result makes sense given the

N-fixing ability of L. polyphyllus, which would be predicted to
increase soil N content (Hiltbrunner et al. 2014). Indeed, a pre-
vious study revealed an increase in soil nitrate, ammonium and
phosphate contents in more established (>15years) invasions
of the species compared to younger invasions (<10years) in
Finland (Prass et al. 2022).

5 | Conclusions

Our results reveal that the root, nodule and soil bacterial com-
munities associated with L. polyphyllus in southwestern Finland
are dominated by a few bacterial phyla that are also common
for other (non-invasive) plant species. Moreover, the endo-
phytic bacterial communities of roots and nodules are distinct
from each other in terms of both alpha (Shannon) diversity and
composition. Nodules contain predominantly N-fixing bacteria
(47.7%) as well as other putatively non-N-fixing bacterial fam-
ilies. Overall, the root, nodule and soil bacterial communities
are homogeneous within established invasions of L. polyphyl-
lus (>10years old), indicating that this plant invader may not
induce dramatic changes in the bacterial communities with
which it associates over the course of the local invasion process.
Moreover, these bacterial communities may not be critical to the
local invasion success of the species.
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