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Several mechanisms are expected to rapidly rid mutualisms of genetic variation in partner quality. Variation

for mutualist quality, however, appears to be widespread. We used a model legume–rhizobium mutualism to

test for evidence that context-dependent selection may maintain variation in partner quality. In a greenhouse

experiment using 10 natural populations ofMedicago truncatula and two strains ofSinorhizobiummedicae, we

detected significant genotype!genotype (G!G) interactions for plant fitness, indicating that the most

beneficial rhizobium strain depends on the host genotype. In a second experiment using a subset of the plant

populations used in the first experiment, we detected significant G!G interactions for both plant and

rhizobium fitness. Moreover, the plant population with which rhizobium strains gained the greatest benefit

depended on the nitrogen environment. Finally, we found that in a high nitrogen environment, all plant

populations had lower fitness when inoculated with a 1 : 1 mixture of strains than with the worse single strain

alone, suggesting that nitrogen shifts the exchange of benefits in favour of rhizobia. Our data suggest that

genotype, nitrogen and biotic dependency might contribute to the maintenance of genetic variation in

mutualist quality when coupled with spatial or temporal heterogeneity in the environment.
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1. INTRODUCTION
Many mutualistic relationships, including those between

plants and pollinators, legumes and rhizobia, and coral

animals and zooxanthellae, appear to have been stable for

many millions of years (Bronstein 1994a; Knowlton &

Rohwer 2003). Nevertheless, models predict that these

relationships should be highly susceptible to invasion by

exploiter (also known as cheater) genotypes that take from

their symbiotic partner more than they give (Trivers 1970;

Denison 2000; Sachs et al. 2004). The invasion of

exploiters can be prevented, and thus mutualism stabil-

ized, if individuals are able to exclude or later punish

(sanction) less beneficial partners (Bull & Rice 1991; West

et al. 2002a). Empirical work has provided evidence for

the operation of such mechanisms; yucca plants selectively

abort fruits with heavy yucca moth egg loads (Pellmyr &

Huth 1994), and legumes provide fewer resources to root

nodules containing less beneficial rhizobia (Kiers et al.

2006; Simms et al. 2006). If these mechanisms are highly

effective at removing all but the best partner genotypes,

then we may expect to find little intraspecific genetic

diversity in the quality of mutualists (Bull & Rice 1991;

West et al. 2002a). Nevertheless, genetic diversity for

partner quality has been found in many mutualisms,

including the mutualism between leguminous plants

(Fabaceae) and rhizobial bacteria (Smith & Goodman

1999; Simms & Taylor 2002).

In the legume–rhizobium mutualism, plants provide

rhizobia with carbon and shelter inside of root nodules,

while rhizobia provide plant available nitrogen (N) that
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they have converted (fixed) from atmospheric N2 (Vance

2002). Data from both agricultural systems (e.g. Miller &

Sirois 1982; reviewed in Smith & Goodman 1999;

Robinson et al. 2000), as well as a few non-domesticated

systems (Parker 1995; Burdon et al. 1999; Mhadhbi et al.

2005), reveal that plant biomass and N content vary when

plants are grown in symbiosis with different rhizobium

strains. In other words, there exists genetic variation for

the benefits plants receive from symbiosis with rhizobia.

Moreover, variation exists among rhizobium strains for

the capacity to form nodules with different plant genotypes

or species (e.g. Robinson et al. 2000; Garau et al. 2005;

Mhadhbi et al. 2005).

Genetic variation in partner quality may persist because

selection caused by plant sanctions is not effective at

removing less optimal genotypes that drift through plant

and rhizobium populations. Alternatively, diversity in the

quality of mutualists may be maintained if quality is

dependent upon the genotype with which a mutualist

associates. Such genotype dependency, or genotype!
genotype (G!G) interactions, can generate frequency-

dependent selection, which may maintain genetic

variation within mutualist populations (Bever 1999).

Variation in partner benefits may also be maintained, or

the loss of diversity slowed, if the optimal mutualistic

partner is dependent upon the abiotic environment. For

example, from the plant perspective, the benefits of forming

symbiosis with rhizobium strains will depend upon the

availability of soil N (West et al. 2002b), which is less costly

for plants to acquire than biologically fixed N. In fact, the

abiotic environment may even cause an interaction to shift

from mutualism to parasitism (Neuhauser & Fargione

2004). Finally, variation may be maintained if partner

quality depends on the biotic environment. For example,
This journal is q 2007 The Royal Society
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less beneficial rhizobia may be maintained if partner

choice or sanctions are less effective when plants are

grown with more diverse rhizobium communities, either

because of changes in the competitive interactions among

rhizobia, or because low-quality rhizobia hide from

sanctions in mixed-strain nodules (Denison 2000).

Here, we report on a series of greenhouse experiments

with Medicago truncatula Gaertn. (barrel medic) and

Sinorhizobium medicae, a model system for investigating

genetic mechanisms and evolution in legume–rhizobium

symbioses (Cook et al. 1997; Young et al. 2005; Bailly et al.

2006), designed to test for evidence of three types of

context dependence that may maintain genetic variation in

mutualist quality. We tested for genotype dependency by

assessing genetic variation among natural plant popu-

lations for the fitness benefits of symbiosis with different

rhizobium strains, as well as assessing genetic variation

among rhizobium strains for the fitness benefits of

symbiosis with plant populations. Significant plant

population!rhizobium strain (G!G) interactions for

fitness would mean that the relative benefits that partners

confer in symbiosis depend on the genotypic context of the

interaction. We tested for abiotic environmental depen-

dency by assessing genetic variation in the benefits plants

and rhizobia obtain when growing in different nitrogen

environments. A significant genotype!nitrogen (geno-

type!environment, G!E) interaction for plant or

rhizobium fitness would mean that the value of interacting

with a partner genotype depends on the N environment.

Finally, we tested for biotic environmental dependency by

evaluating the effects of a mixed community of rhizobia on

plant fitness. If plants are effective at either choosing or

sanctioning, we expect that plants will be associated most

often with the strains which confer high fitness benefits in

a mixed population of rhizobia. Alternatively, plants may

be unable to choose the most cooperative partners from a

mixture of strains. We compared the size and fruit

production of plants grown with mixed- with single-

genotype rhizobium populations in order to evaluate the

ability of plant populations to discriminate among

rhizobium strains of unequal quality.
2. MATERIAL AND METHODS
(a) Plant!rhizobium experiment

In order to test for genetic variation among plant populations

for the fitness benefits they receive from rhizobium strains, we

grew M. truncatula plants from 10 geographically distinct

populations in symbiosis with one of two rhizobium strains.

The 10 M. truncatula populations, seeds from which were

obtained from USDA, ARS, National Genetic Resources

Program (see figure 1 in the electronic supplementary

material), represent a large portion of the natural geographi-

cal range of M. truncatula (Ronfort et al. 2006). As the genetic

relationship among seeds from each population is unknown,

we tested for genetic variation among populations of M.

truncatula. Plants were inoculated with either S. medicae strain

ABS7 (A) or S. medicae strain WSM540 (W). Strain ABS7

(obtained from K. A. VandenBosch, University of MN) is

commonly used for dissecting the genetic mechanisms

underlying signalling between plants and rhizobia, initiation

of nodulation and N fixation (e.g. Cook et al. 1997). Strain

WSM540 (obtained from P. H. Graham, University of MN)
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is a Sardinian isolate in the Western Australia Soil

Microbiology Collection (Garau et al. 2005).

Prior to planting, seeds were manually scarified, sterilized

(1 min in 70% ethanol, followed by 5 min in commercial

bleach) and sown in autoclave-sterilized peat pellets ( Jiffy,

Norway). After planting, seeds were placed in the dark for

24 h and then moved to the laboratory bench to germinate.

After one week, 20 seedlings (with peat pellets) from each

plant!rhizobium combination (600 plants in total) were

transplanted to individual pots containing steam-sterilized

field soil and randomized in a common greenhouse

environment, where they were given adequate water until

senescence. Low levels of contamination among pots may

have occurred; therefore, our treatments should be conserva-

tively interpreted as different rhizobium environments rather

than rhizobium monocultures per se. Contamination, if any

did occur, should result in smaller differences among

treatments, making our results conservative.

Sinorhizobium medicae cultures were grown in yeast

mannitol broth with 3.7 mM FeCl3 (Vincent 1970), at 308C

for 48 h. Immediately before inoculating plants, inoculum

cell density was adjusted to approximately 106 cells mlK1

(based on OD670) by diluting liquid cultures with sterile

water. Each plant received 1 ml of inoculum within 1 day of

germination and a second inoculation (using the same

procedure) after being moved to the greenhouse.

We estimated the quality of rhizobium strains for plant

populations by measuring the number of leaves on each plant

six weeks after planting and counting the total number of

mature fruits produced. Midway through the experiment,

226 plants on one greenhouse bench died due to exposure to

intense artificial light during a greenhouse malfunction.

These plants were excluded from the analysis of fruit number,

leaving 374 plants.

(b) N-addition experiment

In a separate experiment designed to test for N-dependent

variation in mutualist quality, 10 replicates of each of the four

populations from the plant!rhizobium experiment were

inoculated with either A or W (as in the plant!rhizobium

experiment) or an equal mixture of A and W. The mixed

inoculum was prepared by combining A and W cells in a 1 : 1

ratio immediately before inoculation (all plants received the

same total number of cells). Half of the plants in this

experiment (120 plants) were fertilized with 50 ml of 1.0 mM

KNO3 three times per week starting approximately one week

after germination. The other 120 plants were not fertilized.

The four plant populations used in this experiment were

chosen based on their divergent fitness responses to

symbiosis with A and W strains in the plant!rhizobium

experiment, as described above (figure 1 in the electronic

supplementary material).

To estimate plant growth and fitness, we measured leaf

number eight weeks after planting and counted the number of

mature fruits and seeds produced by each plant. Early growth

in the greenhouse may be an important component of fitness

in natural environments, where seedlings may experience

intense competition. The competition-free greenhouse

environment may ameliorate these differences during later

reproductive stages—potentially leading to more conservative

estimates of G!G interactions during fruit production.

We also estimated rhizobium fitness by counting the total

number of nodules produced on each plant as well as the

mean length and branch number of 10 randomly selected



Table 2. Mixed model analysis of plant growth and fitness
with single-strain inoculum treatments. (For random effects,
c2 (ln-likelihood ratio) is shown. �p%0.05; ����p%0.0001)

leaf no. fruit no.

random effects
population 19.6���� 117.4����

pop!strain 3.9� 4.1�

fixed effects F1,8 F1,8

strain 0.01 0.18

Table 1. Mean plant growth and fitness of 10 M. truncatula
populations in symbiosis with one of the two strains (A or W)
of S. medicae.

leaf number (s.e.) fruit number (s.e.)

population A W A W

1 16.5(1.6) 14.9(1.6) 6.0(2.2) 8.8(2.0)
2 16.7(1.9) 21.3(1.6) 2.3(2.3) 5.1(2.2)
3 17.5(2.0) 16.7(1.7) 10.2(2.5) 15.2(2.4)
4 16.0(1.6) 12.5(1.6) 23.9(2.5)a 16.7(2.2)
5 17.5(1.6) 16.5(1.7) 1.7(2.4) 1.8(2.2)
6 16.6(1.6) 15.7(1.6) 13.8(2.2) 14.4(2.3)
7 23.8(3.1)a 15.8(3.4) 21.0(4.2) 14.0(4.8)
8 23.9(1.7)a 19.5(1.6) 23.0(2.2)a 24.9(2.2)a

9 17.8(1.6) 24.8(1.7)a 13.2(2.2) 4.5(2.6)
10 11.3(1.9) 14.2(1.7) 2.1(2.4) 8.0(2.6)

a Population with the highest performance with each strain is given in
bold; where two values are highlighted, these means are not
significantly different.
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nodules collected from each plant. Nodules were stored atop

silica gel and cotton wool at 48C in individual 1.5 ml tubes

until measurement. After drying, the length of the longest

branch and the number of branches (one, two to three or

more than three) on each nodule were scored. Preliminary

analyses revealed that nodule length and branches were

positively correlated (rd.f.Z145Z0.53, p!0.0001), nodule

number and the number of branches per nodule were

negatively correlated (rd.f.Z144ZK0.26, pZ0.002) and

nodule length and number were not significantly correlated

(rd.f.Z144ZK0.02, pZ0.98). Therefore, we also estimated

nodule volume per plant as the product of nodule length!

nodule number.

In a preliminary experiment, we found that the number of

reproductive offspring inside a nodule, estimated as the

number of colonies produced from crushing and plating

a nodule, was positively correlated with nodule length

(rd.f.Z33Z0.59, p!0.001). Data on nodule number and

size, therefore, appear to be appropriate for estimating the

effect of symbiosis on rhizobium fitness.

(c) Data analysis

(i) Single inoculum treatments

For the plant!rhizobium experiment, we used mixed model

ANOVA (PROC MIXED, SAS Institute) to test whether

genetic variation among plant populations, rhizobium strains

(A and W) and their interaction affected the fitness benefits

obtained by plants. For this experiment, rhizobium strain

was included as a fixed effect, and plant population and the

plant population!rhizobium strain interaction were included

as random effects. The significance of random effects was

determined by comparing the difference in K2!ln L

between models differing by the inclusion of each random

effect with a c2-distribution with one degree of freedom.

For the N-addition experiment, we used ANOVA (PROC

GLM, SAS Institute) to test for variation among plant

populations, rhizobium strains, N treatments and their

interactions. Since we have three estimates of rhizobium

fitness (nodule number, length and branches), we tested for

significant effects of plant population and N environment

using MANOVA, followed by univariate ANOVAs for each

individual fitness measure (as well as nodule volume). For

these analyses, plant population was treated as a fixed variable

because the four populations were chosen based on results

from the plant!rhizobium experiment.

(ii) Mixed inoculum treatment

Our primary interest in the mixed inoculum treatment was to

determine whether plant populations are able to preferentially

associate with the more beneficial rhizobium strain, and

whether this ‘choosiness’ might vary among plant popu-

lations. To test this, we compared the fitness of plants

inoculated with a mixture of rhizobium strains with those

inoculated with a single strain. We calculated the relative

performance (RP) of each plant grown with mixed inoculum

compared with performance when grown with a single

rhizobium strain as

RP fruits Z
ðfrAWKfrðACWÞ=2Þ

frðACWÞ=2

� �
100;

where frAW is a plant’s fruit production with the mixed

inoculum treatment and fr(ACW)/2 is the mean of the two

single inoculum treatments (calculated separately for each

population in plant!rhizobium experiment, and for each
Proc. R. Soc. B (2007)
population!nitrogen treatment combination in the

N-addition experiment). We also estimated RP based on

leaf number (RPleaves), as well as seed production (RPseeds;

N-addition experiment only). An RPZ0 is expected if plants

randomly sample rhizobia from their environment and there

are no interactions between rhizobia after nodule formation.

RPO0 is expected if plants preferentially associate with more

beneficial rhizobium strains, whereas RP!0 is expected if

plant fitness with the mixed inoculum is lower than expected

based on random association. For the plant!rhizobium

experiment, we analysed RPleaves and RPfruits using PROC

MIXED (SAS Institute) for the random effect of plant

population. For the N-addition experiment, we analysed

RPleaves, RPfruits and RPseeds using PROC GLM (SAS

Institute) for the fixed effects of population, nitrogen and

their interaction. We note that the estimate of RP should be

viewed with some caution because it does not incorporate

variance associated with calculating the means of the single

inoculum treatments.
3. RESULTS
(a) Plant fitness

In the plant!rhizobium experiment, we detected a

significant plant population!rhizobium strain effect on

plant growth and fruit production. This interaction, along

with several rhizobium-dependent changes in the rank

order of plant growth and fitness (table 1; figure 2 in the

electronic supplementary material) and the lack of an

overall difference between the effects of the two rhizobium

strains (strain main effect pO0.1; table 2), indicates that

the rhizobium strain conferring greatest benefit depended



Table 3. ANOVAs for growth and fitness of plants in the single-strain inoculum treatments grown in either low or high nitrogen.
(†p%0.1; �p%0.05; ��p%0.01; ���p%0.001; ����p%0.0001. Numerator d.f. shown for each effect; denominator d.f. for leaf
numberZ135, fruit numberZ134, seed numberZ134.)

d.f. leaf no. fruit no. seed no.

population 3 6.89��� 9.86���� 6.85���

strain 1 0.93 1.04 0.44
nitrogen 1 70.17���� 8.87�� 8.00��

pop!strain 3 2.83� 2.69� 1.56
pop!nitrogen 3 2.48† 1.70 1.85
strain!nitrogen 1 0.77 0.62 0.04
pop!strain!nitrogen 3 0.63 0.54 0.58
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Figure 1. Mean number of (a) leaves (Gs.e.) and (b) fruits
(Gs.e.) produced by each of the four M. truncatula
populations in symbiosis with two strains of S. medicae either
(left column) without or (right column) with added nitrogen.
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upon the plant population. In other words, neither strain

was universally more beneficial. Plant populations,

however, did differ in their overall growth and fitness

(population main effect p!0.0001; table 2), although the

population with the highest growth differed between the

two strain environments (table 1). The rank order of plant

populations in each rhizobium environment also differed

between leaf number and fruit number (table 1; figure 2 in

the electronic supplementary material).

Results from the N-addition experiment were similar to

those from the plant!rhizobium experiment. In particu-

lar, we found a significant plant population!rhizobium

strain interaction, no significant main effect of strain and

significant variation among plant populations (table 3). As

expected, N-fertilized plants were significantly larger and

produced more fruits and seeds than unfertilized plants.

The plant population!rhizobium strain interaction,

which explained a significant amount of variation in leaf

number and fruit production, did not explain a significant

amount of variation in seed production (table 3; pZ0.20).

Nevertheless, seed and fruit numbers were highly

correlated (rd.f.Z241Z0.86, p!0.0001), and these two

measures showed similar patterns (see figure 3a in the

electronic supplementary material).

As in the plant!rhizobium experiment, rhizobium

quality depended on plant population, and the rank order

of plant populations changed with the rhizobium environ-

ment (figure 1). Again, however, the patterns differed

between leaf and fruit numbers. Early in development, the

favoured plant population differed depending on nitrogen

treatment and rhizobium strain, but plant population 9

had the highest fruit number in both rhizobium and N

environments (figure 1).
(b) Rhizobium fitness

In the N-addition experiment, in which we estimated

rhizobium fitness, the MANOVA revealed that rhizobium

strains differed in their fitness, and that fitness was affected

by N supply, plant population, as well as interactions

between these factors (table 4). Several of these interactions

are of interest in understanding mutualism evolution. The

plant population!rhizobium strain (G!G) effect suggests

that the benefits rhizobia obtain from symbiosis with

plants depend upon the plant population they infect—an

important prerequisite for coevolution. The strain!N effect

(significant for nodule branches) indicates that the benefits

of symbiosis for rhizobia also depend upon the abiotic N

environment. The population!N effect indicates that the

benefits of symbiosis with plant populations depended on

the N environment, e.g. the effects of plant populations 6
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and 10 on strain A were N dependent (figure 2b).

The MANOVA also revealed a significant population!
strain!N effect, suggesting that the G!G interactions

between plant and rhizobium strains depended on the N

environment; however, this effect was not significant in the

univariate analyses (table 4).

Despite these significant interactions, we found little

evidence that either the biotic or abiotic environment

reversed the rank order of rhizobium strains. Instead, strain

W had the highest fitness in most plant and N environments

(figure 2), so our results largely reflect differences in thedegree

to which plant population and N affect the fitness of strains

A and W. Nevertheless, we did detect some evidence of plant

population-dependent changes in rank for nodule volume.

Specifically, the rank fitness of A and W differed between

plantpopulations6 and 10 in the lowNtreatment (figure 2b);

however, the difference between A and W with population 10

was not significant after multiple comparisons.

(c) Mixed inoculum

In the N-addition experiment, analyses of variance

revealed that the effects of mixed- versus single-strain

inoculum environments on plant growth and seed

production (RPleaves and RPseeds) differed among the

plant populations (table 5). Moreover, plant response to



Table 4. MANOVA (Pillai’s test statistic) and separate ANOVAs for rhizobium fitness estimates in symbiosis with 10 plant
populations, in either high or low nitrogen. (�p%0.05; ��p%0.01; ���p%0.001; ����p%0.0001. Numerator d.f. shown; NN,
nodule number (denominator d.f.Z134); NB, nodule branches (129); NL, nodule length of 0.1 mm (130); NV, nodule volume
(129).)

MANOVA d.f. NN NB NL NV

population 8.58���� 3 4.42�� 10.76���� 9.89���� 6.95���

strain 25.01���� 1 4.42�� 70.28���� 40.63���� 1.08
nitrogen 17.02���� 1 20.88���� 15.82���� 14.41��� 34.09����

pop!strain 2.32� 3 3.78� 4.92�� 1.79 3.60�

pop!nitrogen 3.33� 3 2.08 3.18� 6.52��� 2.91�

strain!nitrogen 3.42� 1 0.04 5.02� 0.75 0.14
pop!strain!nitrogen 1.95� 3 0.92 1.45 1.63 1.22
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Figure 2. Fitness response of two S. medicae strains in
symbiosis with four populations of M. truncatula either (left
column) without or (right column) with added nitrogen.
Rhizobium fitness was estimated by (a) nodule branches
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the mixed- versus single-strain inocula depended upon the

N environment (significant population!N for RPleaves;

table 5). This interaction was not significant for RPfruits or

RPseeds, but the response of plant populations to the mixed

inoculum was unchanged (table 5, figure 3, and figure 3b

in the electronic supplementary material). Separate

analyses revealed that populations differed in their

response to the mixed-strain relative to single-strain

inocula only in the ambient N treatment (results not

shown). In other words, without N addition, some plant

populations produced more leaves and fruits than

expected if plants are unable to differentiate between

strains, while others produced fewer leaves and fruits

(figure 3). Perhaps more interesting, however, we found

that all plant populations in the high N treatment were

smaller and produced fewer fruits when grown with the

mixed inoculum than would be expected if the effect of a

strain mixture were simply an additive function of each

strain alone (RPleaves, RPfruits and RPseeds all!0). In fact,

for all plant populations in the high N environment (as

well as for two populations in the low N environment),

growth and fruit production were even lower when grown

with the mixed inoculum than with the worse single strain

alone (figure 3).
Table 5. ANOVAs for the effect of plant population and
nitrogen on the performance of plants in the mixed inoculum
treatment, relative to the mean of the two single inoculum
treatments, in either high or low nitrogen. (�p%0.05;
��p%0.01. F-values shown; denominator d.f.Z63.)

d.f. RPleaves RPfruits RPseeds

population 3 4.21�� 2.02 3.37�

nitrogen 1 4.00� 2.08 0.32
pop!nitrogen 3 5.71�� 1.01 0.68

(Gs.e.) and (b) nodule volume (Gs.e.).
4. DISCUSSION
If either partner choice (Bull & Rice 1991) or sanctions

(West et al. 2002a) allow mutualists to associate with only

those partners that provide the greatest net fitness benefit,

then we may expect that populations will harbour little

genetic variation for mutualist quality. Nevertheless,

genetic variation in mutualist quality appears to be

widespread (Smith & Goodman 1999; Simms & Taylor

2002). Here, we detected evidence for three types of

context dependency that may help to explain the presence

of that genetic variation. In the Medicago–Sinorhizobium

system we studied, the fitness benefits that plants and

rhizobia obtained from their mutualistic partner depended

upon the genotype of both the plant and rhizobium, the

abiotic environment and the rhizobium community in

which plants were grown.

Although the ecology and evolution of mutualistic

interactions have received much attention (reviewed by

Bronstein 1994a), relatively few studies have investigated

the extent of genetic variation in mutualist quality in

natural systems. We found significant among-population

variation in the benefits plants obtained from associating

with different rhizobium strains. A handful of other studies
Proc. R. Soc. B (2007)
have documented plant genetic variation in natural

populations (Parker 1995; Wilkinson et al. 1996; Burdon

et al. 1999; Simms et al. 2006), suggesting that such

variation may be widespread. Fewer studies, however,

have found genetic variation in the benefits rhizobia derive

from forming symbiosis with different plant genotypes

(Miller & Sirois 1982; Spoerke et al. 1996). Using three

nodule characteristics as measures of rhizobium fitness,

we found that the fitness benefits rhizobium strains

obtained from associating with plants also depended

upon the rhizobium strain–plant population combination.

In other words, from neither the plant nor the rhizobium
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perspective is there a universally most beneficial partner.

Such genetic variation indicates that legume–rhizobium

mutualisms may be evolutionarily dynamic, with the

benefits of symbiosis depending on the genotypes with

which partners interact (Thompson 1988; Bronstein

1994b; Parker 1995).

(a) Frequency dependence and the maintenance of

VG for partner quality

The significant plant genotype!rhizobium genotype

interactions raise the possibility that genetic variation

(VG) in mutualist quality is maintained by frequency-

dependent selection. Bever (1999) showed that in a simple

two-host (e.g. HA and HB), two-symbiont (e.g. SA and SB)

population, negative frequency dependence will maintain

genetic variation in mutualist quality if HA derives more

benefit from symbiosis with symbiont SA than SB, while

symbiont SB derives more benefit than SA from HA, and

vice versa for HB. Under this scenario, as host HA

increases in frequency, symbiont SB will also increase in

frequency. In turn, an environment where symbiont SB is

more common than SA results in a shift in the relative

fitness of host genotypes and an increase in the relative

frequency of HB (i.e. the frequency of HA feeds back

negatively on its own fitness via its symbiont). In positive

frequency dependence, by contrast, host HA receives and

confers the greatest benefit when forming a symbiosis with

SA (an increase in the frequency of host HA would feed

back positively on its own fitness). While the potential for

negative frequency dependence to maintain genetic

variation is well known (Kimura & Ohta 1971; Bever

1999), positive frequency dependence can also maintain

genetic variation in partner populations if populations are

spatially structured (i.e. when populations are not well

mixed; Molofsky et al. 2001).

Although significant G!G interactions suggest that

frequency dependence may contribute to the maintenance

of genetic variation in mutualist quality, visual inspection
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of plant and rhizobium fitness rankings (figures 1 and 2)

suggests that frequency-dependent selection alone will not

maintain variation. In particular, there exist few cases in

which a plant population experiences the highest fitness

with one rhizobium strain, yet confers higher fitness to the

other rhizobium strain. A formal set of criteria for

establishing frequency dependence set forth in Bever

(1999) confirms these visual observations; we detected

evidence for frequency dependence in only 10 out of 96

pairwise interactions, all of which were indicative of

positive frequency dependence (table 1 in the electronic

supplementary material). Therefore, our data suggest that

negative frequency dependence may play little role in the

maintenance of genetic variation in mutualist quality that

we detected. In contrast, our data suggest that positive

frequency dependence, although not widespread, may

contribute to the maintenance of genetic variation in this

mutualism. However, more data on a broader range of

naturally co-occurring plant and rhizobium partners are

necessary to fully assess the potential for frequency

dependence to maintain genetic variation in this mutual-

ism. Moreover, little is known about the spatial structure

in plant and rhizobium interactions, which is necessary for

positive frequency dependence to maintain genetic

variation (Simms & Taylor 2002).

Results from our N-addition experiment also suggest a

role for spatial heterogeneity in the maintenance of genetic

variation in mutualist quality. In particular, we found that

fertilizing with small amounts of inorganic N altered the

genotype dependency of fitness benefits conferred to

rhizobia by plants (figure 2). Since N availability is likely

to vary in space and time (Boerner et al. 1998; Wilson &

Thompson 2005), environmentally dependent selection

may facilitate the maintenance of genetic variation in

legume–rhizobium communities (Gomulkiewicz et al.

2003; Nuismer et al. 2003).

(b) Effects of a biological market on plant fitness

We also detected evidence for biotic environmental depen-

dence, a third form of context dependency in mutualistic

interactions. In natural systems, an individual plant is likely

to encounter multiple rhizobium genotypes that may vary in

quality, i.e. a ‘biological market’ (Noë & Hammerstein

1995; Simms & Taylor 2002). Therefore, understanding

plant response to a mixed community of rhizobia is

necessary for understanding plant–rhizobium coevolution.

Mutualism theory predicts that the value of a traded

resource decreases as its external availability increases

(West et al. 2002b; Neuhauser & Fargione 2004). Conse-

quently, the range of rhizobium genotypes that are

mutualists will decrease as soil N increases, so selection

should favour increased plant choosiness of rhizobium

partners when N levels are high. However, we found that

added N resulted in all plant populations performing worse

with a mixture of rhizobium strains, compared with their

mean performance with each strain singly.

Surprisingly, for all populations in high N, and for two

of the four populations in low N, plants were smaller and

produced fewer fruits when inoculated with a mixture of

the two rhizobium genotypes than with the worse strain

alone. This effect is difficult to explain; while plants may

sample rhizobia at different rates (Dowling & Broughton

1986), differential sampling is expected to result in plant

fitness intermediate between the fitness with each strain
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individually. Sanctioning rhizobia (particularly in high N

environments) might be costly because plants form

nodules before sanctioning (Kiers et al. 2006). This

cost could account for lower plant performance in the

mixed inoculum if plants sanction only when infected

with multiple rhizobium genotypes (otherwise, plants in

the worse single strain treatment should be spending

equal resources sanctioning rhizobia). This seems

unlikely, however, as micro-environmental and develop-

mental factors, not just genetic, should affect the benefits

gained from a given nodule. In fact, plants do appear to

sanction the same genotype differently depending on the

environmental conditions (Kiers et al. 2006). A second

potential explanation for the poor performance of plants

in mixed inoculum is strain–strain antagonism. Such

negative interactions have been documented in the soil

(Schwinghamer & Brockwell 1978; Hafeez et al. 2005)

and between bacterial parasites in other host systems

(Massey et al. 2004); however, we acknowledge that

there is no evidence for such competition between

rhizobia in planta.

(c) Understanding the fitness of rhizobia

Owing to a lack of data on rhizobial reproduction and

fitness, the best method for estimating the benefits rhizobia

receive from symbiosis with plants is not known. Some of

our results differed among rhizobium fitness estimates; for

example, the strain!N interaction affected the number of

nodule branches, but not their length or total number. As

each nodule branch has its own meristem, greater

branching probably results in higher reproductive potential

on a per nodule basis because the reproductive cells in

indeterminate M. truncatula nodules probably remain near

the actively growing meristem (Denison 2000). Branching,

however, was negatively correlated with the total number of

nodules on a plant, potentially indicating a tradeoff

between these two components of rhizobium fitness.

Nodule length is positively and significantly correlated

with the number of viable cells inside a nodule in our

system, in the alfalfa–Sinorhizobium meliloti symbiosis

( W. C. Ratcliff 2005, personal communication), as well

as in the determinate Lupinus–Bradyrhizobium symbiosis

(Simms et al. 2006). Unlike branching, nodule length was

uncorrelated with nodule number. Therefore, it appears

that nodule volume may be a good estimate of the

reproductive benefits rhizobia obtain from forming

nodules with plants.

An important caveat, however, is that any nodule-based

estimate of fitness ignores survival and growth outside of

the host plant. Moreover, traits that affect soil survival and

growth may be unrelated to nodule size; for example,

bacterial storage compounds such as PHB may be

important determinants of rhizobium fitness in the soil,

yet PHB concentration may not be correlated with nodule

number or size. Unfortunately, few, if any, data are

available for evaluating the relationships between rhizo-

bium fitness inside of plants and rhizobium fitness in the

soil (Denison 2000). Multigenerational experiments, in

which the relationship between nodule traits (such as

nodule size) and rhizobium genotype frequencies in the

rhizosphere can be specifically investigated, are needed to

understand the fitness impacts of symbiosis for rhizobia, as

well as how precisely nodule measures predict evolution-

ary changes in rhizobium populations.
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5. CONCLUSIONS
Mechanisms that limit cheaters, if highly effective, may be

expected to rid populations of variation in mutualist

quality, yet mutualisms in nature appear to harbour

extensive intraspecific genetic variation for the benefits

conferred to, and received from, the interacting partners.

Our experiments suggest that frequency-dependent G!G

interactions themselves are unlikely to maintain genetic

variation. Instead, our data point to spatial or temporal

heterogeneity as necessary for maintaining genetic vari-

ation in partner quality in this mutualism. Genetic

structure in and among natural populations, patchiness in

the availability of nitrogen and variability in the biotic

environment (such as the herbivore or soil microbial

communities) are all probable candidates for generating

heterogeneous selection on this mutualism in nature. More

empirical data on the effects of these factors on partners

from natural communities will further elucidate the relative

importance and ecological reality of these hypotheses.
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