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Although most invasive species engage in mutualism, we know little about how mutualism evolves as partners colonize novel

environments. Selection on cooperation and standing genetic variation for mutualism traits may differ between a mutualism’s

invaded and native ranges, which could alter cooperation and coevolutionary dynamics. To test for such differences, we com-

pare mutualism traits between invaded- and native-range host-symbiont genotype combinations of the weedy legume,Medicago

polymorpha, and its nitrogen-fixing rhizobium symbiont, Ensifer medicae, which have coinvaded North America. We find that mu-

tualism benefits for plants are indistinguishable between invaded- and native-range symbioses. However, rhizobia gain greater

fitness from invaded-range mutualisms than from native-range mutualisms, and this enhancement of symbiont fecundity could

increase the mutualism’s spread by increasing symbiont availability during plant colonization. Furthermore, mutualism traits in

invaded-range symbioses show lower genetic variance and a simpler partitioning of genetic variance between host and symbiont

sources, compared to native-range symbioses. This suggests that biological invasion has reduced mutualists’ potential to respond

to coevolutionary selection. Additionally, rhizobia bearing a locus (hrrP) that can enhance symbiotic fitness have more exploitative

phenotypes in invaded-range than in native-range symbioses. These findings highlight the impacts of biological invasion on the

evolution of mutualistic interactions.
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Ecological communities are increasingly shaped by biological in-

vasions of non-native species, which can reduce biodiversity and

decrease the quality of ecosystem services (Ferlian et al. 2018;

Guy-Haim et al. 2018; Vanbergen et al. 2018; Castro-Diez et al.

2019). Although invading species can rapidly evolve adaptations

to novel environmental conditions (Ochocki and Miller 2017;

Getman-Pickering et al. 2018; Owen and Lahti 2020), they can

also evolve altered species interactions (Yoshida et al. 2007), as

is well established for antagonistic interactions (Carroll 2007;

Osnas et al. 2015; Feis et al. 2016; Irimia et al. 2019; Pankoke
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et al. 2019; Li et al. 2020). Despite the fact that most invasive

species engage in mutualism, we know little about how invasion

affects the evolution of positive species interactions (Richardson

et al. 2000; Le Roux et al. 2017). Coevolution between mutualist

species ultimately depends on the presence of partners’ reciprocal

fitness effects as well as genetic variance in these fitness effects

(Gomulkiewicz et al. 2007), both of which can change over the

course of invasion.

The levels of cooperation between mutualists may evolve

rapidly if selection on mutualism changes during a biological

invasion. On one hand, selection could shift to favor enhanced

cooperation in a species’ invasive range, if mutualistic interac-

tions give the invader a fitness advantage over less coopera-

tive conspecifics or native species in the recipient community

(Rodríguez-Echeverría et al. 2008; Rodriguez-Echeverria et al.

2012; but see Bunn et al. 2015). On the other hand, selection

could shift to favor reduced cooperation in a species’ invasive

range (Shelby et al. 2016; terHorst et al. 2018), if mutualism

traits trade-off with traits that enhance colonization ability, like

allocation to reproduction (Seifert et al. 2009). Consistent with

this idea, legume species that do not associate with rhizobia are

more successful invaders than legume species that do associate

with rhizobia (Simonsen et al. 2017).

Mutualism evolution manifests as changes to mutualism

traits. We define mutualism traits as traits expressed in the pres-

ence of interacting partners (i.e. joint phenotypes; Queller 2014)

and/or traits that impact the resources or services exchanged in

mutualism. Mutualism traits, thus, include cooperation outcomes,

such as the degree of fitness benefit a partner obtains, attributes

of symbiotic structures, like legume root nodules or squid light

organs, and traits that can be measured on noninteracting part-

ners, such as shoot mass, which affects a plant’s ability to pro-

vision microbial symbionts with photosynthetically derived car-

bon, or proboscis length in insect pollinators, which affects the

efficiency of pollination. Although studies have compared mu-

tualism traits of invaded- and native-range genotypes during in-

teractions with a common partner genotype (Seifert et al. 2009;

terHorst et al. 2018), comparing the mutualism traits of invasive

and native conspecifics with their respective regionally available

mutualist pools (Shelby et al. 2016) more directly compares mu-

tualism traits between ranges, since these are the genotypes actu-

ally interacting in nature.

The evolution of cooperation between mutualists depends on

genetic variation in mutualism traits, which could decrease or in-

crease during invasion. Changes in the magnitude of mutualism

trait variation could alter the coevolutionary potential of mutu-

alist species because genetic variance in mutualism traits under-

lies the potential of mutualist species to coevolve (Gomulkiewicz

et al. 2007). Joint phenotypes evolve as the sum of additive ge-

netic variance in each partner species, weighted by the selection

on each species (Queller 2014). However, the effects of inva-

sion on quantitative variation for mutualism traits are not well

understood. Stochastic colonization processes and genetic bot-

tlenecks often reduce quantitative genetic variation in invading

populations relative to native-range populations (Dlugosch and

Parker 2008; Bacigalupe et al. 2013) which can constrain evolu-

tion in the invaded range (Colautti and Barrett 2011) and could

reduce the ability of invaders to coevolve with mutualists. Al-

ternatively, admixture among diverse source populations can in-

crease quantitative genetic variation in invading populations rel-

ative to native source populations (Kolbe et al. 2008; Qiao et al.

2019; but see Chapple et al. 2013) and this could increase the po-

tential for coevolution between mutualists in the invaded range.

By assessing many host × symbiont genotypic combinations, it

is possible to partition quantitative genetic variation for mutual-

ism traits into amounts explained by the host genotype, the sym-

biont genotype, and the host × symbiont genotype interaction

(Heath and Nuismer 2014) and to compare amounts of stand-

ing genetic variation in mutualism traits between the invaded

and native ranges. This approach makes it possible to compare

coevolutionary potential in the invaded and native range of a

mutualism.

Legumes are frequent biological invaders around the globe

(Richardson and Rejmánek 2011) and therefore the legume-

rhizobium symbiosis provides an important model system which

examines the impacts of invasion on the evolution of cooperation.

Rhizobium soil bacteria infect the roots of legumes and are se-

questered in host-derived intracellular symbiosomes within root

nodules, where they can fix nitrogen and enhance the growth of

their plant hosts (Oldroyd et al. 2011). Some legumes, including

species in the medic clade, cause rhizobia within symbiosomes

to terminally differentiate into highly efficient nitrogen fixation

factories that can no longer reproduce outside the plant (Alunni

and Gourion 2016). Nevertheless, a portion of the nodule’s rhi-

zobium population remains undifferentiated and can return to a

free-living state in the soil following nodule senescence (Tim-

mers et al. 2000; Oono et al. 2011). Legumes acquire diverse rhi-

zobial symbionts from the environment rather than via vertical

transmission from a parent, causing the fitness interests of rhizo-

bia and plants to be imperfectly aligned (West et al. 2002). Selec-

tion can promote reduced cooperation in the mutualism, such as

by favoring rhizobia that fix less nitrogen for their hosts (Porter

and Simms 2014), or selection can promote higher cooperation in

the mutualism such as in environments where nitrogen is scarce

(Weese et al. 2015; Klinger et al. 2016). If greater investment

in mutualism better enables partners to colonize novel habitats

during biological invasions, selection could favor increased co-

operation in the invaded range compared to the native range. On

the other hand, if partners that invest less in cooperation and are

less dependent on mutualism are better able to colonize novel
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habitats, potentially due to low mutualist density in novel habi-

tats, selection could favor reduced cooperation in the invaded

range compared to the native range.

We rarely know the identity of genes that modulate the

fitness benefits of mutualism for each partner (Baskett and

Schemske 2015), but recently Price et al. (2015) identified one

such locus in the rhizobium Ensifer meliloti. Here the plasmid-

borne rhizobium hrrP gene encodes a metallopeptidase that al-

lows rhizobia to degrade host-derived signals to terminally dif-

ferentiate into nonreproductive, nitrogen-fixing cells (Price et al.

2015). Thus, rhizobia bearing the plasmid harboring hrrP may

decrease nitrogen fixation and retain higher reproductive viabil-

ity in the nodule than rhizobia lacking hrrP (Price et al. 2015),

making hrrP a potentially key gene negotiating the fitness out-

comes of this mutualism. Despite the large effect hrrP can have

on cooperation (Price et al. 2015; Pan and Wang 2017), hrrP has

yet to be studied in the context of wild populations of rhizobia

and legume hosts. If selection favors increased cooperation dur-

ing invasion, hrrP could be lost from rhizobium populations as

they invade, and the exploitative effect of individual hrrP alleles

could decrease. However, if selection favors reduced cooperation

during invasion, hrrP could be selectively maintained, and the

exploitative effect of hrrP alleles could increase.

Here, we study how levels of cooperation differ between the

invaded and native ranges of a legume-rhizobium mutualism, fo-

cusing on the invasive weedy medic Medicago polymorpha and

its symbiont Ensifer medicae. We compare genotypes sampled

at the same time from the invaded and native ranges of these

species, which is a common approach in invasion biology (Shelby

et al. 2016; Lu-Irving et al. 2019; Pankoke et al. 2019). Our study

assesses the net effect of many stages of biological invasion on

symbiotic interactions, integrating the evolutionary changes that

can occur throughout the invasion process (Zenni et al. 2017).

Our approach does not determine whether differences between

invaded- and native-range symbioses are due to effects of initial

colonization (Brown et al. 2014) or due to subsequent years of

evolution in separate ranges (Li et al. 2020). Genomics and his-

torical records suggest that M. polymorpha and E. medicae were

cointroduced to North America from the Mediterranean in the

1700s (Wing 1912; Porter et al. 2018). Medicago polymorpha

has retained adaptive potential in the invaded range (Porter et al.

2011; Helliwell et al. 2018), even though it also experienced a ge-

netic bottleneck that reduced its genetic diversity in the invaded

range relative to the native range (Helliwell et al. 2018). In con-

trast to M. polymorpha, E. medicae did not experience a genetic

bottleneck during invasion (Porter et al. 2018; but see Harrison

et al. 2017b) and is less symbiotically specialized than its host

(Bena et al. 2005), forming symbioses with several Medicago

species that are also exotic in North America including the crop

alfalfa (Garau et al. 2005; Denton et al. 2007). We leverage a ge-

ographically broad collection of invaded- and native-range geno-

types of M. polymorpha and E. medicae to ask: (1) Has invasion

affected mutualism fitness benefits for either mutualist partner?

(2) Has invasion affected standing genetic variation in mutualism

traits and how variance is partitioned between host and symbiont?

(3) Has invasion affected the population-level frequency of hrrP

or its exploitative phenotype?

Materials and Methods
ENSIFER STRAIN COLLECTION

We isolated a collection of Ensifer strains from field soils col-

lected within wild M. polymorpha populations in the invaded

(North American) and native (European) ranges of this species

in 2014 and 2015 (Helliwell et al. 2018). We raised axenic

M. polymorpha seedlings from each sampled population in a

greenhouse in 2016 and inoculated plants with soils from their

home population. We surface-sterilized root nodules from soil-

inoculated plants and isolated one pure rhizobium culture (here-

after, “strain”) per nodule by culturing on tryptone-yeast (TY)

media following Porter and Rice (2013). In total, we isolated 460

rhizobium strains from 36 M. polymorpha populations (Fig. 1),

using 2-4 plant maternal lineages per population, 1-6 replicate

plants per maternal lineage, and 1-6 nodules per plant. Each M.

polymorpha population yielded 5-28 rhizobium strains. We con-

sider rhizobia from this collection as presumptive E. medicae,

since 16S sequencing of 158 M. polymorpha nodule isolates re-

veals that 97.5% are E. medicae (Porter and Rice 2013).

PCR SCREEN OF ENSIFER FOR hrrP

We assessed the prevalence of hrrP in the E. medicae strain

collection using an established PCR screen (Price et al. 2015).

Strains were cultured in 1 mL TY broth at 30°C and 280 rpm for

72 h, and genomic DNA was extracted from bacterial pellets us-

ing the Zymo gDNA minikit according to the manufacturer’s in-

structions. Approximately 10 ng/μL of gDNA was used as a tem-

plate for PCR with hrrP-specific primers oPP017F and oPP020R

(Price et al. 2015), yielding a 1.1 kb product. Thermocycler con-

ditions were 98°C for 3 min, 35 cycles of 98°C for 15 s, 56°C

for 15 s, and 72°C for 30 s, and a final extension at 72°C for 10

min. PCR products of the correct size were purified and Sanger

sequenced. Strains were identified as hrrP+ if the PCR product

had sequence homology to known hrrP loci (Price et al. 2015),

assessed by phylogenetic analysis with known hrrP homologs

(see below). Strains were identified as hrrP-, by the absence of

a PCR band, or by the production of an off-target amplicon veri-

fied by sequencing. This approach is not known to be biased but

could underestimate the number of hrrP+ strains in the collec-

tion, if false negatives are common. In total, we genotyped 400
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Figure 1. Sampled populations of Medicago polymorpha and Ensifer medicae show variable prevalence of the cooperation-modifying

E. medicae locus, hrrP, in (A) the invaded-range North American populations and (B) the native-range European populations. Pie charts

indicate frequency of E. medicae that test positive (dark) and negative (light) for the hrrP locus. Pie chart size is proportional to the number

of E. medicae strains genotyped, which ranged from 2 to 23. The eight populations used in the greenhouse experiment are indicated with

a three-letter code.

E. medicae strains from 36 M. polymorpha populations (152

strains from 11 invaded populations; 248 strains from 25 na-

tive populations; Supporting information Table S2). We estimated

the frequency of hrrP+ strains in each population (“hrrP fre-

quency”) as the number of hrrP+ strains divided by the number

of strains genotyped in the population, which ranged from 2 to 23

strains; Supporting information Table S2).

PHYLOGENETIC ANALYSIS OF hrrP

To confirm that the PCR screen targeted hrrP homologs, we re-

constructed a maximum likelihood phylogeny of 50 hrrP ampli-

con sequences from our study and 36 hrrP reference sequences

from Rhizobium and Ensifer. Of the reference sequences, 27

were previously published (Price et al. 2015) and nine were am-

plified from additional isolates in the USDA Ensifer collection

or obtained from Genbank. Our purpose was to assess whether

hrrP-like sequences in our E. medicae population were phylo-

genetically intermingled with other hrrP homologs, similar to

the approach by Price et al. (2015). We aligned sequences us-

ing MUSCLE in MEGA 7.0.14 (Kumar et al. 2016) and trimmed

the alignment to a 200-nt stretch common to all sequences. The

Jukes–Cantor nucleotide substitution model was selected from

88 candidate models using the AICc method in jModelTest ver-

sion 2.1.6 (Darriba et al. 2012). We reconstructed an unrooted

maximum-likelihood phylogenetic tree in RAxML version 8.2.12

(Stamatakis 2014), assessed node support by performing 1000

bootstrap replicates of the best tree, and collapsed poorly sup-

ported nodes (less than 70% bootstrap support) into polytomies.

GREENHOUSE EXPERIMENTAL DESIGN

We performed a greenhouse inoculation experiment at Washing-

ton State University Vancouver (45.7328054° N, 122.635967°

W) in 2017. Axenic M. polymorpha seedlings were inoculated

with single strains of E. medicae, and we measured mutualism

traits of inoculated plants after five to seven weeks of growth.

The experiment included 64 host × symbiont genotypic combi-

nations (8 M. polymorpha genotypes × 8 E. medicae genotypes)

from each range (invaded and native), replicated over six blocks,

for a total of 768 inoculated plants. Each block also included two

uninoculated control plants for each of the 16 M. polymorpha

genotypes, for a total of 192 uninoculated plants. In total, the

experiment included 960 plants arranged in a randomized com-

plete block design. Plant and rhizobium genotypes were selected

from collections of available genotypes to maximize variation for

several parameters within each range (see Supporting informa-

tion Table S1 and details below). Although we collected different

numbers of Ensifer strains from the invaded and native ranges,

and sampling depth varied among populations (Supporting in-

formation Table S2), the greenhouse experiment used the same

strain and population sampling structure for each range, so the

measurements of mutualism traits should be unbiased by range.

MEDICAGO GENOTYPES AND GROWTH CONDITIONS

The greenhouse experiment used 16 M. polymorpha genotypes

from a collection of maternal lineages sampled from the same 36

wild populations that generated the Ensifer strain collection (Hel-

liwell et al. 2018). We selected eight M. polymorpha populations

(four populations per range) that had at least seven E. medicae
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strains genotyped for hrrP and spanned the natural variation in

hrrP frequency within each range (0-25% in the invaded range;

0-67% in the native range; Supporting information Table S2).

We randomly chose two M. polymorpha genotypes from each se-

lected population, for 16 plant genotypes total (Supporting infor-

mation Table S1).

Seeds for the greenhouse experiment were generated in a

greenhouse common garden to minimize maternal effects. Med-

icago polymorpha seeds were scarified on sandpaper on 6 July

2017, stratified at 4°C for six days, surface sterilized by expo-

sure to chlorine gas for 6 h, and returned to cold storage for five

days until sowing into autoclaved 158-mL containers filled with

a 1:1 mix of Sungro Sunshine Mix #1 and sand. Plants were mist

irrigated for 10 min twice daily and fertilized with 2 mL 0.5 X

Fahreus solution (Vincent 1970) with 500 μM NH4NO3. Plants

were placed in randomized block positions three days postinocu-

lation, and pots were topped with autoclaved sand around each

seedling to minimize cross-contamination. Fertilization began

one week after inoculation with E. medicae and continued twice

per week (six times total) until harvest.

ENSIFER GENOTYPES AND INOCULUM PREPARATION

The greenhouse experiment used 16 E. medicae strains from the

eight populations chosen above, selecting one hrrP-strain from

each population and two hrrP+ strains from each of the four

populations with the highest hrrP frequency (Supporting infor-

mation Table S1). For hrrP+ strains from the same population,

we chose strains to maximize the genetic diversity sampled from

the population. We confirmed the presence or absence of hrrP

in each strain by PCR just prior to preparing inocula. To prepare

E. medicae inocula, we inoculated 1 mL TY broth from frozen

E. medicae stocks, incubated cultures at 30°C and 270 rpm for

48 h and used these to inoculate 24 mL TY broth cultures. After

further incubation for 72 h, we centrifuged cells at 4000 rpm for

7 min and resuspended cell pellets in 0.1 X TY broth to a total

concentration of 4 × 106 cells/mL, using the empirically derived

formula, cells mL−1 = OD 600 × 5.8 × 107. We inoculated M.

polymorpha with 900 μL of E. medicae suspension (or a cell-free

0.1 X TY broth control) on 31 July 2017.

PLANT HARVEST

Thirty-six negative control plants were harvested early on 21

August 2017 to check for root nodules (i.e. contamination).

None had formed nodules, and these plants were dropped from

all analyses. The remaining plants were harvested between 4

September and 22 September 2017, proceeding block by block to

avoid a treatment bias in time of harvest. Shoots were clipped

and dried at 60°C. Roots were washed and stored on ice. We

excised the largest, reddest nodule from each nodulated plant and

stored nodules in 4°C water overnight before measuring cross-

sectional nodule size and the number of E. medicae colony-

forming units (CFU) inside the nodule (see “Nodule Culturing”

below). Roots were stored at −20°C and thawed to count nod-

ules. Of the 768 plants inoculated with E. medicae, all but one

plant formed root nodules. Of 192 negative control plants, 94%

remained nodule free. Eleven contaminated control plants were

dropped from all analyses.

NODULE CULTURING

Excised nodules were transferred to individual wells of a 96-well

plate with a mesh bottom and removable mesh top. The plate was

manually agitated in bleach (75 s) followed by three thorough

rinses in sterile water. Surface-sterilized nodules were transferred

to 100 μL sterile water in 96-well plates. Plates were scanned

(Epson Perfection V600 Photo scanner) to create digital images

in which to measure cross-sectional nodule area (hereafter, “size

of the largest nodule”). Nodules were transferred to individual

1.5 mL microcentrifuge tubes with 100 μL TY broth, crushed

with sterile pestles, and serially diluted. The final six nodule di-

lutions were drop plated (Vincent 1970) onto TY agar with at

least three technical replicates, and colonies were counted after

3-4 days of incubation at 28°C. Each cultured nodule typically

provided 18 estimates of the number of E. medicae CFU (6 nod-

ule dilutions × 3 technical replicates). Colony counts were mul-

tiplied by their dilution factor and averaged within a nodule to

yield a single estimate of rhizobium CFU per nodule. We only

used colony counts of 1-50 and ignored assays in which bacterial

growth was saturated (i.e. where individual colonies could not be

distinguished). If all six dilutions of a technical replicate showed

saturated growth, we assigned a count of one to the most dilute

assay in which saturated growth occurred, since that dilution must

have contained at least one CFU. This adjustment let us infer a

conservative estimate of the number of CFU present and only af-

fected 87 nodules out of 732 nodules for which we obtained CFU

data.

MEASURING MUTUALISM TRAITS

We estimated early and late plant fitness by measuring the veg-

etative size of M. polymorpha at an early timepoint (trifoliate

leaf count; three weeks postinoculation) and at harvest (dry shoot

mass; five to seven weeks postinoculation), since plant size pre-

dicts reproductive output for the congener Medicago truncatula

(Heath 2010). Although early and late fitness estimates may be

correlated, these metrics can differ if, for example, juvenile and

adult plants have different interactions with soil microbes (Du-

denhöffer et al. 2018). We also calculated relative growth for each

inoculated plant by dividing leaf count (or shoot mass) by the

mean leaf count (or shoot mass) of uninoculated control plants of

the same genotype from the same block. We estimated rhizobium

fitness by measuring the number of E. medicae CFU in the plant’s

EVOLUTION 2021 5



C. WENDLANDT ET AL.

largest nodule, the size of the largest nodule on a plant, and the to-

tal number of root nodules formed on a plant. We log-transformed

E. medicae CFU per nodule prior to analysis since the data varied

over five orders of magnitude. Rapid doubling times of bacteria in

favorable conditions can generate high skew in population sizes,

so the log distribution of these data is biologically plausible. To

assess the balance of mutualism fitness benefits between the plant

host and rhizobium symbiont, we also analyzed dry shoot mass

per individual nodule (i.e. shoot mass divided by nodule count).

STATISTICAL ANALYSES

We analyzed data from the greenhouse study and the Ensifer PCR

screen using generalized linear mixed models (GLMM) imple-

mented with lme4 version 1.1.21 (Bates et al. 2015) in R version

3.5.2 (R Core Team 2018). Gaussian error distributions were used

for all responses except nodule count (negative binomial errors

and log link) and hrrP incidence in the E. medicae strain collec-

tion (binomial errors and logit link). We checked the appropriate-

ness of error distributions using simulated residuals in DHARMa

version 0.2.4 (Hartig 2019) and assessed effects of interest with

likelihood ratio tests.

To test how mutualism traits and effects of hrrP on mutu-

alism traits differ between invaded- and native-range symbioses,

we modeled mutualism traits of inoculated plants (n = 768) with

fixed effects of hrrP presence/absence, range (invaded or native),

the interaction of strain hrrP presence/absence and range, hrrP

frequency of the plant’s source population, and the sympatric

status of the genotypic combination (one quarter of genotypic

combinations were sympatric at the population level; the remain-

der were allopatric). We also ran GLMMs separately within each

range, omitting range terms. As additional tests of whether inva-

sion has affected plant growth responses to rhizobia, we modeled

leaf count and shoot mass with fixed effects of range, inoculum

(inoculated or uninoculated), and the interaction (n = 906-909),

and we modeled plant relative growth with fixed effect of range

(n = 754-759). All analyses also included random effects of plant

genotype (Gplant), rhizobium genotype (Grhizobium), the plant ×
rhizobium genotype interaction (Gplant × Grhizobium), and block.

We used random effects models to infer broad-sense genetic

variation from total variation in mutualism traits. When genotype

is included as a random effect in a statistical model, the covari-

ance parameter estimate for the genotype term can be interpreted

as the genetic variance of the trait (Lynch and Walsh 1998; Heath

2010; Simonsen and Stinchcombe 2014). To evaluate how the

plant host and rhizobium symbiont contribute to genetic variance

in mutualism traits, we modeled each mutualism trait with three

random genotype terms (Gplant, Grhizobium, Gplant × Grhizobium) and

block, to account for phenotypic plasticity due to environmental

variation in the greenhouse. Genetic variance of mutualism traits

was assessed separately for invaded- and native-range symbioses

(n = 384). We standardized the three genetic sources of variance

by dividing them by the total variance of the mutualism trait be-

ing analyzed (i.e. the sum of model-explained variance and resid-

ual variance). For traits analyzed with non-Gaussian models (i.e.

nodule count), genetic variance was standardized to total model-

explained variance, since residual variance was not calculated.

To compare genetic variance of mutualism traits between ranges,

we obtained 95% confidence intervals for each standardized ge-

netic variance estimate (Lavergne and Molofsky 2007) using

the percentile method for 10,000 nonparametric bootstrap repli-

cates of each model with boot version 1.3-23 (Canty and Ripley

2019).

To test if ranges differ in the frequency of hrrP+ E. medi-

cae, we modeled the incidence of hrrP (presence or absence) in

the E. medicae strain collection with a fixed effect of range and

random effect of population. We also ran this GLMM using only

strains from populations with both hrrP+ and hrrP- strains (i.e.

“mixed” populations), which focused on potential differences in

hrrP frequency distinct from presence-absence variation among

populations.

Results
BENEFITS FROM MUTUALISM

We find that M. polymorpha genotypes obtain similar mutual-

ism benefits from invaded- and native-range symbioses, whether

measured by plant relative growth (leaf count: χ2 = 0.0044, P =
0.95; shoot mass: χ2 = 0.087, P = 0.77; Fig. 2A, B) or by the

effect of inoculation on plant size (leaf count: χ2 = 0.0016, P =
0.97; shoot mass: χ2 = 0.056, P = 0.81; Fig. 2C, D). However,

leaf count is 6% higher for invaded-range plant genotypes than

native-range genotypes (Table 1 & Supporting information Figs.

S1 and S2). In contrast, mutualism benefits for E. medicae are

296% higher for invaded-range than native-range symbioses, in

terms of the number of rhizobium CFU per nodule (Table 1 &

Fig. 3). Among invaded-range symbioses, the number of rhizo-

bium CFU per nodule is 102% higher when the plant and rhizo-

bium are sympatric (i.e. isolated from the same field population)

rather than allopatric (Table 1 & Fig. 3). Values for other mutual-

ism traits are similar between the invaded and native ranges, and

similar between sympatric and allopatric pairings in each range

(Table 1).

VARIANCE IN MUTUALISM TRAITS

Mutualism traits generally show simpler genetic variance parti-

tioning for invaded-range symbioses than native-range symbioses

(Table 2 & Fig. 4). Leaf count and shoot mass are shaped only

by Gplant for invaded-range symbioses, whereas both Gplant and

Grhizobium shape these fitness benefits for native-range symbioses
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Table 1. Likelihood ratio test χ2 statistics for fixed effects in GLMMs modeling mutualism traits of Medicago polymorpha and Ensifer

medicae, both across ranges and separately within the invaded and native ranges. Effect of invasion is denoted by the Range term, which

compares invaded and native ranges.

Trait Range Model terms

hrrP hrrP frequency Sympatry Range Range x hrrP

Leaf count Across 5.27∗ 10.77∗∗ 0.67 6.41∗ 0.11
Invaded 4.15∗ 5.93∗ 0.014 na na
Native 2.22 5.34∗ 0.87 na na

Shoot mass Across 3.47
†

5.57∗ 1.60 1.48 0.52
Invaded 4.00∗ 3.06

†
1.24 Na na

Native 1.71 2.72
†

0.45 na na
Shoot mass per nodule Across 8.01∗∗ 2.24 0.042 0.20 0.54

Invaded 6.77∗∗ 3.41
†

0.30 na na
Native 3.74

†
0.74 0.096 na na

Nodule count Across 5.03∗ 2.64 0.030 0.22 0.68
Invaded 3.79

†
0.32 0.49 na na

Native 2.74
†

2.01 0.35 na na
Nodule size Across 0.0077 1.47 0.033 0.79 0.19

Invaded 0.14 0.53 0.41 na na
Native 0.054 0.96 0.80 na na

Log(Rhizobium CFU
per nodule)

Across 0.69 0.28 3.56
†

5.70∗ 0.067
Invaded 1.39 0.043 5.73∗ na na
Native 0.10 0.36 0.063 na na

†P < 0.10
∗
P < 0.05

∗∗
P < 0.01

∗∗∗
P < 0.001

“na” indicates that the model term was not tested.

Table 2. Likelihood ratio test χ2 statistics for random effects in GLMMs modeling mutualism trait variance for contributions fromMed-

icago polymorpha (Gplant) and Ensifer medicae (Grhizobium), for the invaded and native ranges.

Trait Range Model terms

Gplant Grhizobia Gplant × Grhizobia

Leaf count Invaded 23.81∗∗∗ 3.11 ∼0
Native 136.87∗∗∗ 13.57∗∗∗ 0.29

Shoot mass Invaded 62.27∗∗∗ ∼0 ∼0
Native 193.51∗∗∗ 49.61∗∗∗ 3.07

Shoot mass per nodule Invaded 23.93∗∗∗ 49.68∗∗∗ ∼0
Native 6.40∗ 133.12∗∗∗ 54.65∗∗∗

Nodule count Invaded 17.68∗∗∗ 82.38∗∗∗ 0.88
Native 73.34∗∗∗ 575.65∗∗∗ 64.49∗∗∗

Nodule size Invaded 2.64 11.81∗∗∗ ∼0
Native ∼0 21.63∗∗∗ 1.88

Log(Rhizobium CFU per
nodule)

Invaded 2.09 20.67∗∗∗ 4.53∗

Native 10.37∗∗ 94.20∗∗∗ 5.00∗

†P < 0.10
∗
P < 0.05

∗∗
P < 0.01

∗∗∗
P < 0.001
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Figure 2. Medicago polymorpha benefits from Ensifer medicae in

the native and invaded ranges are indistinguishable. Upper pan-

els show plant relative growth calculated with (A) leaf count and

(B) shoot mass. Values greater than 1 (dashed line) indicate a net

increase in plant size in response to inoculation (relative growth

= inoculated plant performance/uninoculated plant performance).

Boxes indicate means ±SD. Each point is one replicate of Gplant

× Grhizobium combination. Points are jittered. Lower panels show

plant size with and without rhizobia, for (C) leaf count and (D)

shoot mass. Lines indicate mean change in plant size for one plant

genotype in the uninoculated and inoculated treatments. Lines are

colored by range (native range = blue dashed; invaded range =
red solid). Thick black lines indicate mean response for each range

(native range = dashed; invaded range = solid).

(Table 2). Gplant explains only 10% of the variance in leaf count

for invaded-range symbioses, compared to 35% of the variance

for native-range symbioses (Fig. 4A). Similarly, Gplant explains

19% of the variance in shoot mass for invaded-range symbioses,

compared to 41% of the variance for native-range symbioses

(Fig. 4B). Nodule count and shoot mass per nodule are shaped

only by main genetic effects (Gplant and Grhizobium) for invaded-

range symbioses, whereas the Gplant × Grhizobium interaction is

also significant for native-range symbioses (Table 2 & Fig. 4C,

D). Size of the largest nodule is shaped only by Grhizobium, which

Figure 3. Ensifer medicae from the invaded range reap higher fit-

ness benefits per nodule than E. medicae from the native range,

particularly in symbiosis with sympatric Medicago polymorpha.

Boxes indicate means ±1 SD. Each point is one replicate of Gplant

× Grhizobium combination. Points are jittered. ∗P < 0.05.

explains similar amounts of variance for both invaded-range (7%)

and native-range (11%) symbioses (Table 2 & Fig. 4E). Number

of rhizobium CFU per nodule is shaped by Gplant × Grhizobium for

both invaded- and native-range symbioses (Table 2 & Fig. 4F).

POPULATION FREQUENCIES OF hrrP

The PCR screen identified hrrP in 50 of 400 E. medicae strains

(12.5% of the collection). These putative hrrP sequences are

nested among hrrP sequences from other rhizobium species, sug-

gesting our PCR screen was successful at amplifying the target

locus in E. medicae (Fig. 5). The incidence of hrrP is similar

for invaded-range E. medicae (13/152 strains; 8.6% hrrP+) and

native-range E. medicae (37/248 strains; 15% hrrP+; χ2 (1) =
1.21, P = 0.27, n = 400; Fig. 1), but there is significant variation

in the incidence of hrrP among populations (χ2 (1) = 14.78, P

= 0.00012, n = 400). We identified hrrP+ E. medicae in 20/36

populations (56% of populations in the collection), with similar

frequencies in the invaded range (6/11 populations; 55%) and na-

tive range (14/25 populations; 56%). Among strains from the 20

E. medicae populations where hrrP was detected (i.e., “mixed”

populations), the incidence of hrrP+ strains is significantly lower

in the invaded range (12%) than the native range (26%; χ2 (1) =
5.28, P = 0.022, n = 257). However, permutation testing sug-

gested the significant difference between ranges was probably an

artifact of unequal sampling of populations from each range. We

tested the effect of range in 1000 permuted datasets that main-

tained the population structure of our Ensifer collection (i.e. 6

invaded-range “mixed” populations and 14 native-range “mixed”

populations). The 95% confidence interval for the likelihood ra-

tio test statistic of range (0.00073 < χ2 < 5.62) encompassed
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Figure 4. Invaded-range symbioses betweenMedicago polymorpha and Ensifer medicae have lower genetic variance inmutualism traits

and simpler genetic variance partitioning compared to native-range symbioses. Mutualism trait variance is shown partitioned amongM.

polymorpha genotype (plant, GP), E. medicae genotype (rhizobium, GR), and the Gplant ×Grhizobium interaction (G×G) for the invaded (red)

and native (blue) ranges. Variance is expressed as the proportion of total phenotypic variance explained by GP, GR, or G × G for all traits

except nodule count, which reports the total model-explained variance explained by the source. Only significant sources of variance are

plotted. 95% confidence intervals for variance estimates were obtained with the percentile method on 10,000 nonparametric bootstraps

of the model. Bars without confidence intervals indicate that the bootstrapped 95% confidence interval for the variance estimate did not

include the original variance estimate; in these three cases (see panels D and F), we limit our interpretations to the presence or absence

of a significant source of variance, rather than interpreting the magnitude of the variance.

our original test statistic (χ2 = 5.28), suggesting that the invaded

and native ranges do not in fact differ in the incidence of hrrP in

“mixed” populations.

EXPLOITATION ASSOCIATED WITH hrrP

Compared to hrrP- E. medicae, hrrP+ E. medicae confer

lower mutualism benefits to M. polymorpha and obtain higher

benefits for themselves, consistent with the hrrP locus being

associated with rhizobium exploitation of plant hosts. Compared

to plants in symbiosis with hrrP- E. medicae, plants in symbiosis

with hrrP+ E. medicae have lower leaf count (6% lower across

ranges; 5% lower in the invaded range), lower shoot mass (8%

lower in the invaded range; similar effect but only marginally

significant across ranges), lower shoot mass per nodule (37%

lower across ranges; 32% lower in the invaded range; similar

effect but only marginally significant in the native range), and

higher nodule count (63% higher across ranges; similar effect but

only marginally significant within each range; Table 1 & Fig. 6).

Across both ranges, measures of plant size are significantly as-

sociated with hrrP frequency of the plant’s source population:

plants from the four populations with the highest hrrP frequency

(24-53% hrrP) have 9% higher leaf count and 21% higher shoot

mass than plants from the four populations with the lowest hrrP

frequency (0-18% hrrP; Table 1 & Supporting information Fig.

S3). The effect of local hrrP frequency on leaf count is also
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Figure 5. The 50 hrrP alleles sequenced from Ensifer medicae populations are nested within known diversity for hrrP. Midpoint-rooted

maximum likelihood phylogenetic tree for 50 hrrP sequences from E. medicae (this study) and 36 hrrP orthologs from other Ensifer and

Rhizobium species (indicated with the species name and USDA accession).

significant in separate analyses of invaded- and native-range sym-

bioses (Table 1 & Supporting information Fig. S3).

Discussion
Despite the increase in human-mediated dispersal of mutualists,

we are only beginning to understand how biological invasion al-

ters cooperation between species (Seifert et al. 2009; Shelby et al.

2016; terHorst et al. 2018). Comparing genetic variation in traits

of interacting species between their invaded and native ranges is

a powerful approach for detecting shifts in cooperation due to in-

vasion processes. To quantify how invasion has changed the ben-

efits of mutualism and genetic variance in mutualism traits for a

coinvading plant-microbe symbiosis, we examine 128 genotypic

combinations of the legume M. polymorpha and its mutualistic

rhizobium symbiont E. medicae. We find that plant hosts obtain

similar mutualism benefits in both ranges, but symbionts obtain

greater mutualism benefits from invaded-range symbioses than

native-range symbioses. We also find that invasion has reduced

standing genetic variation for several mutualism traits and simpli-

fied how variation is partitioned between partners, which could

alter how mutualism traits respond to coevolutionary selection.

Focusing on a symbiont locus, hrrP, which has the ability to un-

derlie host-symbiont conflict (Price et al. 2015), we find that in-

vaded and native ranges have similar population frequencies of
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Figure 6. Ensifer medicae bearing hrrP reduce performance ofMedicago polymorpha hosts and formmore nodules than rhizobia lacking

hrrP, especially in the invaded range. Only significant effects are shown; hrrP genotype had no effect on nodule size or rhizobium CFU

per nodule. Boxes indicate means ±1 SD. Each point is one replicate of Gplant × Grhizobium combination. Points are jittered. ∗P < 0.05, ∗∗P
< 0.01, †P < 0.10.

hrrP, but higher levels of host exploitation associated with hrrP

in the invaded range.

I. BENEFITS FROM MUTUALISM

The benefits of mutualism to M. polymorpha plants have

been robustly maintained during its invasion of North America.

This pattern is striking given that other studies show decreased

mutualism benefits and reduced dependence on symbionts for in-

vasive plants, potentially due to limited availability of mutualists

in the introduced range (Shelby et al. 2016) or trade-offs imposed

by shifting to a weedier life history (Seifert et al. 2009), which

could reduce selection for traits that enable a host to benefit from

mutualism. Previous work in this system shows that invaded-

range symbionts are less beneficial to invaded-range M. polymor-

pha than to native-range M. polymorpha (terHorst et al. 2018).

However, we find that plant genotypes from both ranges obtain

similar benefits from symbiont genotypes within their region of

origin. Our finding is consistent with a scenario in which any

limitations to mutualist availability or tradeoffs M. polymorpha

experiences in the invaded range have not imposed strong selec-

tion for reduced mutualism benefits or dependence on mutualists.

Although it is possible that mutualism benefits have failed to re-

spond to changes in selection on mutualism in the invaded range

due to insufficient genetic variation in M. polymorpha, this seems

unlikely since M. polymorpha has undergone other evolutionary

changes since invasion, including adaptive divergence in flow-

ering time (Helliwell et al. 2018) and increased vegetative size

(Getman-Pickering et al. 2018), a finding that we recapitulate.

The maintenance of mutualism fitness benefits likely facili-

tates the invasive success of M. polymorpha, since M. polymor-

pha lacking rhizobia have 75% lower shoot mass than inocu-

lated plants. Coinvading symbionts also facilitate invasive Aca-

cia on the Iberian Peninsula (Rodriguez-Echeverria et al. 2012),

although facilitation in that system partly depends on coinvading

Bradyrhizobium disrupting symbioses of plants in the recipient

community (i.e. symbiont spillover; Dickie et al. 2017). We have

no evidence that E. medicae can nodulate native North American

plants, suggesting that symbiosis facilitates invasion of M. poly-

morpha by directly increasing its fitness, rather than by weaken-

ing the biotic resistance of recipient communities.

Mutualistic microbes with access to alternative hosts can

accelerate plant invasions, since these alternative hosts serve

as reservoirs of compatible symbionts for the invader (Moeller

et al. 2015). The maintenance of mutualism fitness benefits

for invasive M. polymorpha may be due to high specificity for

E. medicae (i.e. the plant host cannot obtain the mutualist ser-

vice from another microbe), and high availability of E. medicae
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in the new range, potentially due to codispersal or to E. medi-

cae dispersing ahead of M. polymorpha by the use of alternative

medic hosts such as alfalfa (Wing 1912; Porter et al. 2018) or

Medicago lupulina (Harrison et al. 2017a). Coinvading plants and

mutualistic microbes often continue associating with each other

in their new range, even when they have access to novel mutu-

alists, suggesting that codispersal is appreciable in nature (Bogar

et al. 2015; Le Roux et al. 2017).

Mutualism fitness benefits are often more difficult to mea-

sure for microbes than for their plant hosts. To our knowledge,

this is the first study to compare microbial symbiont fitness ben-

efits from mutualism between invaded- and native-range host-

symbiont pairings. Although the number and size of nodules

formed in mutualism is indistinguishable between invaded- and

native-range mutualists, E. medicae obtain greater numbers of

CFU per nodule in invaded range mutualisms. The number of

individuals that are introduced to found a population (propag-

ule pressure) is a consistent determinant of the successful estab-

lishment of invasive species (Cassey et al. 2018; van Kleunen

et al. 2018). Intriguingly, our finding that nodules harbor about

300% more reproductively viable rhizobia in symbioses from

the invaded range compared to those from the native range sug-

gests a mechanism for both partners’ successful coinvasion and

the maintenance of mutualism in the invaded range. By evolv-

ing to produce a greater number of reproductively viable rhizobia

within a root nodule, symbioses between M. polymorpha and E.

medicae are predicted to seed the soil with higher numbers of

mutualistic rhizobia in the invaded range than in the native range.

Host lineages could benefit from greater symbiont fecundity if

greater symbiont propagule number feeds back to increase the

fitness of a host lineage’s progeny, possibly by alleviating any lo-

cal shortage of symbiont propagules (Lopez et al. 2020; but see

Wandrag et al. 2020). If selection favors lineages that increase

environmental densities of symbiont propagules in novel, uncol-

onized areas, the evolution of higher symbiont fecundity could

spur the success of mutualist coinvasions.

It is possible that novel or harsh selection regimes during

the free-living life history phase within novel soil communities

in the invaded range has increased the importance of symbiotic

fitness for E. medicae and selected for strains that are able to pro-

duce more CFU per nodule. Ensifer medicae genomes from the

invaded range are uniquely enriched in binding functions, relative

to E. medicae genomes in the native range, which could indicate

differences in selection on E. medicae between the ranges (Porter

et al. 2018). Higher fitness benefits from cooperation could speed

adaptation to novel environments if higher benefits from cooper-

ation maintain higher population sizes, allowing a population to

better adapt to novel environmental optima (Henriques and Os-

mond 2020).

We find that invasion has led to the evolution of an increase

in benefits to E. medicae without altering mutualism benefits to

M. polymorpha. Yet, in previous single strain inoculum experi-

ments, E. medicae that reap higher fitness rewards from symbio-

sis confer lower benefits to M. polymorpha (Porter and Simms

2014). It is possible that preferential allocation of resources to

more cooperative symbionts (Kiers and Denison 2008; Bever

2015) under conditions of natural coinfection has maintained

plant benefits from the mutualism, despite the increased fitness

rewards symbionts reap. Our assessment of mutualism fitness

benefits in controlled greenhouse conditions does not account for

ecological factors, such as symbiont population size and coinfec-

tion by multiple symbiont genotypes, and it would be useful for

future studies to do so.

II. VARIANCE IN MUTUALISM TRAITS

We find that invasion has resulted in decreased genetic vari-

ance for mutualism traits and simplified how variance in these

traits is partitioned between partners, which could alter how lev-

els of cooperation respond to coevolutionary selection. By assess-

ing the magnitude of plant and rhizobium genetic contributions

to fitness benefits in each range, we identify ways that invasion

alters coevolutionary options for these mutualists. In the native

range of M. polymorpha and E. medicae, we find that early and

late plant fitness estimates (leaf count and shoot mass, respec-

tively) are determined in part by rhizobium genetic variance, but

the invaded range lacks a rhizobium genetic contribution to plant

fitness. Reduced variation in rhizobium mutualist quality in the

invaded range could occur due to genetic bottlenecks, like the

one experienced by M. polymorpha (Helliwell et al. 2018). How-

ever, similar genome-wide rates of diversity in the invaded and

native range of E. medicae suggest this rhizobium species has not

experienced a genomic bottleneck during invasion (Porter et al.

2018). It is also possible that increased stabilizing selection on

rhizobium cooperation in the invaded range could have reduced

the proportion of strains with high and low cooperation abilities,

without altering mean rhizobium cooperation. Exotic genotypic

combinations of plants and arbuscular mycorrhizal fungi tend to

show less variance in plant responses than native genotypic com-

binations (Klironomos 2003), suggesting that loss of trait vari-

ance during host-symbiont invasions could be common. Whether

reduced variation in E. medicae cooperation is due to genetic bot-

tlenecks or stabilizing selection could be distinguished in future

studies by evaluating signatures of selection on genes underlying

mutualism traits in E. medicae, as has been done previously for

medics (Bonhomme et al. 2015). Overall, our results show that

biological invasion can eliminate entire sources of genetic varia-

tion in joint phenotypes (Queller 2014), causing fitness benefits
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that are determined by the genotype of both partners in the na-

tive range to be determined by only one partner’s genotype in the

invaded range.

We also identify mutualism traits for which the contribu-

tion of a plant genotype to the trait value depends on the iden-

tity of the rhizobium genotype, and vice versa (i.e. a Gplant ×
Grhizobium interaction) in the native range but not in the invaded

range, suggesting a loss of coevolutionary potential during inva-

sion (Heath and Nuismer 2014). In the native range, we detected

Gplant × Grhizobium variance for nodule count and shoot mass per

nodule, suggesting that high values of these two traits require

particular plant-rhizobium genotypic combinations, rather than

simple main effects of plant or rhizobium genotype. However,

we do not detect Gplant × Grhizobium variation for nodule count or

shoot mass per nodule in invaded range symbioses. Thus, nodule

count and shoot mass per nodule have the potential to underlie M.

polymorpha-E. medicae coevolution in the native range, but not

the invaded range. The loss of Gplant × Grhizobium variation in the

invaded range suggests that the scope for coevolutionary selec-

tion has been reduced during invasion, making cooperation less

evolvable in response to coevolutionary selection in the invaded

range relative to the native range. Shoot mass per nodule may be

an especially important trait to be underlain by Gplant × Grhizobium

variance because it reflects the balance of mutualism benefits to

each partner. Hosts and symbionts can be in conflict over the

value of this trait (Porter and Simms 2014; but see Friesen 2012),

since the number and size of nodules formed represents an allo-

cation of resources to symbiont fitness instead of plant fitness.

Our findings are consistent with an overall pattern whereby Gplant

× Grhizobium interactions underlie many joint phenotypes in native

range medic-Ensifer mutualisms (Heath 2010; Heath et al. 2012),

but underlie fewer joint phenotypes in invaded range mutualisms

(Porter and Simms 2014; Harrison et al. 2017a). A simplifica-

tion of the genetic architecture of joint phenotypes due to the re-

duction of genotype × genotype interactions could be a common

outcome of invasion processes if genetic variation for traits tends

to be lost during the colonization of novel habitats.

The number of rhizobium CFU per nodule shows signifi-

cant Gplant × Grhizobium variance in both the invaded and native

ranges, suggesting that this component of rhizobium fitness has

retained coevolutionary potential during invasion. Furthermore,

rhizobium CFU per nodule is also higher with sympatric than al-

lopatric partners in the invaded range, which could be evidence of

coevolution in the invaded range. However, since no plant fitness

components vary with host-symbiont sympatry in our study, the

evidence of coevolution between partners in the invaded range is

weak. Instead of coevolution between partner species, it is possi-

ble that selection in the invaded range has favored rhizobia that

specialize on local plant genotypes. Medicago polymorpha popu-

lations are less genetically diverse in the invaded range compared

to the native range (Helliwell et al. 2018) and lower plant diver-

sity might enable symbionts to more rapidly adapt to their host

populations to optimize symbiotic fitness. However, for weeds

like M. polymorpha that are capable of rapid dispersal and colo-

nization, homogenizing gene flow could act against selection for

local adaptation, as seen with M. lupulina in eastern North Amer-

ica (Harrison et al. 2017a, b). Indeed, M. polymorpha shows low

spatial genetic structure in the invaded range compared to the na-

tive range (Helliwell et al. 2018), consistent with low potential for

coevolutionary dynamics with E. medicae in the invaded range.

III. EXPLOITATION IN MUTUALISM

We show that the Ensifer locus hrrP is associated with ex-

ploitation of legume hosts by rhizobium symbionts in this collec-

tion of wild M. polymorpha and E. medicae genotypes. Rhizobia

with hrrP obtain greater mutualism fitness benefits and are less

cooperative to plant hosts than rhizobia without hrrP. By degrad-

ing host cues for rhizobia to terminally differentiate, HrrP can

allow rhizobia to maintain viability inside nodules and avoid al-

locating resources to the costly service of nitrogen fixation (Price

et al. 2015; Pan and Wang 2017). The negative effects of hrrP on

shoot mass per nodule particularly highlights how hrrP can shift

the balance between plant and rhizobium benefits in this mutual-

ism to favor rhizobia. Interestingly, plant lineages collected from

populations with higher frequencies of hrrP in E. medicae are

larger, tending to have higher genotypic values for leaf count and

shoot mass. It is possible that frequent encounters between M.

polymorpha and hrrP+ E. medicae in these populations select

for larger plant size if increased vigor compensates for more ex-

ploitative rhizobia.

We find that M. polymorpha has invaded North America de-

spite maintenance of the antagonism associated with hrrP in its

partner E. medicae, with this locus becoming neither less fre-

quent nor less antagonistic during invasion. The maintenance of

this antagonistic locus without any decrease in overall levels of

cooperation by rhizobia emphasizes that other loci contribute to

variation in cooperation in rhizobia. One caveat is that our study

cannot separate the effects of the hrrP locus from the effects of

the plasmid bearing hrrP, which contains hundreds of other pu-

tative genes (Crook et al. 2012; Price et al. 2015). Future work

would be necessary to isolate the specific effects of hrrP.

Overall, our study suggests that mutualistic microbes may

act like facilitator species during ecological succession, promot-

ing the establishment of their hosts while maintaining separate

fitness interests that maintain selection for antagonistic loci. Al-

though holobiont theory has sometimes been used to characterize

plant-microbe interactions (Hassani et al. 2018), the mismatches

we detect between host and symbiont fitness interests suggest

that individual populations of hosts and symbionts are more
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appropriate units of selection in this system (Koskella and Bergel-

son 2020).

Conclusions
The evolution of species interactions increasingly takes place in

a human-influenced landscape characterized by biological inva-

sions. Knowledge of how cooperation between mutualists is im-

pacted by invasion has lagged behind knowledge of other evolu-

tionary responses to invasion, despite the fact that most invasive

species engage in mutualism. We help fill this knowledge gap by

studying changes in the mean and variance of mutualism fitness

benefits in an invasive legume-rhizobium system. By leveraging

a geographically broad set of plant and rhizobium genotypes, we

show that symbiosis can evolve to confer greater symbiont fecun-

dity in the invaded range, which could spur increased coloniza-

tion success by the symbiosis in novel habitats. We also show that

invasions can reduce and simplify genetic variation in mutual-

ism traits. Since genetic variance, and particularly G × G genetic

variance, is required for response to coevolutionary selection, our

work suggests that biological invasions can erode coevolutionary

potential between mutualist species. Nevertheless, we also find

that genotypes from both ranges have similar genetic potential

for mutualism fitness benefits and similar levels of antagonism

associated with the rhizobium locus, hrrP. Far from finding a mu-

tualism in decline after invasion, we find a mutualism delivering

robust benefits to each partner in both its old and new ranges, but

with potentially less capacity respond to coevolutionary selection

in the new range.
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Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Table S1. Genotypes of Ensifer medicae and Medicago polymorpha used in the greenhouse experiment.
Table S2. Sampling information for the 36 field sites (populations) where Medicago polymorpha and Ensifer medicae were sampled for this study,
including the number of E. medicae strains identified as hrrP+ or hrrP−.
Figure S1. Mutualism traits estimating mutualism benefits to Medicago polymorpha (left panels) and Ensifer medicae (right panels).
Figure S2. Medicago polymorpha leaf count is higher in the invaded range than the native range.
Figure S3. Medicago polymorpha plant size (A, leaf count; B, shoot mass) increases with the frequency of hrrP+ Ensifer medicae in their home population.
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