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Abstract

Background and Aims Lespedeza cuneata (Dum. Cours.)
G. Don is an invasive legume that displaces pop-
ulations of native N. American congeners. Our
aims are to determine the growth benefits of different
rhizobacterial strains for L. cumneata and native
Lespedeza virginica (L.) Britton, and to determine if
these strains influence competition between these
plants.

Methods Plants were grown under nitrogen-limiting
conditions in sterilized soil in pairs consisting of two
L. cuneata, two L. virginica, or one of each species, and
then plants were inoculated with one of seven rhizobial
isolates, or with a no-strain control. After 3 months,
plants were harvested for determination of biomass
and nodulation rate.

Results Five of the assayed stains improved L. cuneata
biomass over uninoculated controls, but none of the
strains benefited L. virginica. L. cuneata plants had
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more biomass and root nodules when grown in compe-
tition with L. virginica than with a conspecific.
Conclusions Asymmetrical benefits from these symbi-
onts accrued to invasive L. cuneata but not to native
L. virginica, and this may provide the invader with a
growth advantage in the field. Changes in the availabil-
ity of effective symbionts in the soils of invaded sites
can shape performance of native and invasive plants.
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Introduction

Lespedeza cuneata (commonly known as Sericea lespe-
deza) is a long-lived perennial legume in the family
Fabaceae and also one of the notorious invasive plants
of North America. This plant was introduced from Japan
to the U.S. in the 1800s, and since then it has become an
invasive weed, causing ecological problems in its intro-
duced range (Eddy and Moore 1998). L. cuneata can
tolerate high drought and shade conditions and survive
in various habitats including prairies, woodlands, fields
and borders of ponds and swamps (Remaley 1998). It is
known for its capability of causing changes in plant
community composition and the structure and function
ofnative habitats (Brandon et al. 2004; Eddy and Moore
1998). The symbiotic relationship between L. cuneata
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and nitrogen-fixing bacteria has the potential to alter soil
nutrients in the ecosystem (Hawkes et al. 2005; Lynd
and Ansman 1993a). These soil nutrient changes can
lead to vegetation or microbial community alteration
(Hawkes et al. 2005). Due to its aggressive behavior
and its harmful effects, L. cuneata has been put on the
noxious weed list in several states (Dudley and Fick
2003), which calls for more insightful understanding
of the invasion of L. cuneata.

Several possible ecological mechanisms of invasion
success of L. cuneata have been studied by previous
workers. L. cuneata is more productive than its North
American congeners, having a higher total and specific
leaf area, and this productivity allows L. cuneata to
outcompete native species (Allred et al. 2010; Smith
and Knapp 2001). L. cuneata can tolerate a large amount
of leaf loss (80 %) during the growing season while
maintaining a similar growth rate to unclipped controls
(Schutzenhofer and Knight 2007). A study conducted
by Beaton et al. (2011) found evidence that L. cuneata
from its introduced sites is more competitive than native
plants and its ancestral genotype. What is more, invasive
genotypes of L. cuneata exhibit enhanced aggressive-
ness (Beaton et al. 2011) in accordance with the evolu-
tion of increased competitive ability hypothesis. This
hypothesis predicts that a lack of natural enemies allows
invasive plants to allocate more resources to growth and
fewer resources to defense in their invaded range,
and thus they tend to grow more biomass and be
more effective light competitors than individuals of
the same plant species taken from its original
native sites (Blossey and Notzold 1995). These charac-
teristics build the foundation of the “shade-out” effect of
L. cuneata, and there is evidence that L. cuneata tends to
lower the light availability, allowing it to dominate
grassland communities under favorable conditions
(Brandon et al. 2004).

In addition to its growth advantage, L. cuneata may
interact with its environment in ways that confer benefit
over native competitors. L. cuneata can consistently
maintain significant levels of both seed and vegetative
reproduction under variable weather conditions, facili-
tating the spread of this species under a wide range of
environmental conditions, including those that might
otherwise affect flowering, pollination, seed dispersal,
germination and establishment (Woods et al. 2009).
Furthermore, the release of phytotoxic compounds from
plant residues of L. cuneata has been shown to inhibit
several crops and weeds (Kalburtji et al. 2001).
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Interaction with the soil microbial community pro-
vides another, little explored mechanism of the invasive
success of L. cuneata. An increasing number of studies
indicate that interactions between plants and microor-
ganisms can influence plant invasions (Klironomos
2002; Mitchell et al. 2006; Reinhart and Callaway
2006; van der Putten 2010; van der Putten et al. 2007,
Wolfe and Klironomos 2005), and mutualisms with
rhizobacteria should be particularly important for the
success of invasive legumes like L. cuneata. Many
leguminous plants continue to fix nitrogen after invad-
ing a new habitat, by taking advantage of mutualisms
with bacteria that were transported with them, or by
forming new mutualisms in the invaded range (De
Faria et al. 1989). Consequently, some invasive legumes
do not appear to be limited by the density or community
composition of soil rhizobia (Birnbaum et al. 2012).
However, the legume-rhizobium symbiosis is more ef-
fective when invasive Acacia are matched with bacteria
from their home range in comparison with native bac-
teria (Rodriguez-Echeverria et al. 2012; Thrall et al.
2007). The legume Leucaena leucocephala failed to
survive in its invaded range until its corresponding
symbiotic rhizobia were introduced (Richardson et al.
2000). What is more, a threshold density of nitrogen
fixing bacteria is required for nodule forming on some
legumes (Parker 2001), and some invasive legumes may
be limited by the distribution of their symbionts (Parker
et al. 2006). Thus, the symbiotic relationship with
rhizobia still has important functions for plant growth
after invading a new habitat.

Although it is known that obtaining nitrogen from
root nodules is important for invasive legumes in habi-
tats with low levels of nitrogen, it is still not known how
the mutualism with rhizobia may help invasive legumes
outcompete native vegetation. There are different
mechanisms that nodule formation might influence
plant competition, thereby impacting plant inva-
sion. One of the possible mechanisms is that certain
legumes may be superior hosts because they are rela-
tively more adept at acquiring symbiotic partners than
other legumes (Rodriguez-Echeverria et al. 2009). Also,
the effectiveness of rhizobia varies dramatically from
host to host indicating that certain plants will be favored
if a site has more rhizobacteria that are more beneficial
for these plants as opposed to potential competitors
(Kiers et al. 2003).

While it has come to be recognized that soil micro-
organisms associated with plants (e.g. rhizobacteria and
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mycorrhizal fungi (Reinhart and Callaway 2006)) might
play an important role in invasion success (Klironomos
2002; Mitchell et al. 2006; Reinhart and Callaway 2006;
van der Putten et al. 2007), few studies have reported
how the interaction between L. cuneata and its associ-
ated microorganisms influences its invasion success.
However, a recent study (Yannarell et al. 2011) about
L. cuneata suggests that soil bacteria communities in
heavily invaded and uninvaded sites were significantly
different, which raises the possibility that microorgan-
isms associated with L. cuneata invasion may play a role
in facilitating its invasion.

Mechanisms by which nodule-forming bacteria
might influence plant competition may be operating in
the spread of the invasive L. cuneata at the expense of its
native congener, L. virginica (Schutzenhofer and Knight
2007). Both legumes readily associate with N-fixing
Rhizobiales bacteria, but they vary widely in their den-
sities where range overlap occurs. This might be due to
their physiological and morphological differences, but
we hypothesize that it is also related to their different
responses to symbiosis with rhizobia under identical
biotic and abiotic conditions. By forming nodules with
L. cuneata and L. virginica, different rhizobial strains
might benefit L. cuneata and L. virginica with different
efficiency.

Here we ask, how do different rhizobial strains influ-
ence the competition between L. cuneata and its native
congener, L. virginica under low-nitrogen conditions?
We tested the effects of cultivated rhizobial strains on
both invasive L. cuneata and native L. virginica
when grown separately and in competition. Our ob-
jectives are to determine whether these rhizobia pro-
vide asymmetrical benefits to L. cuneata and
L. virginica, and to evaluate the potential impacts of
these symbioses on competition between these two plant
species.

Materials and methods

Isolation and screening of bacterial strains We collect-
ed roots and root nodules of invasive Lespedeza cuneata
(Dum. Cours.) G. Don, native L. virginica (L.) Britton
and a native legume, Chamaechrista fasciculata
(Michx.) Greene var. fasciculata from previously de-
scribed locations (Yannarell et al. 2011) at Ft.
Benning, Georgia and Ft. Leonard Wood, Missouri.
Root nodules were cleaned with 0.02 % polysorbate

20, surface sterilized with 6 % sodium hypochlorite
and then rinsed with autoclaved DI water three times
(Bender et al. 1989). Root nodules were crushed into
500 ul autoclaved DI water. Aliquots of 100 pl of this
bacteria liquid were spread gently over Yeast-Manitol
agar medium plates, and then after 3 to 7 days of growth
at 28 °C, single colonies were picked and transferred to
R2A medium plates for isolation. Colonies were contin-
ually picked and transferred to R2A plates until one
single colony type was seen on the plate. We obtained
50 isolates in this manner. Each single colony was
collected from isolated culture plates to enrich on a
new R2A medium plate. After several days of growth
at 28 °C, isolated bacteria were swabbed into 50 %
glycerol stock for long-term storage.

The remaining bacteria liquid on the swab of each
culture was suspended in autoclaved DI water for iden-
tification by 16S rDNA gene sequencing. The bacterial
suspension was boiled in 100 °C water bath for 10 min
to release DNA, and then 5 pl of this liquid was used as
a template for 16S rRNA gene PCR. The 16S rRNA
gene PCR was done using the primers of Lane (Lane
1991) based on the following conditions: each 50 ul
reaction contained 5 pl template, GoTaq (Promega,
Madison, WI) buffer 1x, 0.25 pg ul™' BSA, 3 mM
MgCl,, 0.25 uM dNTPs, primer 8 F (5’-GGGT
TBCCCCATTCRG-3") 0.4 uM, primer 1492R (5°-
GGGTTBCCCCATTCRG-3") 0.4 uM, Taq polymerase
(Promega, Madison, WI) 0.05U/ul; program: 94 °C
2 min; 30 cycles of 94 °C 35 s, 55 °C 45 s, 72 °C
2 min; 72 °C 2 min. The PCR products were purified
using a Promega PCR cleanup kit and sent to the W.M.
Keck Center for Comparative and Functional Genomics
(University of Illinois at Urbana-Champaign) for Sanger
sequencing (Sanger and Coulson 1975) for each strain.
The strains were then identified by 16S rRNA gene
sequences (Yanagi and Yamasato 1993). All sequences
generated as part of this work have been deposited in
GenBank under accession numbers KF596683-
KF596726.

Isolates were further screened for the presence of
nitrogenase genes (nifH) and a functional nitrogenase
system. PCR for the nifH gene was conducted from the
boiled bacteria DNA liquid, using the primer set of
Poly and colleagues (Poly et al. 2001) based on
the following conditions: each 25 ul reaction contained
4 ul template, GoTaq buffer (Promega, Madison, WI)
1%, 0.25 pg ul ™! bovine serum albumin (BSA), 2 mM
MgCl,, 0.2 uM dNTPs, primer polF (5’-TGCGAYCC
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SAARGCBGACTC-3") 0.5 uM, primer polR (5°-
ATSGCCATCATYTCRCCGGA-3’) 0.5 uM, Taq en-
zyme (Promega, Madison, WI) 0.05 U ul™'; program:
94 °C 5 min; 1 cycle 0f 94 °C 45 s, 64 °C 45 s, 72 °C
45's, 2 cycles of 94 °C 45 s, 62 °C 45 s, 72 °C 45 s,
3 cycles 0f 94 °C455s,60°C455s,72 °C45 s, 4 cycles of
94 °C 455,58 °C 455,72 °C45 s, 25 cycles of 94 °C
45 s, 56 °C 45 s, 72 °C 45 s, 72 °C 10 min. Gene
products of the expected size were confirmed by elec-
trophoresis. To confirm that strains could actively fix
nitrogen, we assayed all nifH-positive strains for growth
on nitrogen-free AcD plates (Burris 1994). We contin-
ued checking the plates to see if the bacteria strains grew
on the plates for as long as 2 weeks.

Thirteen isolated strains belonging to traditional
nodule-forming bacterial genera were able to grow on
the nitrogen-free medium. Based on comparisons of the
16S rRNA gene sequences, we found that several of our
isolates were 100 % identical to others. Thus, we
narrowed isolates down to seven unique rhizobial strains
(Table 1) used to test our hypotheses regarding bacterial
influence on plant competition.

Competition trials A greenhouse experiment was con-
ducted to find out how different rhizobial strains
influence the competition between L. cuneata and
L. virginica. The experiment was a three-way factorial
experiment to test the influence of rhizobial strain iden-
tity on plant competition. The plant factor had two

Table 1 Information about the assayed strains

Strains®  Site®  Origin® Genus® nifH band®
R1 GA L. cuneata Mesorhizobium — weak

R2 GA L. cuneata Bradyrhizobium  strong

R3 GA L. cuneata Rhizobium weak

R4 MO L. cuneata Bradyrhizobium  strong

R5 MO L. cuneata Rhizobium no

R6 MO L. virginica Rhizobium no

R7 MO  C. fasciculata  Bradyrhizobium  strong

?Strains: the ID used for different strains in the greenhouse
experiment

®Site: indicates whether the isolate was obtained from Ft.
Benning, GA or Ft. Leonard Wood, MO

¢ Origin: plant species from which the strain was isolated

4 Genus: the genus based on BLAST result of 16S rRNA se-
quences of each strain

© nifH band: the presence of nifH band on electrophoresis gel
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levels, L. cuneata and L. virginica. The competition
factor was assessed by growing two L. cuneata individ-
uals alone (intraspecific competition), two L. virginica
individuals alone (intraspecific competition), and one
individual of the two species together (interspecific
competition). Seven different rhizobial strains were used
to inoculate these plants, and a no-inoculum control was
also used (8 levels total). Ten replicates were applied to
each treatment.

We used a standard “root wash” soil mixture provided
by the University of Illinois’ Plant Care Facility green-
house. This soil mixture consisted of 1:1:1 of field soil:
calcinated clay: sand), and it had the following properties
(mean+standard deviation): organic matter (1.65 %=+
0.90 %), total organic carbon (0.95 %+0.10 %), total
nitrogen (0.079 %+0.002 %), Bray-1 phosphorus
(25.5 ppm=*6.56 ppm), nitrate (7.5 ppm=1.0 ppm), am-
monium (8.0 ppm=0.8 ppm), pH (7.3£0.05), cation
exchange capacity (14.2 meq/100 g+1.1 meq/100 g).
This soil mixture was autoclaved twice at 121 °C for
1 h. Approximately 450 cubic centimeters of soil was put
into separated Leonard jars (Leonard 1943). These
growth containers consisted of two 77 mm X 77 mm X
97 mm (W x L x H) polycarbonate pots (GA-7 Magenta
vessels, Sigma Aldrich, St. Louis, MO), one on top of
the other, connected by a wick. The lower box contained
water and nutrients for plants, which were carried by the
wick up to the upper box that contains soil and plants.
All Leonard jars with soil were autoclaved for 25 min
with lids on.

Half-strength sterilized nitrogen-free Hoagland’s so-
lution (Bender et al. 1989) was diluted from autoclaved
stock, and 200 ml was added to the lower portion of
each autoclaved Leonard jar. The soil in the upper
compartment was moistened by nutrient solution for
2 days before dispersing seeds on the soil.

All seeds were sterilized with 6 % sodium hypochlo-
rite for 5 min, and rinsed with sterile Milli Q water three
times (Bender et al. 1989). Eight seeds were put in each
Leonard jar with moistened soil. Between the 9th and
11th day after germination, two seedlings were random-
ly selected and left in the jar as experimental subjects
while others were culled. The seedlings were inoculated
with strains 7-14 days after germination. The seven
rhizobial strains were grown to the end of exponential
stage in Yeast-Manitol broth at 28 °C, with shaking at
160 rpm. The strains were then diluted to 10® CFU/ml
for inoculation, and every seedling was inoculated with
5 ml bacteria suspension liquid.
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During germination, lids with a small central vent
covered with a 0.2 pm filter were put on Leonard jars to
prevent contamination in the beginning phase. The lids
were kept on after inoculation for 5-7 days to prevent
cross contamination from the air. Fresh, sterile half-
strength nitrogen-free Hoagland’s solution was added
to the bottom compartment of the Leonard jars each
week in order to replenish all nutrients except for nitro-
gen. At the end of experiment, the plants were large
enough that the frequency of Hoagland’s solution resup-
ply was increased to two to three times a week. The pots
were randomized to different locations on the green-
house bench top weekly.

After 3 months of growth, plants were harvested.
Both plants, along with the attached soil, were removed
from the Leonard jars. The two plants from the same pot
were then gently separated from each other and the soil.
Plants were washed with tap water to remove soil, and
roots and shoots were separated from washed plants.
Root nodule number was counted before each shoot and
root was separated and dried for biomass measurement.
Nodules were removed from roots and weighed on a
three-digit scale to help explain the performance varia-
tion between plant individuals. The rest of roots were
put back into the envelope. All envelopes with shoots
and roots were dried at 60 °C. After 3 days, the biomass
of shoot and root was measured on a three-digit scale.

Data analysis To evaluate differences in root biomass,
shoot biomass, total plant biomass, nodule number, and
nodule biomass, three-way ANOVAs were conducted in
the R statistical environment (v2.14.1, R Development
Core Team, 2011). As described above, the factors for
these analyses were plant species (two levels), competi-
tion (two levels, inter- and intraspecific competition),
and bacterial strain (eight levels, including un-
inoculated controls). Post-hoc contrasts using Tukey’s
Honest Significant Difference were conducted to iden-
tify significant differences between specific treatment
levels.

Results

The main effects of plant species, competition, and
bacterial strain were significant for root biomass, shoot
biomass, total plant biomass, nodule biomass, and nod-
ule number (Tables 2, S1-3). L. cuneata acquired more
biomass (Figs. 1 and 2) and more nodules (Fig. 3) than

Table 2 ANOVA table for total plant biomass

Response: total biomass® Df Sum Sq °p value
plant® 1 139.615 <0.001
competitor® 1 18.709 <0.001
strain® 7 34.759 <0.001
plant x competitor 1 13.627 <0.001
plant x strain 7 13.666 0.019
competitor X strain 7 5.034 0.500
plant x competitor X strain 7 4.923 0.516
Residuals 227 179.551

# Response indicates the dependent variable, the total dry biomass
(g) of each individual plant

b plant: plant species as independent factor

¢ competitor: whether it is interspecific or intraspecific competition
as independent factor

4 strain: different strain inoculated as independent factor

¢ p-values lower than 0.05 are indicated in boldface

L. virginica. Plants were larger under interspecific
competition than intraspecific competition, but this
effect seemed to be largely driven by the superior
performance of L. cuneata under interspecific com-
petition (Fig. 2). The two-way interaction of plant
species and strain were significant in total biomass
(Table 2) and shoot biomass (Table S1), meaning
that the growth of L. cuneata and L. virginica
reacted differently to the strain treatments.
L. cuneata gained significantly more biomass than
the no-inoculation control when inoculated with R2
(Bradyrhizobiuml) (p<0.001, Fig. 1), R3

B L. cuneata

[ ¢. virginica
*

Total biomass (g)
o

R1 R2 R3 R4 R5 R6 R7
Rhizobial strain

no,
strain

Fig. 1 Influence of rhizobial strain identity on plant biomass The
data show the total biomass of L. cuneata (black) and L. virginica
(white) plants when inoculated with no strain (leftmost set of bars)
or with one of the seven strains listed in Table 1 (strain identities
are as follows: R1 Mesorhizobium; R2 Bradyrhizobium1; R3
Rhizobium1; R4 Bradyrhizobium2; RS Rhizobium2; R6 Rhizobi-
um3; R7 Bradyrhizobium3). Error bars represent one standard
error of the mean
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0+ T
L. cuneata L. virginica
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Fig. 2 Influence of plant competition on plant biomass The data
show the total biomass of L. cuneata (black) and L. virginica
(white) plants when grown under intraspecific competition (e.g.
L. cuneata plant with L. cuneata neighbor; leftmost black bar) or
under interspecific competition (e.g. L. cuneata plant with
L. virginica neighbor, black bar on the right). Error bars represent
one standard error of the mean

(Rhizobium1) (p=0.011, Fig. 1), R4 (Bradyrhizobium?2)
(p<0.001, Fig. 1), RS (Rhizobium2) (p=0.013, Fig. 1)
and R7 (Bradyrhizobium3) (p=0.014, Fig. 1). However,
none of the strains yielded significant increases in
L. virginica biomass in comparison to the no-strain
control (p=0.5541, Fig. 1).

In addition, the two-way interaction of plant species
and competition were significant for total biomass
(Table 2) and shoot biomass (Table S1), meaning that

21 Piant
B L. cuneata
20[] L. virginica
©
o
€ 154
5
c
Q0
S 10
S
8 T T
pz4 5 J_ T
0 ——
L. cuneata L. virginica

Neighbor

Fig.3 Influence of plant competition on plant nodulation rate The
data show the number of root nodules for L. cuneata (black) and
L. virginica (white) plants when grown under intraspecific com-
petition (e.g. L. cuneata plant with L. cuneata neighbor; leftmost
black bar) or under interspecific competition (e.g. L. cuneata plant
with L. virginica neighbor, black bar on the right). Error bars
represent one standard error of the mean
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the growth of L. cuneata and L. virginica reacted differ-
ently to the competition treatment. For L. cuneata, the
total biomass (»p<0.001, Fig. 2) and the nodule number
(»<0.001, Fig. 2) were significantly larger under
interspecific competition than under intraspecific
competition, whereas there was no such difference
for L. virginica. Overall L. cuneata gained signif-
icantly more total biomass (Tables 2 and 4), shoot
biomass (Table 4, S1), root biomass (Table 4, S2),
nodule biomass (Table 4, S3), and nodule number
(Tables 3 and 4) than L. virginica. L. cuneata also
had a higher root-to-shoot biomass ratio than
L. virginica (p<0.001), but there were no other signifi-
cant treatment effects or interactions for root-to-shoot
biomass.

Discussion

Asymmetrical benefit of microbial mutualists to native
and invasive plants

Our results demonstrate that native and invasive
Lespedeza do not benefit equally from associations
with their rhizobial symbionts. Plant biomass of
L. cuneata inoculated with R2 (Bradyrhizobium1), R3
(Rhizobium1), R4 (Bradyrhizobium?2), RS (Rhizobium?2)
and R7 (Bradyrhizobium3) was significantly higher than
uninoculated controls, whereas the plant biomass of

Table 3 ANOVA table for root nodule number

Response: nodule number® Df Sum Sq °p value
plant® 1 1018 0.017
competitor® 1 2073 <0.001
strain® 7 9507 <0.001
plant x competitor 1 1128 0.012
plant x strain 7 2445 0.059
competitor X strain 7 2270 0.081
plant x competitor x strain 7 737 0.758
Residuals 227 40026

#Response indicates the dependent variable, the dry nodule num-
ber of each individual plant

b plant: plant species as independent factor

¢ competitor: whether it is interspecific or intraspecific competition
as independent factor

4 strain: different strain inoculated as independent factor

© p-values lower than 0.05 are indicated in boldface
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Table 4 Quantitative comparisons between L. cuneata and L. virginica®

Plant species Total biomass Shoot biomass Root biomass Nodule number Nodule biomass Shoot to root
(2) (2) (2) (mg) biomass ratio

L. cuneata 2.12+0.10 1.62+0.09 0.50+0.03 11.08+1.34 41.73+£5.84 3.52+0.15

L. virginica 0.63+0.05 0.24+0.03 0.39+0.03 7.06+1.23 17.76+4.33 0.72+0.07

# All values are mean plus or minus standard error

L. virginica did not improve over that of controls with
any of the strains tested here (Fig. 1). This asymmetric
benefit of particular strains for L. cuneata led to im-
provements in total biomass and shoot biomass and to
trend-level improvements in nodule number (Tables 2
and 3, S1). No such benefits were observed for
L. virginica, even when coupled with strains that were
originally isolated from L. virginica plants (e.g. strain
R6). L. cuneata acquired more nodule biomass than
L. virginica (Table 4), which may mean that the invasive
L. cuneata was able to establish a more profitable nitro-
gen symbiosis than the native. Regardless of the mech-
anism, it is clear that invasive L. cuneata is dispropor-
tionately benefiting from some of the strains surveyed
here, while the native L. virginica is not. L. cuneata has
previously been reported to associate with mycorrhizal
fungi (Lynd and Ansman 1993b; Wilson 1988), and
while we are aware of no reports on the mycorrhizal
status of L. virginica, a number of other Lespedezas are
reported to benefit from arbuscular mycorrhizal fungi
(Maki et al. 2008; Wu et al. 2002). It would be very
interesting to know if the disproportionate benefits of
L. cuneata reported here extend to these other kinds of
symbioses.

Different strains of microbial symbionts can have
differential fitness effects on different plant hosts
(Cardinale et al. 2008; Helgason et al. 2002; Rangin
et al. 2008; Rincon-Rosales et al. 2009; Rodriguez-
Echeverria et al. 2012; van der Heijden et al. 1998),
and these differential effects may be related to the degree
of “familiarity” between the host and the symbiont
(Klironomos 2003; Rodriguez-Echeverria 2010;
Rodriguez-Echeverria et al. 2012). For example, in a
Mediterranean dune system, the legume-rhizobium
symbiosis leads to higher nodulation rates, nitrogenase
activity, and plant growth when native legumes are
paired with native rhizobacteria and when exotic le-
gumes are paired with rhizobacteria from their home
range (Rodriguez-Echeverria et al. 2012; Thrall et al.
2007). These differential effects can link the dynamics

of plant and soil communities (Bever et al. 2012). As
plant community composition changes, the dominant
plants can influence the diversity of soil mutualists
through their symbiont preference (Leary et al. 2006;
Rangin et al. 2008). A plant experiencing a declining
population of its preferred symbionts may be colonized
by a higher proportion of inferior strains, and the
resulting mismatch between plant hosts and effective
symbionts may have detrimental effects on plant fitness.
If the legume-rhizobium symbiosis of native plants is
less effective with strains that are preferred by invasive
plants, then dominance of invasive plants at a site can
exert additional pressure on native populations through
a kind of “invasional meltdown” of their preferred sym-
bionts (Rodriguez-Echeverria 2010; Rodriguez-
Echeverria et al. 2012). Our results do not allow us to
make any conclusions about plant preference for sym-
bionts, but we can point to differences in the benefits
obtained by the invader and the native (Fig. 1).
Furthermore, our previous work has shown that high
densities of invasive L. cuneata are correlated with
shifts in overall soil bacterial community compo-
sition in comparison to uninvaded sites (Yannarell
et al. 2011). Further research is necessary before it
can be established that these belowground changes
can reinforce L. cuneata invasion, but our current results
indicate that changes to the composition of nitrogen-
fixing rhizobacteria in invaded habitats could lead to
asymmetrical benefits for L. cuneata over its native
congeners.

Understanding how shifts in microbial community
composition can influence invasion success will help
build our ecological toolkit for managing plant inva-
sions, and it is particularly important to understand
which species might play a key role in supporting plant
invasion. The three Bradyrhizobium strains tested here
were all effective nodulators of invasive L. cuneata, and
these three strains also yielded the highest total biomass
increase for this plant (Fig. 1). As with the other strains
tested here, none of these Bradyrhizobium strains
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produced positive biomass increases for the native
L. virginica. In addition, one of these effective
Bradyrhizobium strains was isolated from a root nodule
of the native plant Chamaechrista fasciculata (strain
R7), and this raises the potential for facilitative interac-
tions between C. fasciculata and L. cuneata by means of
their common symbionts, as has been previously dem-
onstrated for invasive Cystisus scoparius and native
Desmodium canadense (Parker et al. 2006). Previous
studies have implicated Bradyrhizobium strains in
supporting exotic legume invasions in New Zealand
(Weir et al. 2004), Australia (Lafay and Burdon 2006),
Africa (Boukhatem et al. 2012; Ndlovu et al. 2013),
Europe (Rodriguez-Echeverria 2010; Rodriguez-
Echeverria et al. 2007; Rodriguez-Echeverria et al.
2012), and Hawai’i (Leary et al. 2006). Weir and col-
leagues report that Bradyrhizobium was the only genus
associated with three different invasive legumes in New
Zealand (Weir et al. 2004), and Rodriguez-Echevarria
and colleagues similarly report that all isolates from
different invasion stages of Acacia longifolia were in
the genus Bradyrhizobium (Rodriguez-Echeverria et al.
2007). The ability of invasive Acacia to associate with
Bradyrhizobium may be responsible for its successful
invasion of Algeria, where the native Acacia associate
exclusively with Rhizobium and Mesorhizobium
(Boukhatem et al. 2012). Finally, there are a number of
reports of co-invasion by exotic legumes and their as-
sociated Bradyrhizobium bacteria (Lafay and Burdon
2006; Leary et al. 2006; Rodriguez-Echeverria 2010;
Rodriguez-Echeverria et al. 2012). In conjunction
with the widespread reports of Bradyrhizobium
associations with plant invasions, the large asym-
metry Bradyrhizobium-associated plant growth for
invasive and native Lespedeza reported here makes
Bradyrhizobium a likely candidate genus for fur-
ther study in regards to L. cumeata invasion.

Our work demonstrates that mutualist strain identity
can influence plant performance, but we acknowledge
that our selection of seven strains only scratches the
surface of potential plant-microbe interactions of rele-
vance to L. cuneata invasion. By screening for strains
capable of growth on nitrogen-free plates (i.e. able to fix
nitrogen in the free-living state), we excluded strains
that only fix nitrogen as mutualists in root nodules, and
these organisms may have important ecological conse-
quences for native and invasive Lespedezas. In addition,
16S rRNA gene sequencing revealed that some of our
initial root nodule isolates belonged to genera that are

@ Springer

not traditionally considered to be root nodule mutualists
(i.e. Burkholderia). Determining whether these organ-
isms have direct influence on Lespedeza competition or
whether they influence the performance of nodule-
forming rhizobacteria should further enhance our under-
standing of microbial roles in L. cuneata invasion.

Plant competition

The outcome of plant competition can depend both on
the relative densities of the competing plant species and
on the total density of plants. For this reason, plant
competition experiments may follow substitutive de-
signs (constant total plant density with different ratios
of competitor species), additive designs (constant den-
sity of a focal plant species with different densities of
neighboring plants), or response surface designs (densi-
ties of both competitor species are varied) (Goldberg
and Scheiner 1993). Because our main goal was to
evaluate the potential impact of multiple bacterial strains
on competition between Lespedeza plants, we used a
relatively simple substitutive design to maintain a
manageable number of experimental units. However,
our use of a substitutive design means that we were only
able to assess the relative intensity of intra- and inter-
specific competition (Scheiner and Gurevitch 1993) in
the presence and absence of our bacterial strains.
Translation of our results to field-relevant predictions
of L. cuneata invasions requires a more detailed ac-
counting of density-dependent effects of L. cuneata
and L. virginica, such as could be obtained with a
response surface experimental design. Given our results
on the variable impact of different rhizobial genera,
future work could pursue such response surface designs
using native and invasive Lespedezas and their symbi-
onts, for example, by focusing on one of the key
Bradyrhizobium strains. Regardless of these limitations,
our data on the relative strength of intra- and interspe-
cific competition between Lespedezas suggests some
interesting ecological patterns.

We found significant plant, competitor, and plant x
competitor interactions for total biomass, shoot biomass,
and root biomass (Table 2, S1-2). This is because inva-
sive L. cuneata was consistently larger (Table 4) than
native L. virginica in all trials, and it acquired much
more biomass (root and shoot) when grown in compe-
tition with L. virginica than when grown under intraspe-
cific competition (Fig. 2). In contrast, L. virginica
showed no difference in total biomass in competition
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with L. cuneata as compared to competition with itself.
These results are consistent with previous studies re-
garding the competitive advantages of L. cuneata
(Allred et al. 2010; Brandon et al. 2004; Richardson
et al. 2000). We also sought to determine if the presence
or identity of rhizobial symbionts could influence the
competition between these two plants. However, we
found no significant competitor x strain (or plant x
competitor x strain) interactions on plant biomass
(Table 2, S1-3), and thus we found no evidence that
these strains differentially influence the competition
between L. cuneata or L. virginica.

Association with nitrogen-fixing bacteria can influ-
ence the competition between legumes and non-le-
gumes. Legumes can increase the amount of symbiont-
derived nitrogen when growing with non-nitrogen-
fixing plants (Hagan and Jose 2011; Karpenstein-
Machan and Stuelpnagel 2000), which can decrease
the overall strength of competition for nitrogen through
niche partitioning. However, Bauer and colleagues have
proposed the increased competition with legumes was
responsible for the decrease in grass abundance in
greenhouse mesocosms to which nitrogen-fixing
rhizobacteria had been added (Bauer et al. 2012). It is
likely that the influence of nitrogen-fixing rhizobacteria
on competition between legumes and non-legumes de-
pends largely on whether the limiting resource is nitro-
gen (making niche partitioning a possibility) or some-
thing else (e.g. sunlight). Similar considerations should
apply to legume-legume competition. Thus, under con-
ditions of light or water limitation, we would expect that
L. cuneata would have a competitive edge over
L. virginica due to its larger shoot and root biomass.
Under nitrogen-limiting conditions, such as those pres-
ent in our experiment, legumes should be able to rely on
their symbionts, provided that effective symbionts are
present.

In this regard, our data provide some interesting
patterns. As discussed above, L. cuneata was
much more likely to benefit from the symbiosis
than was L. virginica, which may mean that the native
L. virginica experienced nitrogen-limiting conditions
throughout our trials. Also, L. cuneata experienced sig-
nificantly higher nodulation rates when grown in com-
petition with L. virginica than when grown under intra-
specific competition (Fig. 3). This may indicate that the
L. cuneata plants had to compete with each other over
effective rhizobacterial symbionts under intraspecific
competition. We note that there was a trend level

competitor X strain interaction for nodulation rate
(Table 3), which is consistent with the notion that the
identity of neighboring plants (i.e. inter- versus intraspe-
cific competition) can affect the ability of some symbi-
onts to form nodules on Lespedeza plants.

Although the continual supply of nitrogen-free
Hoagland’s solution throughout the growth period was
intended to keep our plants under nitrogen-limited con-
ditions, we cannot rule out the possibility that plant
growth was also limited by other factors (space,
water, light, nutrients). Thus, while it is possible
that increased nodulation of L. cuneata under in-
terspecific competition led to higher growth rates
for these plants, it is also possible that the increased
nodulation rate of L. cuneata was a result of its faster
growth rate. In competition with slower growing native
L. virginica, the larger L. cuneata may be superior at
acquiring resources (nutrients, water, or light) from the
limited soil volume in our experimental pots, which
could stimulate nodulation of L. cuneata. Both of these
explanations are consistent with our observations, and
this highlights the need to understand the primary lim-
iting factors for plant growth when studying plant-
microbe mutualisms.

Conclusions

Here we have shown that invasive Lespedeza cuneata
was able to benefit more often from rhizobacterial mu-
tualists than its native congener, L. virginica. This dif-
ferential benefit means that the identity and availability
of rhizobacterial symbionts in the soil can influence
plant performance, such that any changes that di-
minish the availability of preferred symbionts of
the native plant can have negative consequences
for native plant growth at a site. Furthermore,
because invasive L. cuneata derived a growth benefit
from a Bradyrhizobium strain isolated from another
native legume (C. fasciculata), it is possible that these
plants can facilitate each other by means of their mutual
symbionts. While we found no evidence that
rhizobacterial strain identity affected the magnitude or
direction of competitive outcomes for these plants, we
found that invasive L. cuneata had higher overall
nodulation rates when grown in combination with
L. virginica than when grown with a conspecific.
Thus, plant community composition can have an impor-
tant effect on the successful establishment of the
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legume-rhizobium symbiosis. Soil organisms and plants
are tied together in ecological feedback loops by the
influence of plant communities on the diversity and
activity of soil borne mutualists and by the asymmetrical
influences of different mutualist strains on plant
performance.
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