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Summary

� Plant–microbe mutualisms, such as the legume-rhizobium symbiosis, are influenced by the

geographical distributions of both partners. However, limitations on the native range of

legumes, resulting from the absence of a compatible mutualist, have rarely been explored.
� We used a combination of a large-scale field survey and controlled experiments to deter-

mine the realized niche of Calicotome villosa, an abundant and widespread legume shrub.
� Soil type was a major factor affecting the distribution and abundance of C. villosa. In addi-

tion, we found a large region within its range in which neither C. villosa nor Bradyrhizobium,

the bacterial genus that associates with it, were present. Seedlings grown in soil from this

region failed to nodulate and were deficient in nitrogen. Inoculation of this soil with Bradyrhi-

zobium isolated from root nodules of C. villosa resulted in the formation of nodules and

higher growth rate, leaf N and shoot biomass compared with un-inoculated plants.
� We present evidence for the exclusion of a legume from parts of its native range by the

absence of a compatible mutualist. This result highlights the importance of the co-distribution

of both the host plant and its mutualist when attempting to understand present and future

geographical distributions of legumes.

Introduction

The fundamental niche is defined as the set of environmental fac-
tors required by a species to sustain a viable population (Hutchin-
son, 1957). The environmental factors defining the fundamental
niche are typically abiotic factors such as the climatic and edaphic
conditions that allow the species to successfully grow and repro-
duce. Species distributions are also affected by biotic factors
including the presence of competitors, parasites and/or patho-
gens, limiting the presence of host species to a ‘realized’ niche, as
exemplified by the success of invasive species when released from
parasite or pathogen pressure in their new habitat (Torchin &
Mitchell, 2004). By contrast, the presence of mutualists such as
pollinators and/or dispersal vectors can increase the realized niche
of a species (Guisan & Thuiller, 2005).

In plants, another important biotic factor to consider is the
presence and abundance of microbial mutualists in the soil, such
as bacteria or mycorrhizal fungi. One of the most studied mutua-
listic relationships in plants is the symbiosis between legumes and
N2-fixing bacteria (rhizobia), as this symbiosis is a main natural
source of nitrogen (N) for terrestrial ecosystems (Vitousek
et al., 2013; Davies-Barnard & Friedlingstein, 2020). Legumes
and their rhizobial partners are naturally found across a wide
range of habitats in nearly all terrestrial biomes and climates

(Sprent et al., 2017). Yet, symbiotic N2 fixation is often limited
by environmental conditions affecting the growth and function
of either the host plant, the bacterial mutualist, or both (Taylor
& Menge, 2018; Tamme et al., 2021; Sepp et al., 2023). For
example, insufficient availabilities of soil micronutrients such as
iron or molybdenum limit the process of bacterial N2 fixation
(O’Hara, 2001; Brear et al., 2013). Additionally, highly acidic or
alkaline soils limit the growth of some rhizobial species, as well as
the development of root nodules, the structures in which legume
plants host the bacteria (Rupela & Saxena, 1987; Graham, 1992;
Shen et al., 2013; Ramoneda et al., 2023). Environmental limita-
tions resulting in the complete absence of a compatible rhizobial
partner from an otherwise permissive environment have been
reported in several cases, primarily in the context of their effect
on productivity in agricultural systems (Graham, 2003; Lugten-
berg, 2015).

In natural ecosystems, the human-facilitated introduction
of many legume species into non-native habitats often resulted
in successful and even aggressive invasions by these species
(Richardson et al., 2000; Graham, 2003; Rodr�ıguez-Echeverr�ıa
et al., 2011). Yet, studies show that a successful invasion by a
legume occurs either if its symbiosis is not specific (i.e. the host
plant promiscuously associates with diverse mutualists) or when
the specific bacterial mutualist is present or co-introduced
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(Rodr�ıguez-Echeverr�ıa et al., 2011; Gehlot et al., 2013; Klock
et al., 2015; Simonsen et al., 2017). Thus, the absence or scarcity
of a compatible mutualist is expected to limit the ability of a host
legume to invade new habitats far from its natural range (Par-
ker, 2001; Parker & Parker., 2006; Delavaux et al., 2022). How-
ever, studies of the effects of mutualist presence–absence are
generally concerned with the colonization of novel habitats, and
rarely present examples of said absence within the native
range (but see Stanton-Geddes & Anderson, 2011; Afkhami
et al., 2014).

In this study, we evaluated the factors that constitute the niche
breadth of Calicotome villosa (Poir.) Link, a common legume
shrub abundant throughout the Mediterranean region of Israel,
and tested whether the absence of a compatible mutualist
explains its absence from specific regions inside its native range.
That is, we asked the following: Can a legume be excluded from
a geographic region within its native range (i.e. with suitable
abiotic conditions), but where the lack of compatible mutualists
makes the conditions unsuitable?

To determine the most important environmental factors influ-
encing the distribution of C. villosa, we conducted a large-scale
field survey of its presence and abundance across a precipitation
gradient and in two distinct soil types. During the survey, we
found several large regions within its abiotic niche in which
C. villosa was completely absent. We then conducted a series
of controlled experiments to determine the cause of the absence
of C. villosa from these regions. We compared the growth and
nodulation of seedlings grown in soils in which C. villosa is abun-
dant to soils in which it is absent, with and without inoculation
with its symbiont, and with and without fertilization with all
required nutrients other than nitrogen. We hypothesized that: (1)
Seedlings grown in soil from a habitat in which C. villosa is abun-
dant will outperform those grown in soil from a habitat in which
C. villosa is absent because the latter will be limited in nitrogen
derived from N2 fixation; (2) seedlings grown in soil from a habi-
tat in which C. villosa is abundant will outperform those grown
in soil from a habitat in which C. villosa is absent because the
later will be limited by other nutrients (e.g. phosphorus, iron);
and (3) inoculation with either a symbiont isolated from wild
C. villosa populations or soil collected from a site where C. villosa
is abundant will restore seedling performance in soils from a
habitat in which it is absent.

Materials and Methods

Field survey

We conducted a large-scale field survey of the presence and abun-
dance of Calicotome villosa. The purpose of the survey was to
evaluate the niche breadth of C. villosa based on a large dataset of
populations sampled in diverse sites. A total of 39 sites were sur-
veyed, with no recent (at least in the last decade) history of distur-
bance or human intervention. Sites were stratified to include a
sufficient sampling effort for each environmental factor. We eval-
uated the effect of the following environmental factors: two types
of soil (Terra-Rossa derived from limestone (Chromic Luvisols,

FAO) and Rendzina derived from chalk) and mean annual preci-
pitation (MAP).

Within each site, we randomly selected five circular sampling
plots (6 m radius, c. 113 m2), located at least 50 m apart. In each
sampling plot, we recorded GPS coordinates at the center of the
plot, tallied all C. villosa individuals within the plot and measured
the height and canopy perimeter of each individual. We then esti-
mated the biomass for each shrub using an allometric equation
developed by Dovrat & Sheffer (2018). Data on rock and soil
types and mean annual precipitation at each site were obtained
by crossing GPS locations with geological and precipitation
maps, freely available on the websites of the Israel Meteorological
Service (https://ims.gov.il/) and Israel Geological Society
(https://www.igs.org.il/).

To gain a more quantitative description of the age structure of
C. villosa populations, we used the Jenks natural breaks algorithm
on the estimated biomass of all measured individuals, to divide
the data into classes that most likely represent the different size
groups. We then defined Class 1 (the lowest biomass) as the seed-
lings class (Jenks, 1967). Size class divisions were subsequently
applied to each sampled plot, to calculate the proportion of seed-
lings within the plot. The mean proportion of seedlings within
each site was used as an indicator of recruitment rates. Specifi-
cally, a right-skewed distribution of individuals was indicative of
a higher proportion of the small size groups, that is seedlings. We
compared models composed of the effects of different linear com-
binations of mean annual precipitation and soil type on the den-
sity of C. villosa (individuals per hectare) in the surveyed plots
and selected the most parsimonious model based on the Akaike
Information Criterion corrected for a small sample size using the
AICcmodavg R package (AICc; Burnham & Anderson, 2004).

Isolation and identification of the bacterial mutualist

We chose to isolate N2-fixing bacteria from the root nodules of
C. villosa shrubs growing in Ramat-Hanadiv (32°33008.000N,
34°56027.900E), which is the survey site where we found the high-
est abundance of C. villosa shrubs (Fig. 1). We uprooted five
medium-sized shrubs during late winter, which is the season
when nodule biomass and bacterial activity within the nodules
reach a yearly maximum (Dovrat & Sheffer, 2018), and collected
a portion of the root system that contained nodules from each
shrub. These samples of root systems were placed in sealed plastic
bags inside a cooler and transferred to the laboratory. In the
laboratory, we separated the nodules from the root systems and
surface-sterilized them in 70% ethanol for 30 s followed by com-
mercial bleach (3% sodium hypochlorite) for 2 min. After sterili-
zation, we washed the nodules five times with sterile water and
crushed them using a Mini-BeadBeaterTM by Biospec Products.

We spread 50 ll of the crushed nodule slurry on Petri dishes
containing yeast extract mannitol agar with Congo Red dye
(Mannitol 10.0 g, K2HPO4 0.5 g, MgSO4.7H2O 0.2 g, NaCl
0.1 g, yeast extract 0.5 g, 25 mg Congo Red and sterile distilled
water to 1.0 L), either with no dilution or diluted 10-fold. We dif-
ferentiated between the bacteria by colony morphology and color.
We isolated a subset of the colonies and confirmed their identities
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with PCR and Sanger sequencing using primers for both the
16S rRNA gene (338f:50-ACTCCTACGGGAGGCWGCAG-3-
0; 806r:50-CGTCAATTCCTTTRAGTTT-30) and the nifH gene
(25f: 50-TAYGGNAARGGNGGNATYGGNAARTC-30; 457r:50-
GCCATCATYTCNCCNGA-30). PCR Conditions were as fol-
lows: 98°C for 5 min followed by 95°C for 30 s, 50°C for 15 s,
72°C for 15 s repeated 35 times, and ending with 72°C for 5 min.

We compared the sequences to the NCBI database using the
BLAST algorithm and used the top 10 results that had the highest
percent identity. We selected an isolate that produced nifH bands
in gel electrophoresis and was found to match Bradyrhizobium
reference sequences according to Sanger sequencing of both the
nifH and 16S PCR products. Bradyrhizobia are the most
reported symbionts of the legumes in the Genisteae tribe and
therefore the chosen isolate was the most likely to successfully
nodulate C. villosa roots. To further confirm the identity of the
isolate, we grew it in yeast extract mannitol, extracted culture
DNA and sent it to SeqCenter LLC (Pittsburgh, PA, USA) for
whole-genome sequencing. We annotated the genome using Pro-
digal (Hyatt et al., 2010).

To accurately place the isolate within the Bradyrhizobium phy-
logeny, we downloaded all available Bradyrhizobium genomes
from the NCBI database, and extracted protein sequences of 31
universal single-copy genes from each of these genomes using the
AMPHORA2 package (Wu & Scott, 2012). We concatenated these
into one pseudo-protein per genome, aligned them together with
the protein sequences from our isolate and used FASTTREE (Price
et al., 2009) to construct a phylogenetic tree. We then performed
a comparative pan-genome analysis of the phylogenetic cluster
our isolate belongs to using Anvi’o (Eren et al., 2021). In

addition, we constructed phylogenetic trees for nodulation factor
genes nodA, nodB and nodC. We used the HMMER software
(v.3.3.2), and publicly available HMM profiles for each gene, to
find these genes within each genome, then aligned them using
MUSCLE (Edgar, 2004) and constructed the trees with FastTree as
above with nod genes from a Sinorhizobium isolated from soil
collected in the region of Adulam (Fig. 1, collected for a different
study), as an outgroup.

Controlled inoculation experiments

We performed a set of controlled experiments aimed at evaluat-
ing the causes for the patterns of C. villosa presence and abun-
dance that we found in the survey. First, to explain the lower
densities of C. villosa seedlings in chalk-derived soils compared
with limestone-derived soils (see the survey results section below),
we hypothesized that chalk-derived soil is deficient in necessary
nutrients other than nitrogen. We tested this by growing C. vil-
losa seedlings in two different soils (mixed with perlite 1 : 1
volume): limestone-derived Terra–Rossa soil from the site in
which the abundance of C. villosa was highest (Ramat-Hanadiv),
and chalk-derived Rendzina soil from a site where C. villosa was
absent (31°39003.100N, 34°57058.500E Adulam; Fig. 1, Support-
ing Information Fig. S1).

We tested for nutrient limitation by fertilizing half of the
plants grown in each soil with a sufficient supply of N-free Hoag-
land nutrient solution, which contains also all the necessary
micronutrients, while the other half was irrigated with water
only. Second, to explain the absence of C. villosa from a large area
within its abiotic range (Adulam, Judean lowlands, Israel), we

Fig. 1 Density maps of Calicotome villosa individuals (all sizes) (a) and seedlings (b) growing on soil derived from chalk (orange) and limestone (blue)
bedrock in the surveyed field sites throughout the Mediterranean region of Israel (n = 39). The size of the circle in each site is correlated with the density of
individuals or seedlings found in the site; open circles represent surveyed sites where C. villosawas absent. Two locations are denoted in the maps: the site
of highest abundance – Ramat-Hanadiv, and the region where C. villosa is absent – Adulam. Panels (c, d) show the density of individuals (all sizes; c) and
seedlings (d) in all sites as a function of rock type.
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hypothesized that a compatible rhizobial partner is absent from
the soil in this region. We tested this hypothesis by inoculating
half of the seedlings in each combination of soil type and fertiliza-
tion treatment with the Bradyrhizobium strain we isolated from
the nodules of plants growing in the field. Third, to test for a
potential influence of non-rhizobial microbes critical for the sur-
vival and growth of C. villosa seedlings, we compared inoculation
of seedlings grown in Adulam soil with the isolated Bradyrhizo-
bium to inoculation with a small amount (a tablespoon ~15 ml)
of soil from Ramat-Hanadiv on the surface of the soil from Adu-
lam, to ensure access to a suite of local bacterial mutualists. To
ensure reproducibility, we conducted the controlled experiment
twice, once with five replicate plants per treatment and once with
seven replicate plants per treatment.

Experimental setup – soil collection and analyses

We hypothesized that the soils in sites in which the density of
C. villosa adults and seedlings was the highest (compared to the
entire survey), contained large enough populations of suitable
mutualists. We therefore collected soils from Ramat-Hanadiv
(Limestone-derived Terra–Rossa soil, 562 mm MAP, mean
C. villosa density c. 2500 individuals ha�1) and Adulam (Chalk-
derived Rendzina soil, 424 mm MAP, no C. villosa individuals;
Figs 1, S1). Within each site, we collected the soil from 10 ran-
domly placed locations, both under the canopies of diverse
woody vegetation and in open patches where only ephemeral her-
baceous vegetation grows (soil collected in early summer 2022).
We collected soil by first removing the plant litter and organic
matter and collecting the top 10 cm of soil. We then thoroughly
mixed the soils from each site before using them in the experi-
mental pots and analyzing the content of nutrients and bacteria
in each of these soils.

From each soil pool, we took two to three technical subsam-
ples for extraction in a 2M KCl solution to estimate the concen-
tration of inorganic nitrogen (Maynard et al., 1993). Nitrate and
ammonium concentrations in extracted soil solutions were mea-
sured colorimetrically using an EpochTM Microplate Reader
(Norman & Stucki, 1981). We extracted from each soil pool
three technical subsamples with 0.5M sodium bicarbonate at
pH 8.5, to estimate the concentration of available phosphorus
using the P-Olsen colorimetric method (Olsen & Som-
mers, 1982). Soil solution pH was measured by mixing with a
magnetic stirrer three samples of 25 g of soil from each soil type
with 50 ml of 0.01M CaCl2 solution. Soils were stirred for
30 min, allowed to settle for 1 h and then the supernatant was
measured with Orion StarTM A211 Benchtop pH Meter (Thermo
Fisher Scientific, Waltham, MA, USA).

To test for the presence and relative abundance of Bradyrhizo-
bium in the soils collected from Ramat-Hanadiv and Adulam,
we extracted total microbial DNA from each of the soil pools
using the DNeasy PowerSoil Pro Kit (Qiagen). We amplified the
V3–V4 regions of the bacterial 16S rRNA gene using the follow-
ing primers: 357f:50-ACTCCTACGGGAGGCWGCAG-30 and
806r:50-CGTCAATTCCTTTRAGTTT-30. PCR conditions
were as follows: First PCR (16S adapters): 98°C for 30 s followed

by 98°C for 10 s, 78°C for 15 s, 55°C for 15 s and 72°C for 20 s
repeated 30 times, and ending with 72°C for 5 min. Second
PCR (Nextera dual indexes): 95°C for 5 min followed by 98°C
for 20 s, 55°C for 15 s and 72°C for 1 min, repeated 10 times,
and ending with 72°C for 1 min. We cleaned the PCR amplicons
using magnetic beads. Samples were multiplexed using Nextera
dual indexes, and sequencing was performed on an Illumina
MiSeq instrument using a 600-cycle V3 chemistry kit. Results
were analyzed using the DADA2 and PHYLOSEQ packages in R
(McMurdie & Holmes, 2013; Callahan et al., 2016; R Core
Team, 2022).

Seed germination and setup in the glasshouse

We collected seeds of C. villosa from individuals growing on differ-
ent soil types and under a wide range of MAP regimes. Seeds were
then mixed to eliminate any effect of genetic differences between
populations. We sterilized the seeds in commercial bleach (3%
sodium hypochlorite) for 2 min, washed them in distilled water,
and chipped them with a scalpel to break the hard seedcoat and
ensure germination. We then germinated the treated seeds on 1%
water agar in Petri dishes. After a week in the Petri dishes, we trans-
ferred the seedlings to the experimental pots. We filled each pot
with c. 450ml of a 1 : 1 mixture of inert perlite medium and soil
from its corresponding soil type treatment (i.e. Adulam and
Ramat-Hanadiv soils). We grew the plants in a controlled glass-
house under short-day conditions (9 h : 15 h, light : dark with
22°C : 16°C ambient temperature, respectively) to simulate the
winter conditions in which C. villosa seedlings grow in the field.

We grew our Bradyrhizobium isolate in yeast extract mannitol
medium for 3 d at 28°C and in darkness. We allowed the experi-
mental seedlings to establish in the pots for 4 d and then inocu-
lated half of the replicates in each of the inoculation treatments
(with and without fertilization, n = 10 and 14 in the first and sec-
ond experiment, respectively). We removed the bacteria from the
spent medium by centrifugation and resuspension in 10 mM
MgCl2 solution and inoculated each plant with 1 ml of the resus-
pended culture (OD~0.25). At the same time, we added to
the rest of the plants 1 ml of sterile 10 mM MgCl2 solution as a
control.

Measurements of seedling performance

Beginning 1 month after transplantation into pots, we measured
the height of each seedling weekly for 7 wk. After 105 d since ger-
mination, we harvested the plants by first washing off the soil
from the root system then separating the plant stem, leaves and
roots into separate paper bags. The biomass of stems, leaves, roots
and nodules (after first separating and counting the nodules) was
oven-dried at 60°C for 72 h and weighed. We milled the dry bio-
mass of the leaves, stems and roots to a powder using a mini bead
beater and measured their concentrations of carbon (C) and
nitrogen using an elemental analyzer (FLASH 2000; Thermo
Scientific).

The plant growth rate was calculated from the slope of the
fitted linear regression (change in height (cm) vs week). Nodule
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mass fraction (NMF) was calculated as the dry biomass of all root
nodules in each plant divided by its total dry plant biomass. Total
plant nitrogen content was calculated by multiplying the nitrogen
concentrations of each tissue by its respective dry biomass. We
used ANOVA to evaluate how the type of inoculation and fertili-
zation treatment and their interaction influenced biomass, nitro-
gen concentrations and content, and growth rates (in cm per
week) in each of the two soil types. In the figures, we show P-
values of pairwise comparisons between all pairs of treatments
within the same soil type. First, we used a linear mixed effect
model with experimental repeat as a random effect. Since this
random effect was statistically insignificant, we removed it as a
term in the model, and the final analyses were done on pooled
data from both repeats of the experiment. The statistical analysis
shown in Table 2 (see later) is for each soil type separately due to
the asymmetrical design of the experiment (inoculation of Adu-
lam soil with Ramat-Hanadiv soil). For an analysis that includes
soil type as an independent variable, but does not include the
plants grown in Adulam soil and inoculated with Ramat-Hanadiv
soil, see Table S1.

Data analysis software

All statistical analyses were performed in R and figures were cre-
ated using GGPLOT2 (Bates et al., 2015; Wickham, 2016; R Core
Team, 2022). Maps were created using ARCGIS® software
by Esri.

Results

Bedrock type is the main determinant of C. villosa
abundance

We conducted a large-scale field survey to evaluate niche breadth
of C. villosa based on a large dataset of populations sampled in
diverse sites. A total of 39 sites were surveyed, with no recent (at
least in the last decade) history of disturbance or human interven-
tion. The survey revealed that the abundance of C. villosa was
affected mainly by bedrock-derived soil type. The densities of
C. villosa plants (adults and seedlings combined) were 39% lower
in chalk than in limestone-derived soils (1166� 167 and
1872� 138 individuals ha�1 mean� SE, respectively; F = 8.103
P = 0.005; Fig. 1a). The density of seedlings was especially low in
chalk-derived soils with 75% lower densities than limestone-
derived soils (132� 41 and 419� 42 seedlings ha�1, respec-
tively; F = 16.29, P < 0.001; Fig. 1b).

Moreover, we did not find populations of C. villosa in
one region, Adulam Park, and found very low abundances
in eight additional sites with a combination of Rendzina soil on
chalk bedrock and relatively low MAP (< 550 mm). Surprisingly,
the density (and cover) of C. villosa individuals was not related to
mean annual precipitation (Table S2). The fit of the model for
the density of seedlings was slightly improved by combining soil
type and precipitation but was not statistically significant. There-
fore, it is unlikely that low precipitation alone excluded C. villosa
from these regions, especially since populations of C. villosa are

found also in sites with lower MAP (to the east and southwest of
Adulam; Fig. S1), but not on chalk-derived soil. Full statistical
results for the most parsimonious model are summarized in
Table S2.

N and P availabilities do not limit C. villosa in chalk-derived
soil

To test whether soil nutrient levels contributed to the distribu-
tion of C. villosa, we measured the concentrations of available
nitrogen and phosphorus in the soils collected from the site
of highest abundance and the site with zero abundance (Ramat-
Hanadiv and Adulam, respectively). We found that Adulam soil
contained twice as much available nitrogen
(nitrate + ammonium) as Ramat-Hanadiv soil (4.14� 0.14 vs
1.97� 0.02 lg g�1 soil, respectively) and c. 50% more phos-
phorus (3.48� 0.1 vs 2.38� 0.1 lg g�1 soil, respectively)
(Table 1). Soil pH was higher in Adulam compared to Ramat-
Hanadiv soil, with 7.21� 0.01 and 6.8� 0.03, respectively
(Table 1). Additionally, a comparison of the biomass of seedlings
grown with and without fertilization with all nutrients other than
nitrogen showed a positive effect on plants grown in Ramat-
Hanadiv soil, or on inoculated plants grown in Adulam soil, but
did not increase the growth of uninoculated seedlings in Adulam
soil (Table 2). We therefore concluded that C. villosa is not
absent from Adulam due to nutrient deficiency in this soil.

The symbiont of C. villosa belongs to the
Bradyrhizobium genus

We hypothesized that the absence of C. villosa from Adulam is
due to the absence of a suitable symbiont. Testing this hypothesis
required the isolation and characterization of a N2-fixing
symbiont from within the plant’s native range. We isolated and
identified a N2-fixing symbiont of C. villosa growing in Ramat-
Hanadiv. The strain is a member of the Bradyrhizobium genus
and is closely related to B. cosmicum and B. japonicum (‘RH 3a 1’
in Figs 2, S2). The strain’s draft genome contains 8155 711 base
pairs with 63% GC content and 7908 protein-coding open read-
ing frames, and is available online in the NCBI database under
TaxID: 1404864.

Using a phylogenomic analysis based on single copy house-
keeping genes, we identified a clade of 19 closely related Bradyr-
hizobia (Fig. 2). These strains were isolated from various plant
species growing in different climates across the world
from Australia to Canada with no clear geographical or host

Table 1 Nitrogen and phosphorus availabilities and pH� SE of the two
examined soils.

Adulam soil Ramat-Hanadiv soil

Nitrate (NO3
�) (lg g�1 soil) 1.50� 0.1 Not detected

Ammonium (NH4
+) (lg g�1 soil) 2.82� 0.01 1.97� 0.02

Phosphate (PO3
�) (lg g�1 soil) 3.48� 0.1 2.38� 0.1

Soil pH 7.21� 0.01 6.8� 0.03
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association pattern, and most but not all were collected from
root nodules. Interestingly, five of these genomes did not con-
tain nodABC genes, which are required for successful nodula-
tion. In terms of orthologous gene content, our isolate
contained no orthologous genes unique to it within this clade
(Fig. S3). Due to the importance of nodulation genes for deter-
mining host–mutualist interactions, we constructed a new phy-
logenetic tree consisting only of genomes containing the
nodABC genes (Fig. S2). A phylogeny based only on nodABC
genes identified the most closely related strain to RH 3a 1 as
Bradyrhizobium rifense strain CTAW71, isolated from the root
nodules of Cytisus villosus grown in Morocco (Chahboune
et al., 2012). This was true for both the individual nod gene
trees and for a concatenated nodABC tree (Figs S4, S5).

Furthermore, the majority of the strains in the most closely
related clades based on nod genes, originate from nodules of
plant species that grow in Mediterranean climates from various
countries and continents (Fig. 3).

Taken together, these results suggest that the association of this
symbiont with C. villosa is a relatively recent evolutionary occur-
rence, and that in the process of adaptation, it acquired nod genes
typical of arid regions in the southern Mediterranean coast.

Inoculation with the isolated Bradyrhizobium induced
nodulation

To test whether the low abundance of C. villosa in chalk-derived
soils is due to the absence of its symbiont or the lack of a limiting

Table 2 Statistical results of ANOVAs of the effects of fertilization, inoculation with Bradyrhizobium or inoculation with soil from Ramat-Hanadiv, and their
interaction on biomass production and allocation, and nitrogen economy in plants grown in Adulam or Ramat-Hanadiv soil.

Soil source Dependent variable Independent variable df F value P-value Significance

Adulam Shoot biomass Fertilizer 1 0.002 0.964 ns
Inoculation 2 23.99 4.5e�08 ***
Fertilizer9 Inoculation 1 4.945 0.031 *

Root biomass Fertilizer 1 2.998 0.089 ns
Inoculation 2 1.473 0.239 ns
Fertilizer9 Inoculation 1 7.544 0.008 *

Root mass fraction Fertilizer 1 2.673 0.1 ns
Inoculation 2 37.81 8.5e�11 ***
Fertilizer9 Inoculation 1 1.972 0.16 ns

Nodule number Fertilizer 1 27.46 3.1e�06 ***
Inoculation 2 75.5 5.7e�16 ***
Fertilizer9 Inoculation 1 28.91 1.9e�06 ***

Nodule mass fraction Fertilizer 1 0.37 0.5 ns
Inoculation 2 67.6 4.55e�15 ***
Fertilizer9 Inoculation 1 2.21 0.1 ns

Total plant N Fertilizer 1 1.271 0.265 ns
Inoculation 2 49.24 1.2e�12 ***
Fertilizer9 Inoculation 1 11.34 0.001 **

Leaf N conc. (%) Fertilizer 1 0.017 0.896 ns
Inoculation 2 1.473 1.3e�10 ***
Fertilizer9 Inoculation 1 0.178 0.675 ns

Ramat-Hanadiv Shoot biomass Fertilizer 1 35.84 5.4e�07 ***
Inoculation 1 0.395 0.533 ns
Fertilizer9 Inoculation 1 1.141 0.29 ns

Root biomass Fertilizer 1 9.007 0.005 **
Inoculation 1 0.002 0.963 ns
Fertilizer9 Inoculation 1 0.001 0.974 ns

Root mass fraction Fertilizer 1 16.08 0.0003 ***
Inoculation 1 3.181 0.082 ns
Fertilizer9 Inoculation 1 2.754 0.105 ns

Nodule number Fertilizer 1 20.85 4.9e�05 ***
Inoculation 1 11.01 0.002 **
Fertilizer9 Inoculation 1 8.65 0.005 **

Nodule mass fraction Fertilizer 1 31.7 1.8e�06 ***
Inoculation 1 11 0.002 **
Fertilizer9 Inoculation 1 3.8 0.05 ns

Total plant N Fertilizer 1 17.02 1.9e�5 ***
Inoculation 2 1.291 0.263 ns
Fertilizer9 Inoculation 1 0.276 0.602 ns

Leaf N conc. (%) Fertilizer 1 1.166 0.287 ns
Inoculation 2 2.737 0.107 ns
Fertilizer9 Inoculation 1 3.597 0.066 ns

Significance codes: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, P > 0.05.
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nutrient, we performed an inoculation experiment in fertilized and
unfertilized Adulam soil and compared it to similar treatments in
soil from Ramat-Hanadiv. Uninoculated plants did not nodulate
in Adulam soil (see comment below), compared with substantial
nodulation observed in Ramat-Hanadiv soil, providing a probable
reason for the absence of C. villosa from Adulam (Fig. 4a). Inocula-
tion of Adulam soil with either the isolated symbiont or a small
amount of Ramat-Hanadiv soil strongly induced nodulation. The
number of root nodules on each plant was highest in the fertilized
and inoculated treatments in both Adulam and Ramat-Hanadiv
soils, with 88.33� 10.74 and 36.83� 6.24 nodules, respectively
(Fig. 4a). In unfertilized Adulam soils, plants inoculated with Bra-
dyrhizobium had more than twice as many nodules as those inocu-
lated with Ramat-Hanadiv soil (35.83� 4.82 vs 14.50� 3.41,
respectively, F = 27.55 and P << 0.0001). By contrast, plants grown
in unfertilized Ramat-Hanadiv soil showed no effect of the inocula-
tion with Bradyrhizobium on the number of nodules per plant
(P = 0.551, Fig. 4a).

Seedlings that were inoculated with Bradyrhizobium and ferti-
lized had a similar and high nodule mass fraction (the proportion

of nodule biomass out of total plant biomass) in both Adulam
and Ramat-Hanadiv soils, with a mean of 6� 0.5%. In compari-
son, in unfertilized soils the result was quite different, with twice
as high nodule mass fraction in Adulam soil in plants inoculated
with either Bradyrhizobium or soil from Ramat-Hanadiv
(5� 0.8% and 3%� 0.3%, respectively; Fig. 4b) compared to
inoculated and uninoculated plants in Ramat-Hanadiv soil
(2� 0.3%, and 1� 0.2%, respectively; Fig. 4b). In the first
repeat of the experiment, we found a small number of nodules
also in six (out of 10 uninoculated plants in Adulam soil) repli-
cate plants grown in uninoculated Adulam soil, with four of them
producing only one very small nodule, and two producing three
and four nodules. Since this was not replicated in the second
repeat of the experiment, nor previous preliminary experiments
(Alon, 2021), we suspected that this was due to minor contami-
nation from the inoculation of other plants, but did not exclude
these data from the analysis. We conclude that the native micro-
biota of Adulam soil lacks the capacity to nodulate C. villosa
while our Bradyrhizobium isolate and the microbiota in Ramat-
Hanadiv successfully nodulated the seedlings of C. villosa.

Fig. 2 Phylogenetic tree of Bradyrhizobia closely
related to the strain isolated in the current study
from root nodules of Calicotome villosa in
Ramat-Hanadiv (RH 3a 1, marked in green),
constructed with a concatenated alignment of 31
core proteins using the AMPHORA2 package (Wu &
Scott, 2012). This tree was pruned to only show
Bradyrhizobia which are closely related to our
isolate out of 788 available Bradyrhizobium gen-
omes included in the analyses (see Supporting
Information Fig. S2). The bars to the right of the
tree provide information on the plant species,
source tissue and location of isolation of the
respective strain. The nodulating category shows
whether the strain was actively nodulating the
plant species, was unable to nodulate, or its
nodulation capacity was unknown.
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Fig. 3 Phylogenetic trees of Bradyrhizobia closely related to the strain isolated in the current study from root nodules of Calicotome villosa in Ramat-
Hanadiv (RH 3a 1, marked in green), constructed with (a) nodA, (b) nodB and (c) nodC protein sequences. This tree was pruned to only show Bradyrhizo-
bia which are closely related to our isolate out of 788 available Bradyrhizobium genomes included in the analyses (see Supporting Information Fig. S2). The
bars to the right of the tree provide information on the plant species, source tissue and location of isolation of the respective strain. The nodulating category
shows whether the strain was actively nodulating the plant species, was unable to nodulate, or its nodulation capacity was unknown.
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Inoculation, not fertilization, restores the growth of C.
villosa in Adulam soil

We measured the response of C. villosa seedlings grown in unfer-
tilized Adulam soil, in terms of plant biomass and nitrogen con-
tent, to inoculation with either Bradyrhizobium or a tablespoon
of soil from Ramat-Hanadiv and found that inoculation resulted
in significantly higher shoot biomass compared to uninoculated
plants (0.28� 0.02, 0.41� 0.02 and 0.17� 0.01 g, respectively;
F = 27.89, P << 0.0001; Fig. 5a,d; Table 2). We measured the
same pattern in fertilized Adulam soil with 0.44� 0.06 g and

0.16� 0.04 g total shoot biomass in inoculated vs uninoculated
plants, respectively (F = 13.63, P = 0.001). Confirming our first
hypothesis, that nutrients in the soil are not the limiting factor
for C. villosa growth in Adulam, fertilization in this experiment
did not affect the shoot biomass of uninoculated seedlings but
significantly increased shoot biomass in inoculated seedlings
(0.44� 0.06 and 0.28� 0.02, respectively; F = 5.94, P = 0.02;
Fig. 5a; Table 2). By contrast, fertilization doubled shoot biomass
in both inoculated and uninoculated seedlings grown in Ramat-
Hanadiv soil (F = 40.53, P << 0.0001 and F = 7.643, P = 0.01,
respectively; Fig. 5a). Thus, we concluded that Ramat-Hanadiv

Fig. 4 Response of nodulation of seedlings of
Calicotome villosa to soil source, inoculation and
fertilization treatments. The number of root
nodules (a) and nodule mass fraction (NMF) (b)
as a function of seedlings grown in soil from the
site in which C. villosa is absent (Adulam; left
side) and from the site in which it is abundant
(Ramat-Hanadiv; right side) as a function of
inoculation with a Bradyrhizobium isolate vs
inoculation with Ramat-Hanadiv (RH) soil and
fertilization treatment, for two repeats of the
experiment pooled together (n = 5, and n = 7).
Bars in boxplots are the interquartile range (IQR)
between the 25th and the 75th percentiles, and
lines inside bars are the median. Values above
each pair are the P-values for that specific
comparison.
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Fig. 5 Response of biomass and biomass allocation of seedlings of Calicotome villosa to soil source, inoculation and fertilization treatments. (a) Shoot
biomass (g), (b) root biomass (g), and (c) root mass fraction (root biomass/total biomass) of seedlings grown in soil from the site in which C. villosa is
absent (Adulam; left side) and from the site in which it is abundant (Ramat-Hanadiv; right side) as a function of inoculation with a Bradyrhizobium isolate
vs inoculation with Ramat-Hanadiv soil and fertilization treatment, for two repeats of the experiment pooled together (n = 5, and n = 7). Bars in boxplots
are the interquartile range (IQR) between the 25th and the 75th percentiles, and lines inside bars are the median. Values above each pair are the P-values
for that specific comparison. (d) Representative photos of plants from each treatment are arranged below their respective boxplot.
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soil is deficient in nutrients other than nitrogen needed for either
plant growth or symbiotic N2-fixation, while Adulam soil is rela-
tively rich in nutrients.

Root biomass was not affected by inoculation, except for ferti-
lized Adulam soil, where inoculation increased root biomass only
in one of the experimental repeats (F = 5.394, P = 0.0321,
Fig. 5b). In accordance, the root mass fraction roughly mirrors
shoot biomass: significantly higher in Adulam soil in uninocu-
lated plants compared to inoculated plants in both unfertilized
(F = 40.95, P << 0.0001; Fig. 5c; Table 2) and fertilized treat-
ment (F = 9.277, P = 0.006). Importantly, in Ramat-Hanadiv
soil, where the native microbiota consistently nodulated C. villosa
(Fig. 2a,b), inoculation did not have a significant effect on shoot
and root biomass (Fig. 4a,b,d; Table 2).

In unfertilized Adulam soil, inoculated plants were also taller
and grew aboveground faster than uninoculated plants, with
no significant difference between inoculation with Bradyrhizo-
bium culture or with Ramat-Hanadiv soil (1.15� 0.05 and
0.99� 0.02 cm wk�1 for plants inoculated with Ramat-Hanadiv
soil and with Bradyrhizobium, and 0.69� 0.02 cm wk�1 for

uninoculated plants, respectively; F = 33.95, P << 0.0001;
Figs 5d, S6). We measured a similar effect in unfertilized Ramat-
Hanadiv soil with plant shoots growing at a rate of 0.67� 0.04
and 0.38� 0.01 cm wk�1 in inoculated vs uninoculated treat-
ments, respectively (F = 54.74, P << 0.0001). In fertilized Adu-
lam soil, inoculation had no significant effect on the shoot
growth rate, but in fertilized Ramat-Hanadiv soil the shoots of
inoculated plants grew significantly slower than uninoculated
plants, potentially due to increased allocation to the growth of
roots and root nodules (0.47� 0.03 vs 0.82� 0.07 cm wk�1,
respectively; Fig. S6).

In fertilized Adulam soil, inoculated plants had twice the
leaf N concentration compared to uninoculated plants, and simi-
lar to the concentration of nitrogen in the leaves of seedlings
grown in both unfertilized and fertilized Ramat-Hanadiv
soil (Fig. 6a; Table 2). Plants grown in unfertilized Adulam
soil and inoculated with Bradyrhizobium or Ramat-Hanadiv soil
had significantly higher leaf nitrogen concentrations compared to
uninoculated plants (4.02� 0.17% and 4.08� 0.16% vs
2.02� 0.12%, respectively; F = 28.83, P << 0.0001; Fig. 6a).

Fig. 6 Response of leaf and plant nitrogen of
seedlings of Calicotome villosa to soil source,
inoculation and fertilization treatments. Leaf N
concentration (%) (a) and total plant N content
(g) (b) of seedlings grown in soil from the site in
which C. villosa is absent (Adulam; left side) and
from the site in which it is abundant (Ramat-
Hanadiv; right side) as a function of inoculation
with a Bradyrhizobium isolate vs inoculation with
Ramat-Hanadiv soil and fertilization treatment,
for two repeats of the experiment pooled
together (n = 5, and n = 7). Bars in boxplots are
the interquartile range (IQR) between the 25th

and the 75th percentiles, and lines inside bars are
the median. Values above each pair are the P-
values for that specific comparison.
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Inoculation had a similar yet smaller effect in plants grown in
unfertilized Ramat-Hanadiv soil, with 4.67� 0.11% vs
4.14� 0.16% in inoculated and uninoculated plants, respectively
(F = 4.423, P = 0.037; Fig. 6b). Total plant nitrogen content
showed similar patterns to shoot biomass in all treatments.
Therefore, we concluded that inoculation of Adulam soil with
the Bradyrhizobium symbiont recovered the plant’s ability to
symbiotically fix N2 and thus restored its growth and nitrogen
economy.

The bacterial genus Bradyrhizobium is absent from
Adulam soil

Given these results, we hypothesized that C. villosa is absent from
Adulam because its N2-fixing symbiont is absent. To test this
hypothesis, we compared the composition of the bacterial com-
munity in the soils collected from Adulam vs Ramat-Hanadiv
using 16S rRNA gene amplicon sequencing. The bacterial com-
munity composition of both soil types at the genus level is shown
in Fig. S7. Adulam soil samples were found to be highly hetero-
geneous in bacterial community composition compared to
Ramat-Hanadiv soils (Fig. S8). Despite this heterogeneity, we
found that the Bradyrhizobium genus was completely absent from
all Adulam soil samples, whereas in Ramat-Hanadiv, it was
highly abundant, comprising an average of 3.27� 0.22% of
the bacterial community’s 16S reads. Moreover, we found that
the relative abundance of the entire Alphaproteobacteria class,
which contains most symbiotic N2-fixing bacteria, was lower
in Adulam soil compared to Ramat-Hanadiv (7.74� 3.5% vs
29.73� 1.17%, respectively; Kruskal–Wallis test due to low
sample size: chi-squared = 3.8571 P = 0.049; Fig. S9).

Discussion

The main objectives of this study were to characterize the niche
breadth of a common dryland perennial legume, and to evaluate
whether the absence of a suitable N2-fixing mutualist can lead to a
reduction of its realized niche. Indeed, soils sampled from the
region in which C. villosa was absent contained no 16S rRNA reads
that mapped to the Bradyrhizobium genus, which are the only
known N2-fixing bacteria that form viable nodules in C. villosa.
Although this is based on a small sample of the soils, it was surpris-
ing given that many species of herbaceous legumes are present in
this region (Adulam, with at least 30 different species; R. Dagan,
pers. comm.), and are known to actively nodulate and associate
with N2-fixing bacteria under field conditions (A. B. Pokhrel,
unpublished). A field survey of a larger scale will be needed to
further confirm the absence of Bradyrhizobium from these soils and
to understand the reasons behind it. Nevertheless, we found that
seedlings of C. villosa failed to form nodules in Adulam soil unless
inoculated with an external source of Bradyrhizobium bacteria.
Inoculation of soil from Adulam with Bradyrhizobium induced
nodulation and improved the growth and nitrogen accumulation
of seedlings, supporting our hypothesis that the absence of the N2-
fixing symbiont from Adulam soil is a major factor explaining the
absence of C. villosa from this region.

Calicotome villosa is limited in its association with N2-
fixing symbionts

Co-dependence between the distributions of host plants and their
relevant mutualists plays a significant role in shaping plant distri-
butions, in addition to facilitative effects induced by the presence
of the mutualist (Parker, 2001; Afkhami et al., 2014). The failure
of a legume to establish itself in a new habitat, due to a lack of a
suitable bacterial mutualist, was shown to be the reason why
some legume species fail to colonize far from their native habitat
(Parker & Parker., 2006; Simonsen et al., 2017). Our compre-
hensive survey showed that viable populations of C. villosa exist
within a radius of 5 km from Adulam. Additionally, Adulam and
the entire Mediterranean region have seen significant human
activity (e.g. livestock grazing and human migration) for millen-
nia, making a dispersal limitation of either plant seeds or soil bac-
teria seem unlikely (Arroyo et al., 2008).

Annual legumes are common and diverse in the region of Adu-
lam, and therefore, we assumed that many species of N2-fixing
bacteria inhabit the soil, but found that these are primarilyMicro-
virga, Sinorhizobia and Neorhizobia (R. Dagan et al., unpub-
lished). As an example, the Sinorhizobium we used as an
outgroup in constructing the nod genes’ phylogenetic trees,
which was isolated from plants grown in Adulam soil, was geneti-
cally distant to RH 3a 1, and therefore unlikely to associate with
C. villosa roots. Furthermore, it has been shown that some
legumes can associate with different mutualists in their native
habitat when edaphic conditions change (de Castro et al., 2018;
Rathi et al., 2018). Thus, the lack of nodules in seedlings grown
in Adulam soil suggests that C. villosa can form a mutualism only
with a specific bacterial genus, that is Bradyrhizobium, as is
known for other legumes of the Genista tribe (Gonzalez-Andres
& Ortiz, 1999; Stezpkowski et al., 2018).

The legume-rhizobia symbiosis can be characterized by a
spectrum between host-mutualist specificity and promiscuity
and varies significantly between species belonging to the same
family or tribe (Andrews & Andrews, 2017). Mutualist specifi-
city has been previously reported for the Genista tribe, to which
C. villosa belongs (Gonzalez-Andres & Ortiz, 1999; Cardinale
et al., 2008), but whether C. villosa exhibits specificity to a par-
ticular clade within the Bradyrhizobium genus is as of yet
unclear. However, the fact that strains closely related to our iso-
late were found to associate with a wide range of plant species
suggests that this strain is not an exclusive symbiont of this par-
ticular plant species. The wide diversity of genome-sequenced
Bradyrhizobium isolates (Fig. S2) can provide an excellent sys-
tem for studying the boundaries of specificity in legume-
rhizobia mutualisms. Interestingly, the phylogenetic trees
derived from the AMPHORA2 genes and the nod genes were
markedly different. While the 31 housekeeping genes used by
AMPHORA2 indicated a wide variety of possible origins of the
RH 3a 1 strain, the nod-based trees point to a more recent
acquisition of these genes upon association to local plant hosts,
adapted to a Mediterranean and semi-arid climate. Thus, these
nod genes were likely acquired by RH 3a 1 via horizontal gene
transfer from local nodulating bacteria, a phenomenon known
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to occur in Bradyrhizobium (Minamisawa et al., 2002; Moulin
et al., 2004).

Association with a symbiont alters the N economy of
C. villosa

The results of our controlled experiments suggest that C. villosa is
critically dependent on symbiotic N2 fixation as its main source
of N, even when nitrogen is available in the soil. Adulam soils
had twice as much available N as Ramat-Hanadiv soils in our
experiment, and yet leaf N concentration was half in plants grow-
ing in uninoculated plants in the former vs the latter (Fig. 5a).
Furthermore, biomass allocation to roots was also significantly
higher in uninoculated plants grown in Adulam soil, suggesting
higher investment by these plants in acquiring soil nutrients.
These results suggest that C. villosa may be limited in its ability
to acquire available soil N exclusively through fine root uptake.
In addition, inoculated plants in unfertilized Adulam soil grew
more and eventually contained more nitrogen compared to plants
in unfertilized Ramat-Hanadiv soil, probably due to the combi-
nation of symbiotic N2 fixation with the higher availability of
phosphorus in Adulam soil compared to Ramat-Hanadiv soil.

Previous studies, including both controlled and field experi-
ments, found that C. villosa regulated its investment in nodule
construction and within-nodule bacterial activity in response
to the availability of N in the soil (i.e. facultative regulation of
fixation sensu Hedin et al., 2009; Dovrat et al., 2018; Alon
et al., 2021), therefore suggesting that C. villosa plants can grow
without symbiotic N fixation. However, our findings show that
without its symbiont, C. villosa acquires very little N through
root uptake even though N is available in the soil, and with sig-
nificantly higher root biomass. Another possibility is that in the
absence of the symbiont, C. villosa alters its N economy by lower-
ing the concentration of N throughout the plant, primarily in the
leaves, to adapt to unfavorable conditions (Wolf et al., 2017;
Dovrat et al., 2020).

Interestingly, plants grown without fertilization in Adulam
soils had higher shoot biomass when inoculated with Ramat-
Hanadiv soil compared to only Bradyrhizobium. This suggests
that either there is some micronutrient that is deficient in Adu-
lam soil and was supplemented by Ramat-Hanadiv soil, or that
there is some microbe present in Ramat-Hanadiv soil
that improves the growth of C. villosa beyond our Bradyrhizo-
bium isolate. It is also conceivable that a higher diversity of sym-
biotic N-fixers would be more productive. However, based on
the available results we cannot currently confirm or reject any of
these hypotheses.

Abiotic limitations on the Bradyrhizobium symbiont in
chalk-derived soils

It is now established that soil pH is one of the main drivers of soil
microbial community composition and, in particular, has a
strong influence on the abundance of N2-fixing bacteria (Lemaire
et al., 2015; Fierer, 2017; de Castro et al., 2018; Ramoneda
et al., 2023; Sepp et al., 2023). Alkaline soils limit the growth

and survival of some species of Bradyrhizobia and may limit their
geographical range (Tang et al., 1991; Graham, 1992; Rathi
et al., 2018; Bouhnik et al., 2022). Furthermore, it is well known
that in alkaline soils, such as Adulam soil, the availability of iron
is greatly reduced (Colombo et al., 2014) which may inhibit both
nodulation and the N2 fixation process itself (Rupela & Sax-
ena, 1987; Tang et al., 1991).

Our results show that the soil in Adulam is slightly more alka-
line compared to the soil in Ramat-Hanadiv, therefore suggesting
that this difference is a possible factor in the absence of Bradyrhi-
zobium from Adulam. We also showed that fertilization, which
included iron and all other micronutrients needed for nitrogen
fixation, increased growth and fixation in Adulam soil. A study
on a closely related strain of Bradyrhizobium identified in C. vil-
losa, showed a significant decrease in the colony-forming unit
(CFU) count with increasing pH of the bacterial growth med-
ium, even at small pH differences of 0.5 (Meghvansi
et al., 2005). Although most soils in Israel are alkaline due to
their high content of calcium carbonate, the pH of chalk-derived
soils in regions with low rainfall is significantly higher than the
pH of limestone-derived soils, therefore imposing stronger lim-
itations on Bradyrhizobium growth (Singer, 2007; Gehlot
et al., 2012; Guerrouj et al., 2013). Indeed, as we found in the
survey, C. villosa was mainly absent from sites with chalk bedrock
within the lower range of mean annual precipitation. We note,
however, that although inoculation in Adulam soil did induce
the formation of viable nodules in C. villosa, the inoculation solu-
tion contained a very large number of bacteria inoculated directly
on the base of the plant, potentially reducing the influence of the
soil conditions on microbial performance. Bradyrhizobium could
therefore be limited in its persistence in the soil (e.g. during rain-
less summers; Dovrat & Sheffer, 2018) rather than in its immedi-
ate survival during inoculation.

Conclusions

Although C. villosa is adapted to a wide set of environmental con-
ditions, we show here that the realized niche of this common
shrub is likely constrained by the local absence of a compatible
N2-fixing symbiont. Furthermore, the high specificity of this
legume in associating with soil N2-fixing bacteria is necessary to
maintain its N economy. Thus, the apparent low capacity of C.
villosa to efficiently acquire available soil N hints at a trade-off
between symbiotic N2 fixation and uptake of soil nitrogen by fine
roots.

The absence of the Bradyrhizobium genus as well as the lower
relative abundance of other N2-fixing bacteria in Adulam soil is
striking, as this is likely the first reported case of a limitation of
the realized niche of a legume within its native range, by the
niche limitations of its symbiont. In other words, we show that
the fundamental niche of the host legume must overlap with the
range of its compatible mutualist. This leads to the conclusion
that the distribution patterns of legumes, and therefore inputs of
new fixed N into terrestrial ecosystems, cannot be fully under-
stood without knowledge of the co-distribution of their respec-
tive mutualists.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Observations of Calicotome villosa as documented in the
BioGIS database (BioGIS, 2020).

Fig. S2 Phylogenetic tree of the Bradyrhizobium genus with this
study’s isolate closely related clade in green.

Fig. S3 Pan-genomic analysis of RH 3a 1 (Ramat-Hanadiv iso-
late) and its closely related strains.

Fig. S4 Phylogenetic trees of the Bradyrhizobium genus with this
study’s isolate closely related clade in green, based on alignments
of the nodA, nodB and nodC genes.

Fig. S5 Phylogenetic trees of the Bradyrhizobium genus with this
study’s isolate closely related clade in green, based on the concate-
nated alignment of the nodA, nodB and nodC genes.
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Fig. S6 Plant height change over the time of the experiment as a
function of each inoculation and fertilization treatment in soil
collected from Adulam and from Ramat-Hanadiv.

Fig. S7 Relative abundance of bacterial rRNA 16S reads of the
different bacterial genera in Adulam and Ramat-Hanadiv soil
samples, based on three replicate samples from each soil pool.

Fig. S8 Composition of the bacterial community in the soil sam-
ples collected from Adulam and Ramat-Hanadiv using PCoA
ordination.

Fig. S9 Relative proportion of rRNA 16S reads of the Bradyrhi-
zobium genus and the Alphaproteobacteria class in the soils used
in the controlled experiment.

Table S1 Statistical results of ANOVAs of the effects of ferti-
lization, inoculation with Bradyrhizobium and soil type and
their interaction on biomass production and allocation, and
nitrogen economy in plants grown in Adulam or Ramat-
Hanadiv soil.

Table S2 Results of ANOVAs and multiple regression of the
density of all Calicotome villosa individuals (adults + seedlings)
and seedlings as influenced by: soil type and mean annual preci-
pitation, and their combinations.
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