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C. scoparius plants compared to strains with SI vari-
ants found indigenously in North America. Cytisus 
scoparius invasion in North America thus enabled 
proliferation of a European SI variant that spread to 
multiple indigenous American Bradyrhizobium lin-
eages via horizontal gene transfer. Spread of this SI 
variant, in turn, likely facilitated C. scoparius inva-
sion of North American habitats.

Keywords  Lateral gene transfer · Mutualism · 
Nitrogen fixation · Phylogeography · Symbiosis

Introduction

Invasional meltdown has been traditionally viewed as 
a process of two or more species-level taxa facilitat-
ing each other’s invasion (e.g., Simberloff and Von 
Holle 1999; Traveset and Richardson 2014; Braga 
et  al. 2018). Initial work on legumes and nitrogen-
fixing root nodule symbionts adopted this perspec-
tive and assumed that bacterial co-invaders would 
be strains with an entire genome derived from the 
ancestral geographic region (e.g., Parker 2001). How-
ever, horizontal gene transfer between indigenous and 
exotic rhizobia could be important in this process. 
Rhizobial symbiosis-related genes are typically clus-
tered on mobile genetic elements such as plasmids or 
symbiosis islands (SI), which experience high rates 
of horizontal transfer (Sullivan and Ronson 1998; 
Andrews et  al. 2018; Epstein and Tiffin 2021). The 
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mobility of SIs raises the possibility that invasional 
meltdown could involve co-invasion of individual SI 
elements as a process distinct from whole-organism 
invasion. In cases where nodule symbionts from the 
ancestral range are co-introduced along with a legume 
into a novel habitat, these rhizobia provide a source 
of symbiotic genes highly adapted to that exotic leg-
ume species, which may then spread to other bacteria. 
As plants proliferate in the invaded habitat, they may 
select for the gain of exotic SI variants by indigenous 
bacteria that are well adapted to other features of the 
local environment (Le Roux et  al. 2017; Andrews 
et al. 2018). The legume invader represents a poten-
tial new niche for indigenous rhizobia, which may be 
effectively utilized if they acquire a novel SI variant.

In this study, we analyzed invasional meltdown 
during the colonization of North America by the 
European legume Cytisus scoparius (Scotch broom). 
This species has invaded many parts of the world 
(Peterson and Prasad 1998), and was likely introduced 
to North America over 160  years ago, with popula-
tions established in three Canadian provinces and 
29 states in the U.S. (https://​www.​invas​ivepl​antat​las.​
org). Cytisus scoparius interacts mostly with nodule 
symbionts in the genus Bradyrhizobium (Lafay and 
Burdon 2006; Kalita and Malek 2017; Stepkowski 
et  al. 2018). Bradyrhizobium strains have a chromo-
somally integrated symbiosis island that comprises 
about 7% of the genome (Kaneko et al. 2002). Within 
its native European range, most C. scoparius symbi-
onts belong to a phylogenetic group variously known 
as the "B. japonicum superclade" (Ormeño-Orrillo 
and Martínez-Romero 2019) or "B. japonicum super-
group" (Avontuur et al. 2019). However, C. scoparius 
symbionts from a divergent lineage, the "B. elkanii 
superclade", have also been detected in one region of 
Spain (Rodríguez-Echeverría 2010).

A prior survey of 270 Bradyrhizobium iso-
lates from 15 naturalized C. scoparius populations 
across North America found that 76% of the strains 
belonged to the B. japonicum superclade, and these 
were present at every location (Horn et  al. 2014). 
More detailed characterization of 15 of these strains 
(based on five housekeeping (HK) loci) showed that 
nearly all were highly similar to C. scoparius nodule 
bacteria found in Europe.

However, the remaining 24% of North American 
C. scoparius symbionts belonged to the B. elkanii 
superclade. Multilocus analysis on seven of these 

strains suggested that they had mosaic ancestry (Horn 
et  al. 2014). Phylogenetic trees inferred from five 
HK loci grouped these strains as close relatives of 
Bradyrhizobium strains associated with indigenous 
North American legumes. However, at three SI loci, 
they were highly similar or identical to a C. scopar-
ius nodule symbiont from Spain. Thus, it appeared 
that bacteria ancestrally associated with other North 
American legumes may have evolved to become sym-
bionts of C. scoparius by gaining symbiotic genes 
from a European ancestor.

Here, we re-examine this possible case of SI inva-
sion via horizontal transfer in North American B. 
elkanii superclade symbionts of C. scoparius. We 
analyzed additional strains from a larger set of loca-
tions in both North America and Europe, and also 
expanded the set of genetic markers (7 HK loci and 4 
SI loci), to permit more precise phylogenetic conclu-
sions. We focused on three specific issues. First, do 
all B. elkanii superclade symbionts in North Ameri-
can C. scoparius populations have a SI derived from 
Europe? Second, how many independent acquisitions 
of the European SI variant have taken place in distinct 
Bradyrhizobium lineages? This will provide insights 
as to whether SI transfer is a rare event, or whether 
it has happened recurrently during legume invasion. 
Finally, is host legume growth differentially affected 
by symbionts of different phylogeographic origin?

Materials and methods

Bacterial strains

Four groups of Bradyrhizobium strains were analyzed 
(Supplementary Table  S1): (1) 28 strains sampled 
from nine naturalized North American C. scoparius 
populations (five in the eastern U.S. [NY, RI, MA], 
and four in the western U.S. [WA, CA]; Horn et  al. 
2014). (2) nine B. elkanii-lineage strains from Tribe 
Genisteae legumes in the native European range of 
C. scoparius (Cardinale et  al. 2008; Rodríguez-Ech-
everría 2010; Rodríguez-Echeverría et  al. 2014). (3) 
65 B. elkanii-lineage isolates from diverse indigenous 
legumes in the U.S. and Mexico. (4) 17 strains iso-
lated from nodules developing on C. scoparius plants 
that were exposed to soil from eight legume habi-
tats in New York where C. scoparius has never been 
present ("naïve soil"), representing novel symbionts 
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potentially similar to those that C. scoparius encoun-
tered when it first arrived in North America (see Sup-
plementary Methods).

DNA Sequencing

DNA was purified by heating cells in a lysis buffer 
followed by chloroform extraction (Parker et  al. 
2012). Portions of 11 gene loci were amplified and 
sequenced (see Boudehouche et  al. 2020 for proto-
cols). The seven HK loci were 23S rRNA (468 bp), 
gyrB (781 bp); rpoB (626 bp), dnaK (603 bp), rplC 
(471  bp); glnII (608  bp), and recA (513  bp). The 4 
SI loci analyzed were nifD (822 bp), nifH (631 bp), 
nodA (633 bp), and nodC (552 bp).

A NeighborNet analysis on the seven concatenated 
HK loci and on the four concatenated SI loci was run 
using SplitsTree v. 4.16.2 (Huson and Bryant 2006). 
In both analyses (Supplementary Figs. S1 and S2), 
reticulation was low around the terminal branches of 
the network, so strain relationships can be reasonably 
approximated by a bifurcating tree. Therefore, trees 
were inferred as described (Boudehouche et al. 2020) 
for concatenated HK loci and for concatenated SI loci 
using MrBayes v. 3.2.7a (Ronquist et al. 2012).

Inoculation experiment

Cytisus scoparius growth rates were compared using 
one European strain (H11), four North American C. 
scoparius strains with the European SI variant, and 
four strains originating from nodules developing on 
C. scoparius plants exposed to naïve soil (from non-
invaded habitats). Seeds were sterilized with sulfuric 
acid, then planted in a rhizobia-free 1:3 mixture of 
sand and potting soil. Plants were grown in a green-
house with n = 14 seedlings randomly assigned to 
each treatment (9 bacterial strains and a set of unin-
oculated control plants). Six days after planting, seed-
lings in the nine inoculation treatments were given 
5  mL of broth culture containing approximately 108 
bacterial cells mL−1. Bacterial cross-contamination 
was avoided by using standard precautions involving 
watering by subirrigation and placing a perlite-gravel 
barrier on top of the soil (Wilkinson et  al. 1996). 
These precautions appeared to be effective because 
no nodules developed on uninoculated control plants. 
Every 7–10  days, plant positions in the greenhouse 

were re-randomized. Total dry plant biomass, nodule 
number, and the diameter of the two largest nodules 
per plant were measured after 6 weeks.

Results

Relationships for symbiosis island loci

Bayesian analysis of four concatenated SI loci showed 
that all 28 North American C. scoparius strains clus-
tered within a European clade (Fig. 1). Additionally, 
every individual locus for all North American C. 
scoparius strains had an identical haplotype to par-
ticular European haplotypes, except for nodA in one 
strain (csma27). All North American C. scoparius 
strains shared a nifH haplotype with strain Sj15c, and 
shared a nifD haplotype with six European strains 
(H11, AbruD10, AlisF2, CollC19, CollC20, ValeG5). 
The North American C. scoparius strain nodC hap-
lotype was identical to that of seven European strains 
(Sj15c, H11, AbruD10, AlisF2, CollC19, CollC20, 
ValeG5). All but one North American C. scoparius 
strain shared a nodA haplotype with six European 
strains (H11, AbruD10, AlisF2, CollC19, CollC20, 
ValeG5). The nodA haplotype of strain csma27 from 
California had a single nucleotide difference from 
that haplotype, and was not present in any of the 
European strains analyzed. The csma27 nodA locus 
was amplified and sequenced again yielding the same 
result, confirming that the SNP was not a sequencing 
artifact.

Relationships for housekeeping loci

Major phylogenetic incongruity was evident between 
the SI tree (Fig.  1) and the tree inferred for house-
keeping loci (Fig.  2). In contrast to SI loci, where 
North American C. scoparius strains were nearly all 
identical and matched European strains, their HK 
genes were diverse, and grouped into eight lineages 
(A-H) interspersed among native North American 
legume strains (Fig. 2). The largest lineage (G) con-
tained 13 isolates from five populations in CA, MA, 
NY, and RI. These strains were identical at all seven 
housekeeping loci to strain drlt6, isolated from the 
native North American legume Desmodium rotundi-
folium in the same habitat (Lake Tiorati, NY) as five 
of the lineage G isolates. Although these strains were 
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Fig. 1   Bayesian tree for 
four concatenated symbiotic 
island loci (2647 bp) in 128 
Bradyrhizobium strains. 
Numbers on tree branches 
are the Bayesian posterior 
probability values for that 
clade
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Fig. 2   Bayesian tree for 
seven concatenated house-
keeping loci (4099 bp) in 
128 Bradyrhizobium strains. 
Eight lineages of North 
American Cytisus scoparius 
strains are designated with 
letters. Numbers on tree 
branches are the Bayesian 
posterior probability values 
for that clade
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identical at all of the HK loci, SI loci were vastly 
different between strain drlt6 and the C. scoparius 
strains (Fig.  1). Thus, the lineage G C. scoparius 
strains could have evolved from a strain like drlt6 by 
acquiring a European SI variant.

Lineage B contained the next largest cluster of 
North American C. scoparius strains, with five strains 
from three populations in Washington State. The 
closest relative of these strains was cscv3, a strain that 
developed on C. scoparius plants exposed to naïve 
soil from New York.

Lineage F contained four strains from one popula-
tion in Rhode Island. These strains had housekeeping 
genes nearly identical to strain aai25, a native North 
American legume strain from North Carolina (aai25 
differed from lineage F at just one nucleotide site in 
one locus [rplC]).

Affinities of novel C. scoparius symbionts

Among 17 strains isolated from nodules develop-
ing on plants exposed to naïve soil from habitats in 
New York State where this European legume has 
never been present, none had the European SI variant 
(Fig. 1). Instead, their SI sequences fell into a variety 
of lineages with affinities to native North American 
legume strains. The HK tree also indicated affinities 
to North American legume strains (Fig. 2).

Symbiotic effectiveness

Plants inoculated with North American C. scoparius 
strains carrying the European SI variant exhibited 
an average biomass 78% higher than uninoculated 
plants (Supplementary Fig. S3). Strains originating 
from nodules on C. scoparius plants exposed to naïve 
soil (with other SI variants) had significantly poorer 
growth (F(1,6 df) = 52.46; P = 0.0004; see Fig. S3 and 
ANOVA details in Supplementary Methods). Strains 
with the European SI variant would likely have higher 
reproductive success in habitats dominated by C. sco-
parius, because such strains formed more abundant 
and larger nodules (Supplementary Table S3). In two 
further experiments examining additional strains, 
North American C. scoparius strains with the Euro-
pean SI variant were also found to confer significantly 
higher growth than strains with SI variants found 

indigenously in North America (Supplementary 
Table S4; ANOVA P = 0.0052 and P = 0.00083).

Discussion

Most native legumes in eastern North America asso-
ciate primarily with B. elkanii superclade strains 
(Koppell and Parker 2012; Parker 2012). Thus, as 
C. scoparius colonized North American habitats, it 
would have encountered numerous Bradyrhizobium 
strains in the B. elkanii superclade that were adapted 
to a variety of indigenous American legumes. The 
strains isolated from nodules that developed on C. 
scoparius plants exposed to naïve soil confirmed that 
B. elkanii superclade strains readily colonize this 
legume host (Figs.  1, 2). However, these B. elkanii 
superclade strains had diverse symbiotic gene vari-
ants (Fig.  1) that apparently made them poor mutu-
alist partners of C. scoparius (Fig. S3, Table S4). If 
nodule symbionts from Europe had been co-intro-
duced along with C. scoparius into North America, 
these rhizobia would have provided a source of sym-
biotic genes highly adapted to this legume species, 
potentially available for other bacteria to acquire 
via horizontal transfer. The gain of a C. scoparius-
adapted SI variant by indigenous North American 
Bradyrhizobium strains could have given them a com-
petitive advantage for interacting successfully with 
this legume, compared to related strains carrying SI 
variants adapted to other legumes. It is clear that mul-
tiple independent gains of the European SI variant 
occurred in North America, because symbionts with 
this SI variant were distributed across several diverse 
clades in the tree for housekeeping loci (Fig. 2).

In the tree for housekeeping loci, no North Ameri-
can strains identical to European B. elkanii super-
clade strains were detected (Fig. 2). This suggests that 
while the European SI variant spread successfully 
across North America (Fig. 1), the original European 
B. elkanii superclade symbionts that introduced this 
SI variant have not persisted over time.

When native rhizobia first encounter exotic leg-
umes during the early stages of invasion, symbiotic 
effectiveness may be impaired (Rodríguez-Echever-
ría et al. 2012). Spread of the European SI variant in 
North American Bradyrhizobium populations likely 
facilitated C. scoparius invasion, because strains 
with the European SI variant conferred superior plant 
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growth relative to strains with other SI variants found 
indigenously in North America (Fig. S3, Table  S4). 
To better understand the invasion of C. scoparius in 
other regions, as well as invasion ecology for other 
exotic legumes worldwide, horizontal transfer of SI 
variants merits further investigation.
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