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Abstract The spread of invasive species can be
limited or promoted by the distributions of mutualists,
which presents an opportunity for managing biological
invasions. However, the ways in which the geograph-
ical distributions of mutualists shape the range limits
and invasion dynamics of introduced species remains
unclear. Legumes include noxious invaders whose
success is tied to their mutualism with nitrogen-fixing
rhizobium bacteria. We examine whether the avail-
ability of compatible rhizobia limits the spread of an
invasive legume at both small (50 m) and large
(United States) spatial scales across natural invasion
fronts. Using greenhouse experiments we simulated
the dispersal of Medicago polymorpha into soils at
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increasing distances from a host patch. We find that
rhizobial mutualist availability rapidly declines to
almost zero within 20 m of established legume
patches and legume fitness and the percentage of leaf
nitrogen derived from symbiotic nitrogen fixation
show a concomitant decline. The decline of fitness due
to the lack of rhizobium mutualists differs among M.
polymorpha genotypes. Our findings support the
missed mutualist hypothesis whereby mutualist limi-
tation reduces invasiveness. As M. polymorpha colo-
nizes novel areas, seeds following either short- (50 m)
or long-range seed dispersal will be mutualist-limited
and exhibit low fitness and nitrogen fixation. Without
co-introduction via transport of soil containing both
mutualists, the patchy distribution of E. medicae may
limit M. polymorpha invasion. Plant lineages exhibit
genetic variation upon which selection could act to
reduce dependence on rhizobia, thus a scarcity of
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symbionts could cause plant symbiosis traits to evolve
during invasion.

Keywords Invasion ecology - Co-invasion -
Mutualism - Microbial mutualist - Distribution - Plant—
soil interactions

Introduction

Biological invasions, a global problem that can alter
habitats and displace native species, can be both
impeded and facilitated by mutualism (Kiers et al.
2015; Simberloff et al. 2013). While insufficient
mutualism can hinder the spread of exotic species,
mutualism can also propel the spread of these species
where mutualists are abundant (Traveset and Richard-
son 2014). During a biological invasion, the positive
and negative impacts of mutualism on invasiveness,
and ultimately the environment, may shift across
regions and geographic scales, yet the dynamic role of
mutualism during invasive spread is not well under-
stood (Traveset and Richardson 2014).

When mutualist partners are already available in
the novel range, mutualism can promote invasion.
Invasiveness may be enhanced through synergistic
mutualistic interactions between non-native partner
species (reviewed in Roux et al. 2017; Moeller et al.
2015). For example, invasive ants facilitate greater
plant recruitment for invasive ant-dispersed plants
than native ant-dispersed plants (Prior et al. 2014).
Positive feedbacks between invasive mutualists can
fuel population growth for both partners and acceler-
ate their spread across invaded landscapes, a process
termed ‘invasional meltdown’ (Prior et al. 2014;
Hynson et al. 2013; Simberloff and Von Holle 1999).
Invasive species can also form novel associations with
resident mutualists, via ‘ecological fitting’ (Roux et al.
2017). The enhanced mutualisms hypothesis predicts
invasions can be facilitated by ecological fitting when
native mutualists favor invasive partner species (Kiers
et al. 2015; Reinhart and Callaway 2006).

Conversely, reliance on a mutualist can constrain
invasion if that mutualist is limiting or absent in the
novel environment, a hypothesis termed “missed
mutualists” (Dickie et al. 2017). Invasive host species
must either co-invade with their mutualists or encoun-
ter compatible mutualists in the new range (Amsellem
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etal. 2017; Roux et al. 2017). Dispersal limitation and
environmental suitability can constrain the distribu-
tion of mutualistic microbial symbionts (Martiny et al.
2006; Mallon et al. 2015). Mutualistic symbiont
distributions can in turn limit the distributions of
hosts. The spread of insect hosts (Wernegreen 2012),
the vertical distributions of coral species (Iglesias-
Prieto et al. 2004), the range of brine shrimp (Nougué
et al. 2015), the spread of ectomycorrhizal trees
(Dickie et al. 2010), and the spread of legumes
(Simonsen et al. 2017; Seeds and Bishop 2009) are all
constrained by microbial mutualist availability. When
mutualists are unavailable, mutualism dependence,
the degree to which a host requires a mutualist for
growth and reproduction, can slow invasion or limit
the realized niche of the invader (Amsellem et al.
2017; Duffy and Johnson 2017; Roux et al. 2017;
Simonsen et al. 2017). However, it remains unclear
how mutualist partners are geographically distributed,
particularly microbial mutualists, which are invisible
to the naked eye, and how mutualist distributions
impact the invasion dynamics of host species (Petro-
vskaya et al. 2017).

Microbial mutualists can be limiting to host estab-
lishment in novel areas (Simonsen et al. 2017; Dickie
et al. 2010), a corollary to the enemy release hypoth-
esis that asserts that invasion success is driven, in part,
by fewer co-evolved parasites, pathogens, and preda-
tors in non-native habitats (Dickie et al. 2017;
Reinhart and Callaway 2006). A lack of available
mutualistic symbionts has constrained the range limits
of invaders, such as Pinus contorta, which is limited
by alack of ectomycorrhizal fungi (Dickie et al. 2010),
and Acacia longifolia which is constrained by the
availability of nitrogen-fixing rhizobium mutualists
(Rodriguez-Echeverria 2010). Despite their crucial
role in determining plant and animal distributions,
little is known about the spatial distributions of
microbial symbionts across landscapes (Thakur et al.
2019). A multi-scale perspective of microbial mutu-
alist distributions is critical to understanding the
process and impacts of species invasions (Thakur
et al. 2019; Mallon et al. 2015) because invaders
spread via long- and short-range dispersal (Rodrigues
et al. 2015; Wilson et al. 2009; Suarez et al. 2001).

Mutualist limitation may lead to the evolution of
reduced mutualist dependence among invasive host
genotypes (Dickie et al. 2017). If mutualists are scarce
during the spread of an invader, selection could favor
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invader genotypes able to survive and reproduce even
in the absence of the mutualist. Such selection could
result in the evolution of successful invasive geno-
types that are less dependent on mutualism, as occurs
in Hypericum perforatum (St. John’s Wort) wherein
genotypes from the invaded range receive less benefit
from mycorrhizae than do native ones (Seifert et al.
2009). Similarly, terHorst et al. (2018) found invasive
genotypes of Medicago polymorpha (Burr clover)
received less benefit from rhizobia than do native
genotypes. To understand whether mutualism will
evolve during invasion, it is critical to know whether
invasive genotypes harbor genetic variation for mutu-
alism dependence, as this is the raw material upon
which selection acts.

The Medicago polymorpha—Ensifer medicae co-
invasion is a powerful system for the investigation of
mutualist impacts on host spread because its invasion
history is well-studied and these species are experi-
mentally tractable. We examine how the spatial distri-
bution of the nitrogen-fixing rhizobium bacteria, E.
medicae, impacts the invasion of its specialized host,
the legume M. polymorpha. Medicago polymorpha was
introduced to the Americas in the 1700's (Spira and
Wagner 1983; Porter et al. 2011), likely from the region
near the South Spanish port of Cadiz (Helliwell et al.
2018). It is a prohibited noxious weed in certain areas
(e.g. Arizona, USA) (Caravetta 2018) because it is fast-
growing, forms monodominant patches that exclude
native plants, and its burrs become entangled in the
coats of livestock. Prior to European colonization,
North American soils lacked rhizobia compatible with
medics such as M. sativa (alfalfa) and M. polymorpha,
both of which engage in nitrogen fixation symbiosis
with E. medicae (Coburn 1907; Westgate 1908; Wing
1912). Intentional inoculation of fields with Ensifer
symbionts enabled the North American establishment
of these crucial symbionts (Coburn 1907; Westgate
1908; Wing 1912), and M. polymorpha’s range now
spans the continent, though it is patchily distributed
(Porter et al. 2011; Porter and Rice 2013).

While the fitness of annual legumes, which can be
approximated using plant biomass (Younginger et al.
2017; terHorst et al. 2018; Jack et al. 2019), is highly
dependent upon the nutritional benefit conferred by
symbiotic nitrogen fixation (Porter et al. 2011; Porter
and Simms 2014), legume seeds do not contain
rhizobial mutualists, so seeds must disperse to soils
where compatible rhizobia are present to engage in

symbiosis. M. polymorpha can be used to quantify the
relative abundance of its microbial mutualist because
the number of root nodules formed by a plant indicate
the quantity of rhizobia in the soil. This is true up to a
threshold rhizobial abundance, at which point plants
form sufficient nodules to meet their nitrogen require-
ments and negative regulatory systems of root nodule
symbiosis inhibit further nodule formation (Nishida
and Suzaki 2018). Previous work found M. polymor-
pha seedling survival and nodulation in field collected
soil is positively correlated with the density of
conspecifics present at the site of soil collection
(terHorst et al. 2018). This suggests that M. polymor-
pha density in the environment is correlated to
mutualist abundance, which has reciprocal effects on
host fitness. However, further investigation into the
distribution of microbial mutualists is required to
predict whether small- and large-scale dispersal of
seeds from individual host patches will deliver them to
compatible mutualists, leading to successful estab-
lishment and spread.

To investigate how the spread of invasive legumes
across landscapes is influenced by the distribution of
beneficial rhizobia, we examine whether M. polymor-
pha seeds dispersed outside of focal host patches are
limited by a lack of rhizobial mutualists and if certain
plant genotypes are more resilient to mutualist limi-
tation. At small (50 m) scales, we ask: (i), does
mutualist abundance decline with distance from host
patches? (ii) is host fitness increasingly mutualist
limited away from host patches, and (iii) is there
genetic variation in M. polymorpha on which selection
could act to reduce dependence on rhizobia? Addi-
tionally, using soil samples collected across M.
polymorpha’s invaded range we ask, (iv) is the
mutualist found in the invaded range beyond the
current distribution of its host? Our study connects the
fine- and large-scale patterns of mutualist availability
in the environment to genetic variation in host fitness
outcomes that can shape mutualism evolution during
species invasions.

Methods
Experiment 1: Fine-scale mutualist distribution

Soil collection. Collections occurred in March 2015
within the University of California Dawson Los
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Fig.1 Soil collection locations. a 8 transects through M. polymorpha patches from two natural reserves in CA, USA. Black dots show
soil collections. Top panel, Emerson Oaks; bottom panel, Dawson Los Monos Canyon. b USA soil collection sites. Black dots, 11 sites

Monos Canyon Reserve in Vista, CA (33.148464,
—117.249950) and the University of California Emer-
son Oaks Reserve in Temecula, CA (33.465937,
—11.040070) (Fig. 1). At these reserves, M. polymor-
pha occurs in distinct patches. Eight 50 mL soil
samples were collected from 1 m? quadrats every 5 m
along six 50 m transects and two 30 m transects.
Transects started 7.5 m within a wild M. polymorpha
patch and ended 22.5 m from the patch edge in native
vegetation where medics grew no closer to the focal
patch than 30 m away. An additional set of samples
were collected 42.5 m outside each patch, except at
transects 7 and 8 due to dense vegetation. After
collecting soil at42.5 m on transect 2, we discovered a
small patch of M. polymorpha adjacent to the collec-
tion site; therefore these data were excluded from
analysis. Soil samples (n = 496) were stored at 4 °C
for 3 months.

Common garden. Medicago polymorpha was
grown in field-collected soils within a microbially
controlled greenhouse common garden at the Univer-
sity of California, Riverside (33.971601, -
117.323300) from June to July 2015 (n = 537). By
doing our work in the greenhouse, we ensured that
none of our M. polymorpha lineages would have seed
flow or pollen flow into natural populations, and the E.
medicae they amplified would not ameliorate soil
conditions for further M. polymorpa expansion. Med-
icago polymorpha native range genotypes originated
from Afghanistan (PI250782, USDA) and Spain
(PI1319029, USDA) and invaded range genotypes
originated from California (NM58_12, Porter et al.
2011) and Bolivia (PI478466, USDA). Seeds were
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sandpaper scarified and surface-sterilized for 2 min in
5% sodium hypochlorite before imbibing in sterile
water for 2 h on a shaker at 150 rpm. Seeds were
transferred to 1% agar plates, vernalized at 4 °C for up
to 5 days until radicles were 1-2 mm, and were
planted into 66-mL cylindrical pots (Stuewe & Sons,
Inc., Tangent, OR) containing a 50 mL field soil
sample. Half the pots were inoculated with a labora-
tory strain of Ensifer medicae (M58C295B00, Porter
and Rice 2013; Porter and Simms 2014). Ensifer
medicae was cultured for two days in tryptone yeast
broth at 700 rpm at room temperature. A week after
planting, either 1 mL of E. medicae at 10° cells/mL
based on ODg in sterile water or 1 mL sterile water
was applied to each plant. As methodological controls,
10-11 uninoculated plants per genotype (n = 41) were
grown in autoclaved Sungro Sunshine Mix #1 potting
soil (Sun Gro Horticulture, Agawam, MA). Plants
were grown in a customized complete randomized
block design, with soil samples from each transect
within the same block and randomized. Plants were
mist-irrigated for six weeks with tap water that
underwent carbon-block filtration to remove chlorine,
chloramine and other impurities and fertilized at the
appearance of the first trifoliate leaf with 1 mL of 2X
Fahraeus fertilizer (Fahraeus 1957) containing 7
Atom% '° N-doubly labeled ammonium nitrate at
14.24 ppm. At harvest, roots were washed and frozen
and above ground tissue was dried at 60 °C and
weighed. Nodules were counted immediately after
thawing roots. From each plant, 1-1.5 mg of dry
apical bud and leaf tissue was encapsulated and
5 N:" N ratios and nitrogen concentrations were
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measured on elemental analyzers at Washington State
University, Vancouver and the Washington State
University, Pullman Northwest Sustainable Agroe-
cosystems Research Unit (NSAR).

Analysis. We used generalized linear mixed effects
models (glmmTMB package, Brooks et al. 2017) to test
for a decline in E. medicae abundance (i.e. nodule
number) with increasing distance from individual
plant patches, and a corresponding decline in M.
polymorpha fitness (using shoot mass as a fitness
proxy (Younginger et al. 2017)) in R 3.6.1 (R Core
Team 2019). The impacts of plant genotype, inocula-
tion, reserve, and their pairwise interactions were
modelled as fixed effects and transect (i.e. block) was
included as a random effect for the response variables
nodule number, shoot mass, and nitrogen derived from
symbiotic nitrogen fixation. For the fixed effect of
genotype, California was used as the reference level as
it is the local genotype. Nodule counts were modeled
using a zero-inflated negative binomial (NB) mixed
model with log links. The NB was used instead of the
Poisson because of overdispersion, the presence of
which was determined by fitting a NB model with a
quadratic  parameterization (V= p(1+ p/@) =
W+ 12/ @; ‘type 2 NB in glmmTMB) and evaluating
the dispersion parameter (6 > 1). Plant shoot mass is
continuous and positive, so it was modeled using the
gamma distribution with a log link. To test if
nodulation declines due to soil factors other than
rhizobial abundance, inoculated plants (i.e. plants not
limited in rhizobial availability) were analyzed as a
subset using a zero-inflated NB mixture model with
log links and distance from the patch, plant genotype,
reserve, and the interaction of distance by host
genotype modelled as fixed effects, and transect as a
random effect.

We used the '°N stable isotope dilution method to
measure rates of symbiotic N-fixation. Fertilizer
labeled with the N isotope allowed us to measure
the quantity of unlabeled atmospheric N, legumes
acquire via symbiotic N-fixation by comparing ratios
of N isotopes in symbiotic plants vs non-symbiotic
plants The percent of nitrogen derived from the
atmosphere (%Ngr,) Was calculated from symbiotic
plant tissue (0 ]5Nexperimemal) and non-fixing plant
tissue (0 "Nieference) (Yelenik et al. 2013). The natural
abundance of '°N in seeds was accounted for by
subtracting 0.3663 atom% from the values of '°N

atom% measured in all plants (Wolf et al. 2017).

9%Ng4s, Was calculated as:

315N erence—515Nexperinen , .
JoNgra = e 00 epernent ] ()0). Since %Ngg, is
reference

constrained to be between 0 and 1, beta regression
with a logit link and transect as a random effect was
used to analyze whether distance from patch, plant
genotype, inoculation, and their interactions predict
the percent of nitrogen plants derived from symbiotic
nitrogen fixation.

Lastly, nodule number was tested to determine
whether it could predict plant shoot mass and %N ¢,.
Shoot mass and %Ny, were modeled by nodule
number, genotype, and the interaction of nodule
number and genotype, with transect as a random
effect. For shoot mass, a gamma distributed mixed-
effects model with a log link was used, and, for %N,
a beta distributed mixed-effects model with a logit
link. Wald-Z tests were used to determine significance
levels for Experiment 1 models. Pairwise post-hoc
tests using t-tests with Tukey’s correction for multiple
comparisons were conducted for the relationship
between shoot mass and nodule number among host
genotypes (emmeans package, Lenth 2020).

Experiment 2: Large-scale mutualist distribution

Soil collection. Soil was collected from states across
the U.S. that harbor populations of M. polymorpha but
at sites where M. polymorpha or other medic species
do not occur locally though environmental conditions
are suitable for their growth (Lesins and Lesins 1979)
(Fig. 1). Soil samples were tested for rhizobia capable
of associating with M. polymorpha. The USDA
Natural Resources Conservation Service was used to
verify that M. polymorpha occurs in the regions we
selected (USDA-NRCS, plants.sc.egov.usda.gov).
Each site was searched to ensure no medics or M.
polymorpha seed pods occurred within 30 m. Sites
intersected by roads, streams, and dry streambeds were
avoided. From October to December of 2014, 675
50 mL soil samples were collected across 12 sites in
California, Michigan, and Florida. Soil was sampled
as described above from up to eight haphazardly
selected 1 m? subsites, with an average of 6 subsites
per site. We collected 6-20 samples per subsite, with
an average of 10 samples per subsite. Following the
same sampling protocol, soil was collected from an
additional site in California where M. polymorpha was
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present for the purpose of a positive rhizobium control
in the common garden experiment.

Common garden. To test for the presence of
compatible rhizobia across the U.S., a microbially
controlled common garden experiment was used, as
described for Experiment 1. Soil samples were planted
with nine M. polymorpha genotypes including acces-
sions from the native range (PI459130: Turkey,
PI1493293: Portugal, PI577408: Morocco, P1227025:
Iran, and W65559, Belgium) and invaded range
accessions (NM58_35: California, P1404795: Uru-
guay, PI368947: Chile, and W65527: Australia).
Accessions were obtained from the USDA except for
NM58_35, which was originally collected by S. Porter
in California in 2009. Up to 11 seedlings per genotype
were planted in the soil from each collection site, with
an average of six seedlings per genotype, with one
seedling per pot. To test whether soil handling
procedures supported rhizobia survival, six additional
germinants per plant genotype were planted as a
positive rhizobium control in soil collected from
beneath M. polymorpha at the Emerson Oaks Reserve
(n = 54). To assess contamination rates, 16 plants
from the California genotype were grown in auto-
claved Sungro Sunshine Mix #1 potting soil (Sungro
Horticulture, MA, USA). A total of 60 additional
plants that were grown in field soil samples from each
site were inoculated with E. medicae as in Experiment
1. However, due to an error in preparation of the
inoculum, almost none of these plants formed nodules
and all 60 plants were dropped from the experiment.
Remaining plants were fertilized three times a week
with 1 mL Fahraeus fertilizer (Fahraeus 1957) con-
taining 7 Atom% 'SN-labeled ammonium nitrate at
14.24 ppm. Plants were arranged in a complete
randomized block design and grown for eight weeks
as described for Experiment 1, from February 2015 to
April 2015 (n = 552). At harvest, roots were washed
and frozen and above ground tissue was dried at 60 °C
and weighed. Nodules were counted immediately after
thawing roots.

Analysis. To determine whether plants would form
nodules when grown in soil collected in areas that
lacked conspecific plants, 95% confidence intervals
were calculated for the mean number of nodules
formed from soil at each site. The values that fall
within these intervals are those most compatible with
the data, with the point estimates (i.e. mean number of
nodules in this case) and those near it being more
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compatible than those near the upper and lower limits.
Therefore, the intervals can be used to assess whether
alack in nodules (0) is compatible with our data, given
the precision of our estimates.

To compare shoot growth on plants grown in soil
collected in areas that contained conspecific plants to
plants grown in conspecific absent soils, we used a
generalized linear mixed effects model (glmmTMB
package, Lenth 2020). The impact of site was modeled
as a fixed effect and state (California, Michigan,
Florida) and plant genotype were included as random
effects. For the fixed effect, the California site that
contained M. polymorpha was used as the reference
level as it is the positive control. Plant shoot mass is
continuous and positive, so it was modeled using the
gamma distribution with a log link.

Results
Experiment 1: Fine-scale mutualist distribution

(i) Decline of mutualist abundance with distance from
plant patches. Nodule number is negatively correlated
with distance from a plant patch (Distance from patch,
estimate = —1.221, SE =0.132, Z =-9.24,
P < 0.0001, Fig. 2a, Table S1). Across patches, plants
grown in soil collected closest to the center of wild M.
polymorpha patches, 7.5 m within the patch, produce
78% more nodules (all percent changes based on raw
means) than plants grown in soil collected 7.5 m
outside the patch. This pattern is indistinguishable
across transects (Fig. Sla-S1h) and reserves
(Table S1). Two exceptions to this pattern occur
where dry streambeds run through transects (transect 5
at 17.5 m and transect 7 at 12.5 m, Fig. Sle and S1g).
Plants grown in soil from 42.5 m on transect 2 also
form nodules, but this soil is adjacent to a M.
polymorpha population discovered after soil collec-
tion and these data were excluded from analysis
(Fig. S1b).

Inoculation of field-collected soil with E. medicae
increases nodule number by 44%, compared to plants
grown with naturally occurring rhizobia (Inoculation,
estimate = 1.049, SE = 0.196, Z =5.364,
P < 0.0001, Table S1). The effect of inoculation on
nodule number depends on distance from the patch
(Distance:Inoculation, estimate = 0.829, SE = 0.106,
Z =17.85, P < 0.0001, Table S1). For soil collected
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Fig.2 Nodule count (a), shoot mass (b), and symbiotic nitrogen
fixation (percent nitrogen derived from the atmosphere; %N,
¢ decrease with distance from patches of M. polymorpha. Dotted
vertical lines, edge of patches. Solid lines; plants grown without

within patches, inoculated plants produce 2% more
nodules than uninoculated plants, whereas in soil
collected 7.5 m outside of patches, inoculated plants
produce 56% more nodules than uninoculated plants.

We ran an analogous analysis of nodule number on
a subset of the data that includes only inoculated
plants, with 10° rhizobia added, to determine whether
the number of nodules M. polymorpha forms varies
along a transect due to soil factors other than rhizobial
abundance. Despite the high number of rhizobial cells
added to inoculated plants, nodule number still
declines away from the plant patch (Distance from
patch, estimate = —0.358, SE =0.112, Z = —3.20,

inoculation. Dashed lines; plants inoculated with E. medicae.
Points are estimated marginal means for plants grown in soil
collected from each point along the transects. Error bars are
standard errors

P = 0.0014, Table S2). We did not detect a difference
between reserves (Reserve, estimate = 0.444, SE =
0.313, Z=1.42, P = 0.157, Table S2).

ii) Plant fitness is increasingly mutualist limited
away from plant patches. Plant shoot mass decreases
in soil collected at increasing distances away from
patches (Distance from patch, estimate = —0.244,
SE = 0.055, Z=—4.44, P <0.0001, Table SI,
Fig. 2b). Inoculation has a greater fitness benefit for
plants grown in soils far from established patches than
plants within the patch (Distance:Inoculation, esti-
mate = 0.188, SE =0.047, Z=4.01, P < 0.0001,
Table S1). Inoculated plants are 2% larger than
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uninoculated plants grown in soil collected 7.5 m
within patches, but 30% larger in soils 7.5 m outside
of patches. These patterns are generally consistent
across transects (Fig. S1i-S1p) and reserves.

The percent of nitrogen plants receive from sym-
biont fixation decreases with distance from the patch
(Distance from patch, estimate = —1.319, SE =

0.218, Z = —6041, P < 0.0001, Table S1). At and
beyond 10 m from the patch, %Ny, is close to zero
(Fig. 2c¢). The positive effect of inoculation on nitro-
gen fixation is stronger for plants in soils collected
farther from patches (Inoculation:Distance, esti-
mate = 0.847, SE = 0.180, Z =4.705, P < 0.0001,
Table S1).

(iii) Genetic variation in M. polymorpha biomass
per nodule. Medicago polymorpha genotypes differ in
their growth responsiveness to rhizobial abundance
(Fig. 3). Nodule number is positively correlated with

(a) ()
0.16
0.12
0.08
0.04

0.00

0.16

Shoot Mass (g)
G

0.12

0.08

0.04

0.00

0 10 20 30 40 50 0 10 20 30 40 50
Nodule Number

Fig. 3 Medicago polymorpha genotypes differ in responsive-
ness to rhizobium abundance. Mean shoot mass (points)
increases with the number of nodules. The relationship between
nodule number and shoot mass varies by genotype. Invaded
range genotypes from a California and b Bolivia. Native range
genotypes from ¢ Afghanistan and d Spain. Solid trend lines
illustrate the genotypes where the relationship between nodule
number and shoot mass were found by Wald-Z tests to be
significantly different than the reference genotype (California,
dashed line). Also shown, mean standard error (vertical lines)
and mean shoot mass of each genotype in the absence of
rhizobia (horizontal dotted line). Points represent raw mean
shoot mass for plants with the indicated number of nodules for
each plant genotype
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shoot mass (Nodules, estimate = 0.033, SE = 0.0006,
Z =5.38, P < 0.0001, Table S3), but the relationship
between shoot mass and nodule number differs among
plant genotypes (Nodules:Genotype [California-Bo-
livia, California-Afghanistan, California-Spain], esti-
mate = [0.019, 0.022, 0.018], SE =[0.010, 0.011,
0.009], Z =1[1.89, 2.00, 2.15], P =[0.059, 0.046,
0.032], Table S3). Pairwise post-hoc tests did not find
that any two genotypes have significantly different
relationships between nodule number and shoot mass
(Plant genotype [California-Bolivia, California-
Afghanistan, California-Spain, Bolivia-Afghanistan,
Bolivia-Spain, Afghanistan-Spain], esti-
mate = [—0.019, —0.022, —0.018, —0.003, 0.001,
0.004], SE =[0.010, 0.011, 0.009, 0.012, 0.010,
0.011], tratio = [—1.891, —1.997, —2.145, —0.253,
0.076, 0.350], P = [0.234, 0.190, 0.141, 0.994, 0.100,
0.985], Table S4). Nitrogen fixation, measured as
%Nas,, does not differ among plant genotypes (Plant
genotype [California-Bolivia, California-Afghani-
stan, California-Spain], estimate = [0.010, 0.046,
0.027], SE =1[0.032, 0.038, 0.028], Z=[0.318,
1.204, 0.974], P = [0.750, 0.229, 0.330], Table S1).

Experiment 2: Large-scale mutualist distribution

(iv) Compatible rhizobia are not widely distributed
across M. polymorpha’s invaded range. Plants grown
in medic-free soil from different locations in the U.S.
do not form nodules. For all sites, except the positive
control which contained M. polymorpha, 95% confi-
dence intervals indicate a mean of zero nodules per
plant is consistent with our data (Fig. 4).

Plant fitness suffers in medic-free soil from differ-
ent locations in the U.S. For all medic-free sites,
shoots for the same genotypes were bigger at the site
(CA,os) where M. polymorpha was present than at any
other site (Site [CA,,;-CAl, CApo-CA2, CA,,-CA3,
CA,os-FLI, CApo-FL2, CApos-FL3, CA,-FIA,
CA,os-FL5, CApo-FLO, CA,p-M11, CA,,-MI2], esti-
mate = [—0.950, —0.184, —0.968, —1.371, —1.454,
—2.331, —2.008, —1.592, —2.034, —0.901, —0.825],
SE = [0.081, 0.080, 0.082, 0.080, 0.080, 0.082, 0.075,
0.093, 0.114, 0.081, 0.081], Z =[ —11.76, —2.29,
—11.81, —17.04, —18.09, —28.57, —26.69, —17.14,
—17.88, —11.12, —10.21], P =[< 0.0001,
0.022, < 0.0001, < 0.0001, < 0.0001, < 0.0001, <
0.0001, < 0.0001, < 0.0001, < 0.0001, < 0.0001])
(Fig. 4).
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Fig. 4 Compatible mutualists are absent from sites where M.
polymorpha does not already occur within its invaded range
across the United States. Shown are a the exact Poisson 95%
confidence intervals (vertical lines) for mean nodule number
(unfilled circles) and b standard errors (vertical lines) for mean

Discussion

Our results elucidate the distribution of a microbial
mutualist (Ensifer medicae) at multiple geographic
scales across its invaded range. Rhizobia distributions
are strongly aligned with the distributions of their
hosts. If the nitrogen requirements of invasive plants
are not met beyond established populations due to a
lack of compatible rhizobia, then the missed mutual-
ists hypothesis predicts a slowed or constrained
invasion front. We find a rhizobium mutualist is
absent in soils that lack its host (Medicago polymor-
pha) even meters outside established host patches.
This suggests that successful host establishment
following either long- or short-range seed dispersal
is likely to require co-introduction with soil containing
its mutualist. Though many factors may prevent the
establishment of invasive plants, including soil char-
acteristics, climate, and herbivores, the patchy distri-
bution of E. medicae may also limit or slow M.
polymorpha invasion, and vice versa. However, M.
polymorpha genotypes may differ in the rate at which
additional nodules increase shoot mass and natural
selection could act upon such variation to favor hosts
whose growth is less constrained by low mutualist
abundance.

FL2 FL3 FL4 FL5 FL6 MI Mi2

Site

shoot mass (unfilled circles) for plants grown in autoclaved
potting soil (—), in Californian soil (Emerson Oaks Reserve)
known to contain compatible rhizobia (4 ), and in soil from
three sites in California (CA1-3), from six sites in Florida (FL1-
6), and from two sites in Michigan (MI1-2)

(i) Mutualist abundance declines with distance
from host patches. We find the distribution of a
microbial mutualist in its invaded range is nearly the
same as the distribution of its invasive host plant. The
abundance of mutualistic rhizobia declines to nearly
undetectable levels within meters of individual host
patches. Plants grown in soil collected only 7.5 m
outside patches produce 78% fewer nodules than
plants grown in soil collected from within patches.
Experimentally inoculating field soils with E. medicae
increases nodulation by plants grown in soil collected
outside patches by 56%. Our results bolster previous
studies showing that microbes are not ubiquitous
(Stanton-Geddes and Anderson 2011; Rout and Call-
away 2012; Wandrag et al. 2013; Mallon et al. 2015);
by demonstrating symbiont limitation at multiple
spatial scales. Our study thus contributes to our
understanding of the process of species invasions
(Thakur et al. 2019; Mallon et al. 2015) by quantifying
the extent of symbiont limitation on host performance
across the landscape.

Despite the fine-scale symbiont limitation that we
observed, paths and dry streambeds appear to transfer
rhizobia across the landscape. On two transects, soils
were unavoidably collected across dry streambeds and
fitness and nodule number for plants grown in these
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soils were equivalent to inoculated plants. This shows
these areas can harbor compatible rhizobia even in the
absence of the host. Little is known about how
legumes and rhizobia are co-introduced (Roux et al.
2017), but future research could investigate the
impacts of paths and streams as conduits for mutualist
dispersal and co-invasions; personal observation of
pods being dispersed by rainfall events suggests that
hosts can travel in this way as well. Predictions of
invasion dynamics may require the incorporation of
potential dispersal corridors for microbial mutualists
into invasion models.

(ii) Host fitness is increasingly mutualist limited
away from conspecifics. In soils far from conspecifics,
M. polymorpha is mutualist-limited. Declines in
rhizobium abundance away from host populations
are correlated to declines in host fitness. The benefit of
artificial inoculation with rhizobia depends on the
natural availability of compatible rhizobia: inocula-
tion increases shoot biomass by 2% for plants grown in
soil collected 7.5 m within patches but by 30% for
plants grown in soils just 7.5 m outside of patches. The
presence of compatible E. medicae can ameliorate the
negative effects of antagonistic soil microbes on M.
polymorpha fitness (Jack et al. 2019), suggesting that
host fitness can benefit from the presence of mutual-
istic microbes via multiple mechanisms.

Concordant with the decline in plant fitness with
rhizobium limitation, rhizobium limitation also
reduces nitrogen fixation. Experimental plants receive
almost no nitrogen from rhizobial fixation at and
beyond 10 m from patch margins. As M. polymorpha
can fix nitrogen at a rate of 120 kg ha~" year™' (Sulas
et al. 2016), the limited availability of compatible
symbionts substantially decreases the potential for
nitrogen inputs into the soil. Because legumes are a
primary contributor of biological nitrogen fixation
(Vitousek et al. 2013; Galloway et al. 2004), under-
standing the distributions and availability of rhizobial
mutualists can shed light on geographic patterns of
nitrogen inputs. Our findings are consistent with
previous work that indicates rhizobium limitation
can reduce host growth at a regional scale (Stanton-
Geddes and Anderson 2011) and in soils where the
host is either present or absent (Wandrag et al. 2013).
Our work is novel because it quantifies how variation
in mutualist availability impacts host fitness in local
environments while providing support for large-scale
mutualist limitation.

@ Springer

At a larger scale, at sites across the U.S. invaded
range, M. polymorpha plants form no nodules in soils
collected from sites where conspecifics are absent,
despite the fact that M. polymorpha is present in the
region. This suggests that our finding that compatible
symbionts are rare in the absence of host patches is
consistent across the areas of the US we examined. We
infer that M. polymorpha’s failure to nodulate in these
soils is consistent with an absence of mutualistic
rhizobia in the soils. Though factors such as high soil
nitrogen can inhibit nodulation, we find that M.
polymorpha grown in different U.S. soils where
conspecifics are absent are not only non-nodulating,
but are also consistently diminutive compared to
plants grown in soils where nodulation does occur,
consistent with inadequate nitrogen nutrition. If soil
nitrates in these soils were sufficient to inhibit
nodulation (Nishida and Suzaki 2018), we would
expect plants to be similar in size to nodulated plants
due to soil nitrate fertilization (Regus et al. 2017). The
absence of nodulation in concert with low plant
biomass suggests compatible rhizobia were not pre-
sent at diverse U.S. sites that lacked the host, similar to
our findings at small spatial scales at natural reserves
in California. These findings are consistent with
predictions from the missed mutualists hypothesis
and suggest host and microbial mutualist distributions
can be tightly linked.

Because microbial mutualist availability, host fit-
ness, and symbiotic nitrogen fixation decrease in
concert away from conspecific hosts, a patchy mutu-
alist distribution is predicted to slow the rate at which
invasive hosts spread. This parallels the influence
microbial mutualists have on the range limits of native
species, as seen for grass and fungal endophytes
(Afkhami et al. 2014), leafcutter ants and fungal
mutualists (Mueller et al. 2011), brine shrimp and their
gut microbiota (Nougué et al. 2015), coral and
dinoflagellates (Iglesias-Prieto et al. 2004), and par-
tridge pea and rhizobia (Stanton-Geddes and Ander-
son 2011). However, the impact of microbial mutualist
distributions on the distributions of invasive species
has been less clear. While Nuifez et al. (2009)
demonstrated that pine invasion is constrained by the
lack of mycorrhizal mutualists, invasion by Acacia
species has been reported to be unaffected by rhizo-
bium limitation (Wandrag et al. 2013, 2020). We find
rhizobium limitation in the invaded range reduces M.
polymorpha growth and therefore predict that
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symbiont limitation will slow host invasion. Mutual-
istic cooperation is critical to the growth of invasive
M. polymorpha, and short- (50 m) or long-range seed
dispersal away from established patches will likely
result in growth limitation due to an absence of
symbiotic rhizobia.

Understanding the distribution and abundance of
mutualists within an invaded region will be critical to
predict the establishment of newly introduced host
populations. Mutualist limitation reduces invasive-
ness, known as the “missed mutualists” hypothesis, at
multiple spatial scales (Dickie et al. 2017). Our finding
that mutualist-dependent plants may not encounter
critical mutualists following dispersal supports the
“missed mutualists ” hypothesis as biologically impor-
tant in this co-invasion, even within a region that is
widely invaded by conspecifics. Though M. polymor-
pha invasion likely relies on co-dispersal with its
rhizobium mutualist, it is possible hosts can amplify
low, experimentally undetectable levels of compatible
rhizobia (Denison and Kiers 2011). The accumulation
of microbial mutualists beneath host populations may
shape heterogeneous mutualist distributions within the
invaded range, which would constrain the rate of
spread of invasive species (Lau and Suwa 2016;
Denison and Kiers 2011). This elucidates a biological
mechanism by which accumulation of mutualists by
conspecifics may drive spatial autocorrelation in
models of invasive species spread, whereby proximity
to conspecific hosts predicts the probability of estab-
lishment (Guélat and Kéry 2018).

Mutualist limitation drives declines in host fitness
and nitrogen fixation; inoculation rescues both for host
plants grown in soil collected outside of patches, and
the benefit of adding rhizobium increases farther away
from the host. However, even among plants inoculated
with abundant rhizobial mutualists, nodulation decli-
nes farther from established patches. This pattern
could result if nodulation is inhibited by biotic or
abiotic environmental factors (Mallon et al. 2015;
Martiny et al. 2006), such as a lack of other mutualists
such as arbuscular mycorrhizal fungi, farther from
established patches, or if pathogens inhibit nodulation
farther from established patches. It is possible that
variation in strain quality could result in plants
exposed to low quality strains forming many low-
quality nodules and plants exposed to high quality
strains to form few high-quality nodules (Pahua et al.
2018; Simonsen and Stinchcombe 2014). However,

Porter and Simms (2014) found no evidence of M.
polymorpha associating with non-beneficial strains;
all sampled rhizobium isolates from host populations
in California were beneficial to host growth. Further-
more, when grown with E. medicae, nodule number is
positively correlated with M. polymorpha biomass
(Jack et al. 2019).

(iii) Host genetic variation in rhizobial dependence.
Though the patchy distribution of a microbial mutu-
alist across a species’ invaded range may limit
invasion, genetic differences in the benefit hosts
obtain from their mutualist such as we observed in
our study could lead to the evolution of reduced
mutualism dependence. Invasive plants can undergo
rapid evolutionary change following introduction
(Buswell et al. 2011; Bossdorf et al. 2005), and
mutualist limitation can act as an agent of selection.
Invaded range genotypes can be less responsive to soil
mutualists than native range genotypes (Seifert et al.
2009), and this genetic variation in responsiveness, or
the degree to which hosts benefit from their mutualist,
could lead to the evolution of reduced mutualism
dependency. Our results indicate that genotypes of
invasive M. polymorpha have similar fitness (i.e.
biomass) when mutualists are absent but differ in
fitness as the availability of mutualists increases. A
genotype with a relatively strong positive growth
response to fewer nodules would be more likely to
establish in mutualist-limited soils than other geno-
types. Wald-Z tests indicate the relationship between
host biomass and nodule number is significant when
comparing the California genotype to those originat-
ing from Afghanistan and Spain; however, pairwise
post-hoc tests using #-tests with Tukey’s correction for
multiple comparisons did not find that any two
genotypes have significantly different relationships
between nodule number and shoot mass (Table S4).
This is consistent with the conclusion that the geno-
typic differences we detect are weak, given the weak
evidence for the difference between slopes in the
regression model coupled with the fact that the
hypothesis tests for the slopes do not account for a
family-wise error rate, whereas the pairwise post-hoc
tests do so, leading to higher adjusted p-values.
Though the differences are weak, the genetic variation
we detect in mutualism responsiveness corroborates
the finding that invasive genotypes of M. polymorpha
benefit less from rhizobia than native genotypes
(terHorst et al. 2018). Further study of how genotypes
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of an invasive host plant respond to natural mutualist
availability are needed to better predict the outcomes
of host dispersal in the invaded range. Seeds dispersed
from a host patch are likely mutualist limited and
selection for reduced mutualist dependence is pre-
dicted to reduce the constraint that mutualist limitation
would otherwise impose on host invasions.

Conclusion

Biological invasions are predicted to accelerate with
global change (Dickie et al. 2017), so it is increasingly
important to understand how mutualistic microbes
impact host invasions. We find host plants and their
microbial symbionts occur in the environment
together at both fine and broad spatial scales. The
absence of microbial symbionts restricts host fitness
and nitrogen fixation, but there is genetic variation in
host growth response to mutualist abundance. There-
fore, invasive plants are predicted to evolve to be less
dependent on mutualists. This study adds to growing
knowledge of the ecological linkage between host and
microbe distributions and gives insight into how
plant—microbe mutualisms could evolve over the
course of a biological invasion.
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