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Abstract 
Background and aims  For invasive plant species 
that associate with mutualistic symbionts, partner 
quality can be critical to their invasion success. This 
might be particularly true for legumes that host nitro-
gen-fixing bacteria (rhizobia). Here, we examined the 
relative effectiveness of rhizobial strains on the inva-
sive legume Lupinus polyphyllus.
Methods  We isolated rhizobia from field popula-
tions of L. polyphyllus and conducted inoculation 
experiments in which we quantified plant growth in 
greenhouse and common-garden conditions.
Results  Differences in nodulation and effectiveness 
in terms of increasing plant growth among rhizobial 
strains of the genus Bradyrhizobium were more pro-
nounced in the greenhouse than in the common gar-
den. All six rhizobial strains nodulated the host plant 
in greenhouse conditions, but one failed to nodulate 
in the common garden. Under greenhouse condi-
tions, five rhizobial strains increased plant biomass 
by 66–110%, while one provided negligible benefits 
compared to control plants without rhizobia, sug-
gesting that rhizobial identity might be critical to 
the invader’s performance. However, the common-
garden experiment revealed no differences in the 

effectiveness of rhizobial strains in terms of plant bio-
mass, number of leaflets per leaf, height, root:shoot 
ratio, or survival. Moreover, the performance of 
rhizobia-inoculated plants in the common garden did 
not differ from plants without rhizobia, which may 
call into question the fitness benefits of rhizobia to 
field populations of this species.
Conclusions  The discrepancies observed between 
the two environments highlight the importance of 
considering field-realistic growing conditions and 
multiple plant traits when assessing the potential 
growth benefits of symbiotic partners to host plants.

Keywords  Invasive species · Mutualism · Plant-soil 
interactions · Rhizobia · Symbiosis

Introduction

Plant growth and survival can greatly benefit from 
associations with microbial partners, such as mutu-
alistic nitrogen-fixing bacteria known as rhizobia 
(reviewed in Kebede 2021). Rhizobia live freely in 
soils and nodulate legumes after germination, with 
the symbiosis being regulated mainly by the host 
plant post-establishment (Simms and Taylor 2002; 
Westhoek et al. 2017; Sachs et al. 2018). Rhizobia fix 
atmospheric nitrogen for the host plant and in return 
the plant supplies them with carbon sources and 
shelter (Lindström and Mousavi 2020). Such symbi-
otic interactions can be crucial for plants, enhancing 
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their growth (reviewed in Gopalakrishnan et al. 2015; 
Kebede 2021) as well as resistance to herbivores, dis-
eases, and abiotic stress (e.g., Gopalakrishnan et  al. 
2015; Kebede 2021; Kalske et  al. 2022a). The ben-
efits of rhizobia to the host plant often vary depend-
ing on local environmental conditions (Heath et  al. 
2020), with rhizobia being particularly useful to the 
plant in poor-quality (low nitrogen) environments 
(Thrall et al. 2007; Regus et al. 2014). Current theory 
on plant-symbiont interactions predicts that under 
high nutrient availability, symbionts are less benefi-
cial to the host plant and may become more parasitic 
than under poor nutrient conditions (Neuhauser and 
Fargione 2004; Thrall et  al. 2007). Nodulation and 
nitrogen fixation are also sensitive to temperature, 
light, and drought (e.g., Montañez et al. 1995; Heath 
et al. 2020, Hafiz et al. 2021; Lumactud et al. 2022).

As plant-rhizobia interactions are often species-
specific (Stępkowski et  al. 2018), a lack of suitable 
partners can be a barrier to plant establishment in 
new environments (Parker 2001; Simonsen et  al. 
2017; Harrison et al. 2018). This can be important to 
invasive species that may not be able to associate with 
new symbionts encountered in the introduced range 
(Parker 2001). Moreover, rhizobial strains may dif-
fer in their symbiotic effectiveness, i.e. their ability to 
increase the fitness of a host plant (e.g., Burdon et al. 
1999; Sachs et  al. 2010; Thrall et  al. 2011; Klock 
et  al. 2015; Gano-Cohen et  al. 2020), which can 
retard plant colonisation and spread. As an example, 
in the tree Acacia decurrens, rhizobial effectiveness 
varied from an 86% increase in shoot dry weight to no 
change depending on strain (Burdon et al. 1999). Dif-
ferences in symbiotic effectiveness are poorly under-
stood, but they can be related to the evolutionary his-
tory of the partners, plant community structure, and/
or environmental heterogeneity (Thrall et  al. 2011). 
However, potential differences in the effectiveness 
of rhizobial strains in new environments may not be 
critical if host plants have adapted to be less depend-
ent on their symbiotic partners in the introduced 
range (Seifert et al. 2009; terHorst et al. 2018; Kalske 
et  al. 2022a). Such a scenario would be expected if 
the cost of the interaction, i.e. the investment in nod-
ules, outweighs its benefits for the host plant (Sachs 
and Simms 2006).

Lupinus polyphyllus (Lindl.) is a short-lived peren-
nial herbaceous legume, 50–100  cm tall, that origi-
nates in eastern North America and is invasive in 

many European countries as well as New Zealand, 
Chile, Australia, Japan, and western North America 
(Eckstein et  al. 2023). In its introduced range, the 
species inhabits diverse habitat types, from moun-
tain meadows in central Europe to nutrient-poor road 
verges and wastelands in Fennoscandia (Eckstein 
et  al. 2023). Due to its rapid growth, L. polyphyllus 
is a strong competitor and its presence is associated 
with declines in the diversity of vascular plant spe-
cies (Valtonen et al. 2006; Ramula and Pihlaja 2012) 
and arthropods (Ramula and Sorvari 2017), as well 
as overall changes in plant community composition 
(Hansen et  al. 2021). Individuals in natural popula-
tions usually flower in their second year at the ear-
liest (Eckstein et  al. 2023). The species is mainly 
nodulated by bacteria in the genus Bradyrhizobium 
(reviewed in Stępkowski et al. 2018) and the Lupinus-
Bradyrhizobium symbiosis has been described as tol-
erant to abiotic stress, with increasing soil nitrate lev-
els inhibiting nodulation (Fernández-Pascual et  al. 
2007). Although Bradyrhizobium spp. are known 
to nodulate L. polyphyllus in the introduced range 
(Ryan-Salter et al. 2014; Stępkowski et al. 2018), the 
effectiveness of different rhizobial strains and their 
role in the invasion process remain unclear.

Given the context-dependence of the plant-rhizo-
bia symbiosis, the environment in which a study 
is conducted may be of particular importance. For 
example, in three soybean varieties tested, the grow-
ing environment greatly influenced the nodulation 
process in rhizobia trapping experiments, with little 
overlap in findings between natural and greenhouse 
conditions (Van Dingenen et  al. 2022). Indeed, it is 
possible that greenhouse and field studies may yield 
different conclusions regarding symbiotic effective-
ness, with greenhouse studies potentially overes-
timating the importance of plant-soil interactions 
due to their more-homogeneous growing condi-
tions (Schittko et al. 2016, Forero et al. 2019). If so, 
it could be challenging to translate plant-rhizobia 
observations obtained from greenhouse experiments 
- which generally have high humidity and regulated 
temperature and soil moisture - to real-world condi-
tions in the field. In natural settings, growth benefits 
provided by rhizobia might be much smaller than 
expected, which might decrease the dependence of 
the plant invader on rhizobia.

Here, we isolated rhizobia from invasive popu-
lations of L. polyphyllus in southwestern Finland 
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and characterised the relative effectiveness of six 
rhizobial strains. We investigated the following two 
questions: 1) Do rhizobial strains isolated from L. 
polyphyllus differ in nodulation and symbiotic effec-
tiveness in promoting plant growth? 2) Are nodula-
tion and symbiotic effectiveness affected by growth 
conditions (greenhouse or common garden)? We 
predicted that host plants would differ in nodulation 
and growth depending on the rhizobial strain with 
which they were inoculated. As plant-soil interactions 
tend to be weaker in the field than in a greenhouse 
(Schittko et  al. 2016), we also predicted that differ-
ences in symbiotic effectiveness of rhizobial strains 
would be less pronounced under common-garden 
conditions.

Materials and methods

Rhizobial isolation

We collected rhizosphere samples from ten invasive 
populations of L. polyphyllus around Turku, Finland, 
in late April 2021. All populations have existed since 
at least 2010 (Ramula and Pihlaja 2012) and the dis-
tances among them range from 1.7 to 32.7 km, with 
soil NO3

− content ranging from 0 to 8  mg/L based 
on soil samples collected in 2020 (Table  1). The 
populations inhabit road verges, forest understo-
reys, former fields, or wastelands (vacant land/green 
space in urban environments), with average invader 
cover being 452.4 m2 (± 401.2 m2 SD; Table 1). The 
invader is the only species representing the genus 

Lupinus in the study area. At each site, we collected 
soil from the rhizosphere of five plants that were at 
least four metres apart and combined the samples per 
site.

To trap rhizobia from soil, we grew L. polyphyllus 
from seeds collected from a local population in 2020. 
To remove epiphytic microbes, we surface-sterilised 
the seeds in 96% ethanol for 1 min and 4% NaClO3 
for 3  min, followed by five rinses with deionised 
water. We scarified the seeds by nicking the seed coat 
with a scalpel to promote germination and grew them 
on 1.5% water-agar petri dishes for four days. We 
then planted 40 seedlings into 1-L pots, 2 seedlings 
per pot and 2 pots per population (20 pots in total). 
The pots were filled with commercial sand (brand: 
Kekkilä, sterilised in the oven at 170  °C for 4  h) 
topped by a 2-cm layer of soil from a single lupine 
population (as a bacterial inoculant) and a 2-cm layer 
of sterilised sand. For the negative control, we added 
sterilised sand to two pots to examine whether they 
formed nodules without added rhizobia. All the pots 
were randomised on the benches of a growth chamber 
(12 h light, 22 °C, and 12 h dark, 18 °C; Panasonic® 
MLR-352) and were irrigated with either autoclaved 
Milli-Q water or Jensen’s nitrogen-free solution with 
macronutrients (following Jensen 1942; Yates et  al. 
2016). After 45  days when the plants had formed 
nodules, we chose the largest plant per pot, surface-
sterilised the nodules, and crushed one nodule per 
plant (20 nodules and plants in total). A small loop-
ful of the crushed nodule suspension was streaked on 
plates containing yeast mannitol agar (YMA), and the 
plates were incubated at 28  °C (5–7 days) to obtain 

Table 1   Rhizosphere 
sampling locations of the 
invasive herb Lupinus 
polyphyllus 

Population Lat, Long Habitat Invader 
cover 
(m2)

pH NO3
− (mg/L) Rhizobial strain

1 60.49, 22.17 Wasteland 120 5.9 8 R1
2 60.41, 22.74 Forest understorey 1000 5.8 1 R2, R7
3 60.37, 22.26 Road verge 96 6.4 0 R3
4 60.51, 22.40 Wasteland 420 5.6 4 R4
5 60.48, 22.19 Wasteland 1200 5.9 4 R5
6 60.52, 22.35 Wasteland 376 5.8 1 R6
7 60.42, 22.48 Former field 65 5.9 3 none
8 60.36, 22.27 Road verge 357 5.9 5.5 none
9 60.51, 22.29 Wasteland 140 7.0 1 none
10 60.43, 22.39 Former field 2400 5.7 4 none
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single colonies. A loopful of well-isolated colonies 
was suspended in 5  ml tryptone-yeast extract (TY) 
broth, incubated for up to five days at 28 °C in a shak-
ing incubator (Innova® 4000) at 200  rpm, and sub-
sequently preserved in 20% (v/v) glycerol at −80 °C. 
From the 20 nodules, we successfully obtained 15 
pure cultures (representing 8 populations), resulting 
in 15 bacterial isolates for our experiment (see the 
Results).

DNA extraction, PCR, and phylogenetic analysis

DNA extraction was carried out using the Nucle-
oSpin™ Microbial DNA kit (Macherey-Nagel™) 
following the manufacturer’s protocol. The DNA 
samples were kept at −20  °C. The recombinase A 
(recA) gene of all samples was amplified using the 
primers 41F (5’ TTC​GGC​AAGGGMTCGRTSATG 
3′) and 640R (5’ ACATSACR​CCG​ATC​TTC​ATGC 
3′) (59.5  °C) that had been previously applied to 
Bradyrhizobium (Vinuesa et  al. 2005). The ampli-
cons were sequenced using Sanger sequencing by 
Macrogen Europe (Amsterdam, Netherlands). The 
recA sequences were analysed and edited manu-
ally using BioEdit v.7.2.5 (Hall 1999). The edited 
sequences were then used as query sequences in 
nblast in GenBank (https://​blast.​ncbi.​nlm.​nih.​gov/​
Blast.​cgi) for initial identification of the test isolates. 
The recA sequences of 15 sequenced test isolates and 
119 reference strains belonging to the genera Rhizo-
bium, Bradyrhizobium, Mesorhizobium, Sinorhizo-
bium, Agrobacterium, Neorhizobium, Pararhizobium, 
and Allorhizobium were aligned using ClustalW in 
BioEdit (Larkin et  al. 2007). The best-fit nucleotide 
substitution model of the locus was chosen (Tamura 
3-parameter model with a discrete Gamma distribu-
tion (T92 + G)), and the phylogenetic position of the 
15 test strains was estimated based on the maximum 
likelihood method (1000 bs) using MEGA 11 soft-
ware (Tamura et al. 2021).

Nodulation test of rhizobia

We tested the nodule formation abilities of the iso-
lated rhizobia in a growth chamber in January 2022. 
We suspended the 15 test isolates in TY broth and 
incubated them with agitation (200  rpm) at 28  °C 
for 3–5  days. Seeds of L. polyphyllus were steri-
lised and scarified as described above and placed 

on 1.5% water-agar plates. We inoculated four ger-
minated seeds with each test isolate and placed 
them on sterilised CYG seed germination pouches 
(16.50 × 18.00 cm; Mega International Ltd., Minneap-
olis, MN), two seeds per pouch and two pouches per 
strain (60 seedlings in total). For the negative control, 
we “inoculated” six seedlings with autoclaved MilliQ 
water and placed them on pouches. We kept all plants 
in a growth chamber for seven weeks (13  h light: 
1 h at 20 °C, 11 h at 22 °C, 1 h at 20 °C; and 11 h 
darkness at 18  °C) and irrigated them as described 
above. The roots were observed twice per week and 
nodule formation was recorded. Only seven test 
strains formed nodules that were all effective when 
assessed visually by their colour (pink interiors); 
these all belonged to the genus Bradyrhizobium and 
represented six different lupine populations (see the 
results for details). We thus focused on bradyrhizobia 
in the subsequent experiments and ignored the other 
non-nodulating isolates. For the sake of simplicity, 
we chose only one bradyrhizobial strain from each 
population (i.e. we discarded the second strain (strain 
R7) obtained from population 2, leaving six strains in 
total; Table 1).

Soil inoculation experiments in a greenhouse and 
common garden

To examine the symbiotic effectiveness of the six iso-
lated Bradyrhizobium strains under different growth 
conditions, we conducted greenhouse and common-
garden experiments. In mid-May 2022, we chose 
150 fully developed seeds from each of the six pop-
ulations (the same populations where the rhizobial 
strains originated, see Table 1). The seeds had been 
collected in July 2021 from 15 mother plants per 
population (90 plant in total) and had been stored in 
paper bags at room temperature until use. To enhance 
germination, we treated the seeds as described above 
and placed them on a moist paper towel in plastic 
containers covered with a lid. The seeds were left in 
an unheated cottage (+10–20 °C) for ten days. At the 
end of May (27 May), we planted 576 of the emerged 
seedlings individually into plastic pots of 8 × 8  cm 
that were filled with a 1:1 mixture of unfertilised 
peat and sand (brand: Kekkilä, autoclaved at 120 °C, 
1 bar, 2 × 20 mins). The bottom of each pot was cov-
ered with two layers of filter cloth to prevent roots 
growing out of the drainage holes. Three days later 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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(on 30 May), we inoculated the seedlings with 1 ml 
of rhizobial suspension originating from one of the 
six rhizobial strains, n = 72 pots per strain. In other 
words, the seedlings from all populations were inocu-
lated with a strain from its own population as well as 
with strains from all the other populations. The bac-
terial density of each strain was determined using a 
spectrophotometer (Agilent Technologies, Inc.), and 
the density of each bacterial inoculum was adjusted 
with broth to a final concentration of approximately 
5 × 108 CFU mL−1. For a negative control, we inocu-
lated plants with 1 ml of the growth medium without 
bacteria (hereafter the control treatment, n = 72 pots). 
For a positive control, we inoculated plants with the 
growth medium without rhizobia and then fertilised 
them with a commercial NPK fertiliser twice dur-
ing the experiment (on 9 and 26 June), hereafter the 
nitrogen-addition treatment (n = 72 pots).

The 576 seedlings were then allocated to green-
house and common garden experiments, with 288 
plants in each. Overall, there were 36 pots per inoc-
ulation treatment (six rhizobial strains, control and 
nitrogen-addition treatments without added rhizo-
bia) per experiment. We placed saucers under the 
pots and added a 1-cm layer of lightweight expanded 
clay aggregate (LECA) to the surface of each pot to 
prevent splashing and cross-contamination. In the 
greenhouse experiment, the pots were grown in an 
unheated greenhouse (about +22  °C  day, +12  °C 
night) and were connected individually to drip irriga-
tion with tap water. We chose to use tap water as it 
has been previously used to examine the nodulation 
of rhizobial strains in the study species (Ryan-Salter 
et  al. 2014). In the common garden experiment, the 
pots were placed on wooden planks in six rows in a 
common garden, with each row containing a mixture 
of all treatments and plant populations. We manually 
watered the pots with tap water in the saucers when 
necessary. Unfortunately, plant mortality in the com-
mon garden was high after the first week, leaving 
15–22 pots per treatment and 150 pots in total for the 
experiment.

We measured plant height and recorded the num-
ber of leaves one week after planting to estimate ini-
tial plant size. We repeated these size measurements 
again every other week during the experiment (i.e. at 
three, five, and seven weeks after planting). On the 
last measurement date, we also counted the number 
of leaflets per leaf and measured the length of the 

longest leaflet to characterise plant size. Eight weeks 
after rhizobial inoculation, we washed the roots and 
counted the number of nodules. We separated shoot, 
root, and nodule biomass and dried them at +65 °C 
for 48 h before weighing. For the plants in the green-
house experiment, we also assessed nodule activity 
visually based on five dissected nodules per plant 
(when possible). Nodules with a red or pinkish inte-
rior were considered active and N-fixing, while those 
with a brown or colourless interior were considered 
inactive (Howieson and Dilworth 2016). For the 
common-garden experiment, nodule activity was not 
assessed due to small nodule size. In the greenhouse 
experiment, some plants in the control and nitrogen-
addition treatments produced nodules (9 out of 31 
and 5 out of 35 surviving plants, respectively), indi-
cating cross-contamination probably through a leak-
ing roof during a heavy rain or through the irrigation 
system. In the common-garden experiment, 3 out of 
19 surviving plants in the control treatment produced 
nodules. We excluded these nodulating individuals 
from all analyses to enable strain comparison with 
the control and nitrogen-addition treatments without 
rhizobia.

Statistical analysis

To explore the symbiotic effectiveness of the six 
rhizobial strains, we used linear mixed models 
(LMM; lme4::lmer) in R software (R 4.1.3; R Devel-
opment Core Team 2022) that examined the number 
of nodules (sqrt(x + 1)-transformed), mean individual 
nodule mass in mg (total nodule mass/number of 
nodules, sqrt-transformed), total plant biomass in g 
after removing nodules (log-transformed), root:shoot 
ratio (without nodules), and number of leaflets. For 
nodule activity and plant survival (to the last meas-
urement date), we used a generalised linear mixed 
model (GLMM; lme4::glmer) with a binomial dis-
tribution and logit-link function. We did not consider 
leaflet length due to its positive correlation with total 
biomass (rp = 0.92, df = 248 in the greenhouse and 
rp = 0.85, df = 97 in the field). We conducted all anal-
yses separately for both experiments, with inoculation 
treatment as a categorical fixed variable with eight 
levels (six rhizobial strains, control and nitrogen-addi-
tion treatments without rhizobia), plant initial height 
from the first measurement as a continuous covariate, 
and population (six levels) as a random factor. For the 
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analyses of nodule properties, the inoculation treat-
ment had fewer levels (five or six) because we only 
compared nodulating rhizobial strains. In addition, 
we conducted an LMM to explore whether total plant 
biomass (log-transformed) was associated with nod-
ule number and mean individual nodule mass. For 
this analysis, we used initial plant height as a continu-
ous covariate and population as a random factor.

To analyse the repeated measurements of plant 
height (sqrt-transformed) during the experiments, we 
conducted an LMM with inoculation treatment (eight 
levels), time (three levels), and their interaction as 
fixed explanatory variables, and plant initial height as 
a continuous covariate. Population was again used as 
a random factor together with plant ID to consider the 
three sets of repeated measurements taken from each 
plant.

For all models, we examined whether inocula-
tion treatment affected the six populations differ-
ently by fitting different slopes across populations 
and by comparing model AICs; in the end, differ-
ent slopes were not supported (∆AIC < 2). We veri-
fied model assumptions visually from residual plots 
for the LMMs, and transformed the response vari-
able when necessary (see above for details). For the 
GLMMs, we explored the residual plots for potential 
overdispersion and zero inflation using the DHARMa 
package (Hartig 2018) and found none. We evalu-
ated the significance of the fixed variables with an F 
test based on the Kenward-Roger method for LMMs 
(lmerTest::anova; Kuznetsova et  al. 2017) and with 
a Wald chi-square test for GLMMs (car::Anova; Fox 
and Weisberg 2019). Pairwise differences in mean 
values between inoculation treatments were assessed 
with Tukey’s test (emmeans::emmeans; Lenth 2022).

Results

Phylogeny and nodulation of isolated rhizobia

Based on BLAST analyses and a phylogenetic tree of 
the recA gene (455 bp), the 15 test strains appeared 
to represent the genera Bradyrhizobium (7 strains 
from 6 populations, hereafter named R1-R7), Rhizo-
bium (7 strains), and Allorhizobium (1 strain), with 
only the strains from Bradyrhizobium forming nod-
ules (data not shown). Six bradyrhizobial test strains 
(R1, R2, R3, R4, R5, R7) were clustered within a 

clade representing the species B. barrani  in the phy-
logenetic tree (Fig. 1). Instead, strain R6 appeared to 
be more distantly related to the other six bradyrhizo-
bial test strains, with affinity to the species B. altum 
(BLAST: 97.36% identity), B. embrapense (BLAST: 
96.92% identity), and B. quebecense (BLAST: 
96.26% identity; Fig. 1). In this experiment, none of 
the plants in the negative control without a rhizobial 
inoculant formed nodules.

Soil inoculation experiment in the greenhouse

The inoculation treatment affected all plant traits 
considered except for survival, which was high 
across treatments (92–98%). In addition, most of 

Fig. 1   Phylogenetic tree based on recA sequences (455  bp) 
depicting the relationships between reference species and 
seven bradyrhizobial strains (R1-R7) isolated from six popu-
lations of the invasive herb Lupinus polyphyllus, constructed 
based on a maximum-likelihood analysis. Strains R2 and R7 
were isolated from the same population and strains R1-R6 
were used for the inoculation experiments, see the methods. 
The tree was constructed with MEGA11 software, and the 
numbers at branch points are the bootstrap values (only values 
>70% are shown). The genus name Bradyrhizobium is abbrevi-
ated as B., and the type strains are shown by a superscript “T” 
at the end of each strain code
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the traits measured were positively associated with 
initial plant size at the beginning of the experi-
ment (Table  2). All six rhizobial strains were suc-
cessfully able to nodulate the host plant, although 
plants inoculated with strain R6 produced 63% 
more nodules than those inoculated with strain R4 
(Fig.  2a). Moreover, plants inoculated with strain 
R2 produced nodules that were 44% and 207% 
heavier than those inoculated with strain R4 or R6, 
respectively (Fig.  2b). Nodule activity was gener-
ally high across treatments (range: 73–94%), with 
the exception of rhizobial strain R4, which had 
lower activity (average 56%) than strains R3 and 
R6 (Fig.  2c). Plants in the nitrogen treatment pro-
duced 258–355% more biomass than plants in the 
other treatments, and inoculation with all rhizobial 
strains except for strain R4 resulted in 66–110% 
greater plant biomass compared to the control treat-
ment without rhizobia, with strain R3 being more 
efficient than strain R4 (Table  2, Fig.  2d). Total 
plant biomass was positively associated with both 

nodule number (F1,127 = 43.96, P < 0.001; inter-
cept = −2.53, slope = 0.08) and mean individual 
nodule mass (F1,131 = 34.23, P < 0.001; inter-
cept = −2.53, slope = 0.04, LMM) after considering 
differences in initial plant size. In addition to larger 
biomass, plants in the nitrogen treatment produced 
more leaflets per leaf and had a smaller root:shoot 
ratio (i.e. they invested more biomass in shoots rela-
tive to roots) than the plants in the other treatments 
(Fig. 2e-f).

For plant height, the effect of inoculation varied 
over time (Table  2), with no differences observed 
among treatments in the first measurement conducted 
three weeks after planting (Fig.  3a). In the second 
measurement, conducted five weeks after planting, 
plants in the nitrogen-addition treatment and plants 
inoculated with strain R3 were about 40% taller 
than those in the control treatment without rhizobia 
(Fig. 3a). In the third measurement, conducted seven 
weeks after planting, plants in the nitrogen-addition 
treatment were 56–105% taller than those in the other 

Table 2   Results of linear mixed models analysing the effects 
of eight inoculation treatments on the invasive herb Lupinus 
polyphyllus under greenhouse and common-garden condi-
tions. Population was used as a random factor and was fitted 
with a common slope. For the repeated measurements of plant 

height, plant ID was also used as a random factor. df and ddf 
denote the degrees of freedom in the numerator and denomina-
tor in LMMs, respectively (for GLMMs ddf is not applicable). 
na = not tested

Greenhouse Common garden

Response variable Explanatory variable slope F/χ2
df,ddf p slope F/χ2 df,ddf p

No. nodules Inoculant 2.395,188 0.040 0.724,52 0.584
sqrt(x + 1) Initial height 0.16 18.571,191 <0.001 0.29 2.881,54 0.096
Mean nodule mass Inoculant 3.655,125 <0.001 0.184,12 0.946
(sqrt) Initial height 0.00 3.341,128 0.070 0.00 0.091,14 0.767
Nodule activity Inoculant 19.205 0.002 na na na
(binomial) Initial height 0.10 1.131 0.289 na na na
Total biomass Inoculant 17.247,238 <0.001 13.287,88 <0.001
(log) Initial height 0.20 58.661,241 <0.001 0.21 5.431,71 0.023
Root:shoot ratio Inoculant 5.697,237 <0.001 3.217,88 0.004

Initial height −0.01 5.081,242 0.025 0.03 2.901,71 0.093
No. leaflets Inoculant 7.567,236 <0.001 5.647,89 <0.001

Initial height 0.10 5.901,241 0.016 0.30 4.131,81 0.045
Survival Inoculant 5.037 0.656 6.787 0.452
(binomial) Initial height 1.02 8.121 0.004 0.35 1.371 0.245
Height Inoculant 5.057,249 <0.001 7.567,122 <0.001
(sqrt) Time (3 levels) 690.812,490 <0.001 121.062,203 <0.001

Initial height 2.24 98.571,252 <0.001 0.14 10.451,133 0.002
Inoculant × Time 7.7814,490 <0.001 4.6714,202 <0.001
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Fig. 2   Effects of inocula-
tion treatments on a–c nod-
ules and d–f other traits of 
the invasive herb Lupinus 
polyphyllus under green-
house conditions (marginal 
mean ± 95% confidence 
limits with individual raw 
data points). C: control 
treatment without rhizobia, 
N: nitrogen-addition treat-
ment without rhizobia, R1–
R6: six rhizobial strains. 
Significant differences 
between treatments are 
indicated by different letters 
(p < 0.05, Tukey’s test). 
Nodule properties in a–c 
are only compared among 
rhizobial strains that formed 
nodules

Fig. 3   Effects of inocula-
tion treatments on the 
height of the invasive 
herb Lupinus polyphyllus 
under a greenhouse and 
b common-garden condi-
tions at different time points 
after planting. Shown are 
the medians, the lower and 
upper quartiles (boxes), 
the minimum and maxi-
mum values (whiskers), 
and individual raw data 
points. C: control treat-
ment without rhizobia, N: 
nitrogen addition treatment 
without rhizobia, R1–R6: 
six rhizobial strains. Sig-
nificant differences between 
treatments are indicated by 
different letters (p < 0.05, 
Tukey’s test)
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treatments (Fig.  3a), while plants inoculated with 
strain R3 were 46% taller than those inoculated with 
strain R4 and 56% taller than plants in the control 
treatment without rhizobia (Fig.  3a). Height during 
the experiment was positively associated with initial 
plant height (Table 2).

Soil inoculation experiment in the common garden

In contrast to the greenhouse experiment, plant 
survival in the common garden was low (25%) 
regardless of inoculation treatment (Table  2), and 
plants inoculated with rhizobial strain R5 pro-
duced no nodules under common-garden condi-
tions. Nodulation was observed with the other five 
strains (Table  2, Fig.  4a), but mean nodule mass 
did not differ among strains (Table  2, Fig.  4b). In 
general, nodule production in the common garden 
was lower than in the greenhouse (mean ± SD cal-
culated across nodulating strains: 1.70 ± 2.82 and 
2.79 ± 3.40, respectively; Figs.  2a and 4a). Similar 

to the greenhouse experiment, plants in the nitro-
gen treatment were larger than plants in the other 
treatments in terms of total biomass and the num-
ber of leaflets per leaf, and often had a smaller 
root:shoot ratio (Table  2, Fig.  4c-e). However, the 
six rhizobial strains did not differ in the three plant 
traits (total biomass, leaflets per leaf, and root:shoot 
ratio; Table  2, Fig.  4c-e), with biomass produc-
tion varying from a 52% increase to a 6% decrease 
compared to the control treatment without rhizobia 
(Fig. 4c). As in the greenhouse, total plant biomass 
in the common garden tended to correlate posi-
tively with nodule number (F1,21 = 4.31, P = 0.050; 
intercept = −3.07, slope = 0.05) and mean indi-
vidual nodule mass (F1,21 = 10.59, P = 0.006; inter-
cept = −3.07, slope = 0.49, LMM).

The inoculation treatment had a detectable effect 
on plant height at the second and third measure-
ments (i.e., a significant treatment × time interac-
tion; Table  2), with plants in the nitrogen-addition 
treatment being about 55% and 71% taller than plants 

Fig. 4   Effects of inocula-
tion treatments on a–b 
nodules and c–e other traits 
of the invasive herb Lupinus 
polyphyllus under common-
garden conditions (marginal 
mean ± 95% confidence 
limits with individual raw 
data points). C: control 
treatment without rhizobia, 
N: nitrogen addition treat-
ment without rhizobia, R1–
R6: six rhizobial strains. 
Significant differences 
between treatments are 
indicated by different letters 
(p < 0.05, Tukey’s test). 
Nodule properties in a–b 
are only compared among 
rhizobial strains that formed 
nodules
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in the other treatments at those respective times 
(Fig. 3b). However, height did not differ among plants 
inoculated with different rhizobial strains (Fig.  3b). 
Again, height during the experiment was positively 
associated with initial plant height (Table 2).

Discussion

In this study, we isolated and characterised rhizobia 
from field populations of the herbaceous invasive leg-
ume L. polyphyllus. We discovered that only strains 
belonging to the genus Bradyrhizobium formed nod-
ules on this plant, while strains belonging to Rhizo-
bium or Allorhizobium did not. Further investigation 
of six strains of Bradyrhizobium revealed differences 
in nodulation and effectiveness in terms of plant 
growth under greenhouse conditions. However, these 
differences in rhizobial partner quality disappeared in 
the common garden. While this discrepancy between 
the two environments supports our second hypothesis 
on the less-pronounced role of symbiotic interactions 
under common-garden conditions, it also calls into 
question the overall fitness benefits of the rhizobial 
partner to this plant invader in field populations.

A lack of a suitable symbiotic partner can be a bar-
rier to plant invasions in new environments (Parker 
2001; Simonsen et  al. 2017; Harrison et  al. 2018). 
In the introduced range, L. polyphyllus has been 
reported to form nodules primarily in symbiosis 
with members of Bradyrhizobium (reviewed in Step-
kowski et al. 2018), and in particular with B. canar-
iense and B. japonicium in Belgium (De Meyer et al. 
2011) and with B. canariense, B. japonicium and 
Bradyrhizobium cytisi in New Zealand (Ryan-Salter 
et  al. 2014). The present study confirmed nodula-
tion with Bradyrhizobium, but interestingly, most of 
the bradyrhizobial strains isolated here (six out of 
seven strains) were closely related to an isolate of B. 
barrani that was recently isolated from the root nod-
ules of soybeans, which had been inoculated with 
suspensions of root-zone soils of native legumes in 
Quebec, Canada (Bromfield et al. 2022). In addition 
to Bradyrhizobium, our test isolates contained other 
non-nodulating bacteria (Rhizobium and Allorhizo-
bium) whose relationship to the host plant (if any) is 
not known. However, this observation was not unex-
pected given a previous report that the root nodules of 

L. polyphyllus and other legumes can contain several 
non-N-fixing or non-rhizobial bacterial genera (De 
Meyer et al. 2015).

In the present study, all six strains of Bradyrhizo-
bium formed effective nodules on the host plant 
under greenhouse conditions, while one (strain R5) 
failed to nodulate under common garden condi-
tions. This finding is in line with observations from 
New Zealand, where L. polyphyllus was able to form 
nodules in symbiosis with multiple natural strains of 
Bradyrhizobium under greenhouse conditions (Ryan-
Salter et  al. 2014). As previously reported from the 
annual weedy legume Medicago lupulina inoculated 
with Bradyrhizobium (Batstone et al. 2020), we found 
that, across rhizobial strains, nodulation was more 
frequent in the greenhouse than in the common gar-
den. This was probably the result of the more-favour-
able growth conditions in the greenhouse, as the opti-
mum temperature for rhizobial growth on temperate 
legumes is +18–30  °C (Kumarasinghe and Nutman 
1979). However, nodule formation per se does not 
necessarily predict rhizobial benefits to the host plant. 
As an example, in the native annual legume Agmispon 
trigosus, ineffective Bradyrhizobium strains deter-
mined in terms of plant shoot biomass formed more 
nodules than effective ones (Pahua et al. 2018). In the 
present study, differences in nodule number and nod-
ule size were generally minor among the six rhizobial 
strains, although in the greenhouse, inoculation with 
strain R6 resulted in more nodules than strain R4, 
and strain R2 was associated with larger nodule size 
than strains R4 and R6. Nodule activity did not differ 
among the strains when assessed visually by nodule 
colour.

Similar to previous studies on various legumes 
(e.g., Burdon et  al. 1999; Sachs et  al. 2010; Thrall 
et  al. 2011; Klock et  al. 2015; Gano-Cohen et  al. 
2020), we found considerable variability in rhizobial 
effectiveness for the invasive L. polyphyllus under 
greenhouse conditions. Here, five out of six rhizo-
bial strains increased the total biomass of the host 
plant by 66–110% compared to the control treatment 
without added rhizobia, while one strain (strain R4) 
had a negligible effect. We do not have an obvious 
explanation for the inefficiency of strain R4. How-
ever, this strain originated from a declining popula-
tion of L. polyphyllus that has been overgrown by 
young aspen trees (Populus tremula) in the past few 
years (S. Ramula, personal obs.). Changes in light 
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conditions together with intensified interspecific com-
petition with tall vegetation (grasses and young aspen 
trees) might have weakened the symbiotic interaction 
between the host plant and its rhizobia in that field 
population, resulting in poor co-operation if the plant 
provided less carbon sources to the symbiont. Such 
poor co-operation might explain the lower efficiency 
of strain R4 observed in the greenhouse experiment. 
Total biomass can be expected to reflect a plant’s 
resource status and, consequently, growth potential, 
although only one of the strains investigated here 
(strain R3) tended to also increase plant height under 
greenhouse conditions. These differences in partner 
quality among rhizobial strains suggest that rhizobial 
identity might be crucial to the performance of this 
plant invader. However, our findings from the com-
mon garden challenge this view, as they revealed no 
differences in total plant biomass or in the other traits 
considered (number of leaflets per leaf, plant height, 
root:shoot ratio, survival) among rhizobial strains. 
Surprisingly, the performance of the rhizobia-inocu-
lated plants was no better than that of the plants in 
the control treatment without rhizobia, which may 
mean that all rhizobial strains were ineffective under 
field conditions. Visual assessment of the plant traits 
between the two study environments revealed that 
plant biomass and height were generally smaller in 
the common garden than in the greenhouse regardless 
of treatment (Figs. 2d, 3, 4c).

Rhizobial ineffectiveness might be the result of 
invasive plant species gradually evolving to become 
less dependent on their symbionts (Seifert et  al. 2009; 
terHorst et  al. 2018). Indeed, a previous comparison 
of native and invasive populations of L. polyphyllus 
grown with soil microbiota from an invasive population 
suggested that plants from invasive populations may 
benefit less from their own soil microbiota than plants 
from native populations do (Kalske et  al. 2022a). 
Moreover, the fact that plants in the nitrogen-addition 
treatment in the present study grew better than those 
inoculated with rhizobia confirmed that the plant 
invader benefitted from a high-nitrogen environment in 
both experiments. Therefore, the observed discrepancies 
between the two different environments (greenhouse 
and common garden) are probably due to the context-
dependent nature of plant-rhizobia interactions and 
rhizobial benefits to the host plant. For example, 
rhizobial strains may differ in nodulation ability and 
effectiveness across environmental conditions, such as 

temperature or light (e.g., Montañez et al. 1995; Heath 
et al. 2020; Hafiz et al. 2021). Moreover, abiotic stress 
in plants usually reduces nodule formation (Miransari 
et  al. 2013; Lumactud et  al. 2022) via modifications 
to signalling molecules that are critical to symbiosis 
(Miransari et  al. 2013). In our case, abiotic conditions 
were harsher in the common garden, where plants 
were exposed to wind, lower night temperatures, and 
stronger solar radiation compared to the greenhouse 
environment, which might also explain high plant 
mortality. This higher abiotic variability probably 
masked any potential differences in the effectiveness 
of rhizobial strains. Similarly, Schittko et  al. (2016) 
reported that greenhouse and field studies on plant-
soil interactions yielded different outcomes for five out 
of the eight grassland plant species tested; specifically, 
positive effects found in the greenhouse were absent in 
the field. Those findings, combined with the results from 
the current study, collectively highlight the importance 
of considering field-realistic growth conditions when 
assessing symbiotic benefits to a host plant. However, it 
is also possible that a least a part of the discrepancies 
between our two experiments was due to the smaller 
sample size in the common garden, which resulted from 
high plant mortality after they were moved outdoors. 
Moreover, the plants grown in the common garden 
could have encountered additional unknown symbionts 
during the experiment, which might have masked the 
potential effects of the experimental strains.

Overall, our results call into question the fitness 
benefits of rhizobia to L. polyphyllus in field 
conditions, but this comes with several caveats. First, 
here we inoculated seedlings with a single rhizobial 
strain, while nodules in nature tend to host multiple 
strains (e.g., Denison 2000). Although single-strain 
inoculations without the possibility for partner choice 
can provide valuable information on differences 
among strains, they may misestimate partner quality 
and the long-term benefits to the host plant (Kiers 
et al. 2013). Second, we considered the performance 
of host plants during the first two months of growth, 
which may not adequately reflect the total lifetime 
fitness benefits of rhizobia to this perennial species. 
Third, only rhizobial strains that were possible to 
culture in the lab were isolated. There may have 
been other strains present in the nodules that might 
have been beneficial to the host plant in the field, 
but that we could not be successfully grow and use 
as inoculants. Fourth, tap water used for watering 
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may have contained some rhizobia (e.g., Paduano 
et al. 2020), adding extra variation to the inoculation 
experiments. However, we do not think it would have 
been critical to our findings because we excluded 
control plants that formed nodules from the analyses 
(i.e. we only compared inoculated plants that 
hosted rhizobia to those without rhizobia). These 
comparisons revealed no differences in plant growth 
(total biomass and height) between the two groups 
in the common garden, suggesting that the effects of 
the six rhizobial strains (or additional strains received 
from tap water) on the host plant were minor. Finally, 
we cannot rule out the possibility that the rhizobia 
we investigated may be beneficial to the host plant in 
ways or under circumstances that were not considered 
here. For example, leaves of L. polyphyllus contain 
nitrogen-based chemical compounds, alkaloids, 
which are used as a defence against herbivores (Wink 
1984, 2019; Kalske et al. 2022b). Our previous work 
indicated that soil microbiota can be critical to this 
plant’s resistance to leaf herbivores (Kalske et  al. 
2022a). Therefore, we propose that future studies on 
rhizobial effectiveness should consider additional 
traits beyond those related to plant growth only (e.g., 
resistance to herbivores and diseases), to enable a 
broader examination of potential fitness benefits to 
the host plant.
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