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Introduction

Bacterial symbionts offer fitness benefits to many plant

and animal species (Sprent et al., 1987; Nyholm &

McFall-Ngai, 2004; Dethlefsen et al., 2007; Zhang et al.,

2007). Yet, cheater mutants – symbiont genotypes that

exploit hosts but fail to reciprocate benefits – are

predicted to invade these populations. Selection models

predict the evolutionary spread of exploitative mutants

in infectiously acquired symbiont populations, as hori-

zontal transmission can promote the fitness of strains that

exploit resources from current hosts to maximize their

spread to new hosts (Bull & Rice, 1991; Frank, 1996;

Sachs et al., 2004; Sachs & Simms, 2006, 2008). To

counteract symbiont exploitation, hosts must evolve

mechanisms to selectively exclude cheaters at the point

of infection and ⁄ or sanction the uncooperative symbio-

nts after infection has occurred (Bull & Rice, 1991;

Denison, 2000; Simms & Taylor, 2002; West et al., 2002;

Sachs et al., 2004). Yet, few experiments have challenged

hosts with related symbiont strains that naturally vary in

symbiotic quality (Sachs & Wilcox, 2006; Simms et al.,

2006; Bever et al., 2009; Heath & Tiffin, 2009) to test

whether hosts can select against uncooperative mutants.

The legume–rhizobium mutualism is an excellent

model system to study symbiotic cooperation. Rhizobia

are soil bacteria that form nodules on the roots of

legumes and differentiate into specialized endosymbiotic

cells called bacteroides, which fix atmospheric nitrogen

in exchange for photosynthates provided by the plant

(Sprent et al., 1987). Rhizobial transmission among

legumes is infectious (Sprent et al., 1987), and individual

plants are commonly nodulated by multiple rhizobial

genotypes (e.g. Sachs et al., 2009). Both of these charac-

teristics, infectious transmission and a multiplicity of

infection, are predicted to promote the evolution of

parasitic strains that drain host resources without pro-

viding nitrogen in return (Bull & Rice, 1991; Sachs et al.,

2004; Sachs & Simms, 2008). Moreover, rhizobia fix

nitrogen for hosts at a high metabolic cost (Trainer &

Charles, 2006), so nonfixing rhizobial mutants can gain a

fitness advantage over beneficial strains. Consistent with

this theory, both nonfixing and poorly fixing rhizobia

(symbiotically ineffective) exist alongside nitrogen-fixing

rhizobia in agricultural and natural soils (Quigley et al.,

1997; Moawad et al., 1998; Burdon et al., 1999; Chen
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Abstract

Host control mechanisms are thought to be critical for selecting against cheater

mutants in symbiont populations. Here, we provide the first experimental test

of a legume host’s ability to constrain the infection and proliferation of a

native-occurring rhizobial cheater. Lotus strigosus hosts were experimentally

inoculated with pairs of Bradyrhizobium strains that naturally vary in symbiotic

benefit, including a cheater strain that proliferates in the roots of singly

infected hosts, yet provides zero growth benefits. Within co-infected hosts, the

cheater exhibited lower infection rates than competing beneficial strains and

grew to smaller population sizes within those nodules. In vitro assays revealed

that infection-rate differences among competing strains were not caused by

variation in rhizobial growth rate or interstrain toxicity. These results can

explain how a rapidly growing cheater symbiont – that exhibits a massive

fitness advantage in single infections – can be prevented from sweeping

through a beneficial population of symbionts.
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et al., 2002; Collins et al., 2002; Sachs et al., 2010). A key

question is to discern what host control mechanisms keep

such a cheater genotype from sweeping through the

symbiont population.

It has been widely predicted that ineffective rhizobia

are cheaters, exhibiting an adaptive uncooperative strat-

egy (Denison, 2000; Denison & Kiers, 2004) by redirect-

ing plant carbon towards selfish ends (Hahn & Studer,

1986; Lopez et al., 1995; Denison, 2000; Denison & Kiers,

2004) instead of channelling it into the energetically

expensive nitrogen fixation pathway (Trainer & Charles,

2006). An alternative hypothesis is that many ineffective

rhizobia are maladapted to the agricultural hosts that

they were tested on and experience little or no benefits

from these infections (Sachs & Simms, 2008). Only

recently has a naturally occurring rhizobial cheater been

discovered. The cheater Bradyrhizobium strain proliferates

in Lotus strigosus nodules when hosts are singly infected

and offers no growth benefit to L. strigosus hosts (Sachs

et al., 2010). Unlike any other ineffective rhizobia studied

to date, this Bradyrhizobium exhibits superior fitness

during infection of native hosts, which is five- to 10-fold

higher than beneficial strains.

Host control over symbiotically ineffective rhizobia

has been modelled to occur at two potential time points:

at the initiation of the symbiosis via selective infection

(e.g. ‘partner choice’; Simms & Taylor, 2002; Sachs et al.,

2004) and during the maintenance of the symbiosis

via ‘post-infection sanctions’ of uncooperative strains

(Denison, 2000). Partner choice can clearly protect

legumes from some types of uncooperative rhizobia,

such as lineages of toxin-producing rhizobia that are

blocked from nodulation relative to nontoxin-producing

strains (Devine et al., 1990; Devine & Kuykendall,

1996). However, legumes appear to have little ability

to detect differences in nitrogen fixation at the point of

infection. For instance, partner choice experiments that

used nonfixing mutants (generated in labs) have found

that these strains infect hosts (Kuykendall & Elkan,

1976) and compete successfully for nodulation with

beneficial strains (Amarger, 1981; Hahn & Studer,

1986), inconsistent with partner choice theory. Only

Champion and colleagues (1992) found evidence that

such a nonfixing mutant exhibited lowered infection

compared to related beneficial strains, and the difference

was rather small. Among experiments that have exam-

ined naturally occurring rhizobia, Simms and colleagues

(2006) found that strains that offer mediocre benefits

competed successfully for nodulation against highly

beneficial strains, and Sachs and colleagues (2010)

discovered native strains that offered little or no benefits

to hosts, yet nodulated hosts (in single infections) as

efficiently as beneficial strains, both inconsistent with

partner choice theory. In contrast, Heath & Tiffin (2009)

found evidence that hosts preferentially exclude strains

that provide poor benefits to those specific host geno-

types, but they did not rule out the effects of interstrain

competition or interstrain toxicity on host infection

rates.

There is currently more support for the post-infection

sanctions hypothesis than for partner choice. Tests of the

post-infection sanctions hypothesis using soya beans and

lupines have found that hosts can promote the growth of

nodules that house more effective strains (Singleton &

Stockinger, 1983; Singleton & Van Kessel, 1987) and

cause nodules with nonbeneficial rhizobia to be smaller

and bear fewer bacteria (Kiers et al., 2003; Simms et al.,

2006). Yet, only Simms and colleagues (2006) used

naturally occurring strains, and more recent soya bean

experiments have cast doubt on earlier findings. Exper-

iments by Marco and colleagues (2009) co-infected

multiple soya bean genotypes with effective and ineffec-

tive rhizobia and measured rhizobial fitness via real-time

PCR as well as by culturing, but found no evidence that

ineffective rhizobia were sanctioned. Finally, studies in

other legume species have also found no evidence

consistent with sanctions (Atkins et al., 1984; Pate et al.,

1984; Heath & Tiffin, 2009; Sachs et al., 2010).

Here, we offer the first test of both the partner choice

and post-infection sanctions models of legume host

control using a naturally occurring cheater Bradyrhizobium

(in which exploitation of sympatric Lotus hosts has

been empirically demonstrated; Sachs et al., 2010). We

infected L. strigosus hosts with single and dual genotype

Bradyrhizobium infections that varied in symbiotic benefit

and simultaneously estimated host and symbiont fitness.

To rule out the effects of interstrain competition and ⁄ or

interstrain toxicity on host infection rates, we also

estimated bacterial fitness in single and dual strain

inocula without the host present. Unlike any previous

study, we sampled beneficial and cheater rhizobia as well

as their hosts from the same environment, so we can test

the evolutionary response of our host population to

locally encountered uncooperative strains (Sachs et al.,

2009, 2010). The three main goals of the experiment

were to (i) test whether naturally occurring uncooper-

ative Bradyrhizobium mutants nodulate hosts at reduced

rates when competing against cooperative strains (part-

ner choice hypothesis), (ii) examine whether the unco-

operative bradyrhizobia exhibit reduced population sizes

within host nodules (post-infection sanctions hypothesis)

and (iii) distinguish the effects of interstrain competition

and interstrain toxicity versus host control in the relative

fitness of rhizobial strains.

Materials and methods

Bradyrhizobium test cultures

Six strains were selected from previous genotypic and

phenotypic surveys of wild Bradyrhizobium japonicum

(strains #’s 2, 18, 24, 37, 38, 49; Sachs et al., 2010) based

on variation in their fitness effects on hosts (infected host

growth relative to uninoculated controls), their own
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fitness within hosts during infection (population size

within nodules) and our ability to differentiate strains in

culture via antibiotic resistance. In a previous study

(Sachs et al., 2010), four of the strains were classified as

highly beneficial on L. strigosus hosts (#’s 18, 24, 37, 49),

one provided relatively poor benefit (#38) and one strain

provided zero growth benefits to L. strigosus (#2). Here-

after, strains #2 and #38 are referred to as uncooperative.

Growth effects on hosts ranged from a 500% growth

benefit (#24, #49) to a 6% growth reduction (#2)

compared to uninoculated controls. Strain #2 was iden-

tified as a cheater mutant because it induced zero or

negative host growth (compared to uninoculated con-

trols) and proliferated rapidly in Lotus host tissues,

reaching per mass densities within nodules that were

almost an order of magnitude above any of the beneficial

strains tested previously (Sachs et al., 2010).

In vitro rhizobial growth assays

We measured relative growth rates of the rhizobial

strains in clonal and competitive cultures. As numerical

dominance of rhizobia on host roots can be a key

determinant of infection rate (Vlassak & Vanderleyden,

1997), we used growth rate to predict a null hypothesis

of rhizobial infection rates on plants. We estimated each

rhizobial strain’s clonal growth rate over the time course

and conditions of greenhouse inoculations leading to

nodulation (approximately 29 �C, 90 h to initiate infec-

tion; Haynes et al., 2004). Clonal liquid cultures of each

strain were initiated (2 lL of archived stocks in 30 mL

Modified Arabinose Gluconate Media (MAG); Sachs

et al., 2009), and once at log phase, cultures were diluted

into 12 replicate cultures in vials (4 mL, 4 · 105 cells)

and incubated for 90 h in a shaking incubator (29 �C,

180 rpm) before cell density was estimated (using optical

density). To estimate each strain’s growth rate in mixed

inocula and thus test for the effects of interstrain toxicity,

we followed the same procedure as mentioned earlier,

but the 12 replicate cultures were composed of equal

mixes of each of the co-infecting strain combinations

(e.g. #’s 2, 18; 2, 24; 2, 37; 2, 49; 18, 38; 24, 38, 37, 38,

38, 49; 4 mL, 2 · 105 cells each). After 90 h of growth,

cell densities were estimated. Each coculture was plated

at low density (10 cells mL)1), and at least 100 of the

resultant colonies were replica subcultured on the

appropriate antibiotic treatments to resolve the relative

concentrations of the cocultured strains.

Inoculation protocol and design

We followed the host infection protocol of Sachs and

colleagues (2009). Briefly, L. strigosus fruits were col-

lected at Bodega Marine Reserve, CA, USA from the same

population as the tested Bradyrhizbium strains (within

100 m). Seed production of L. strigosus is low at this field

site (20–200 seeds per plant), so we gathered seeds from

hosts throughout the site and created a random mix of

seeds in which parental plants were equally represented

throughout the field site. Because the efficiency of

legume control over uncooperative rhizobia can vary

with host genotype (Kiers et al., 2007), we chose not to

focus our experiment on a small handful of host

genotypes but instead we sought to assay the mean host

response from this small population. Seeds were surface

sterilized in bleach, rinsed in sterile ddH2O and nick

scarified and germinated in sterile ddH2O. Seedlings were

planted into bleach-sterilized pots filled with autoclaved

quartzite sand and incubated in a growth chamber

(20 �C, 80% relative humidity, 12:12 day ⁄ night cycle,

2· daily misting, 14 days) before being transferred to a

greenhouse under approximately 50% shade for hard-

ening (14 days, 2· daily misting). Once in the green-

house, plants were fertilized weekly with Jensen’s

nitrogen-free solution (Somasegaran & Hoben, 1994),

beginning with 2 mL per seedling, increasing by 1 mL

each week until reaching 5 mL per plant, which was used

thereafter. Bradyrhizobium cultures were initiated from

approximately 2 lL of original frozen stock inoculated

into 250 mL of liquid MAG media and incubated to

logarithmic phase growth in a shaking incubator (29 �C,

180 rpm, 3–5 days). Bacterial concentrations were

estimated via optical density (OD) using a Klett colori-

meter and the following curve: rhizobial population

mL)1 = ((4.576 · 106) (ODculture–ODblank) – (4.632 · 107)).

Grown cultures were lightly centrifuged (5000 g,

20 min) and resuspended in prewarmed sterile ddH2O

to concentrations of 108 cells mL)1. Single inoculation

treatment plants were infected with 5 mL of a single

strain added directly to the soil, and co-inoculated plants

received an equal mix of two strains adding up to the

same volume and bacterial concentration. Control plants

were inoculated with 5 mL of sterile ddH2O.

Each inoculation experiment was performed with a

replicated, blocked design (Table 1). Sterile-grown

L. strigosus seedlings were arranged by size and divided

into blocks. Four inoculation experiments consisted of 108

plants each (six replicate plants per treatment, six treat-

ments, three replicate blocks). Within each block, sets of

six size-matched sterile-grown seedlings were randomly

assigned to one of six different treatments: three single-

strain inoculation treatments (two beneficial strains, one

uncooperative strain), two co-inoculation treatments

(pairing each of the beneficial strains separately with the

uncooperative strain) and one control treatment. We did

not co-inoculate different beneficial strains, as we were

only interested in whether hosts could exert control

over strains that offered little or no benefits to hosts.

Co-infected strains could be differentiated in plated

cultures by their antibiotic resistance profiles. Antibiotic

resistance of the strains are as follows (plus = resistant,

minus = sensitive): #2 (100 ug mL)1 streptomycin+),

strain#18(100 ug mL)1 streptomycin), 50 ug mL)1 ampi-

cillin+), #24 (100 ug mL)1 streptomycin), 50 ug mL)1
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ampicillin+), #37 (100 ug mL)1 streptomycin),

#25 ug mL)1 carbenicillin+), #38 (50 ug mL)1 ampicil-

lin)) and #49 (100 ug mL)1 streptomycin), 50 ug mL)1

ampicillin+). Inoculation experiments were initiated on

23 January 2009 (beneficial strains #18, #24, uncooper-

ative strain #2), 26 January 2009 (beneficial strains #18,

#24, uncooperative strain #38) and 2 April 2009 (ben-

eficial strains #37, #49, uncooperative strain #2; benefi-

cial strains #37, #49, uncooperative strain #38). Finally,

to study potential differences caused by changes in day

length, one smaller experiment (72 plants) was also

initiated on 2 April 2009 and included only the beneficial

strain 24 and the uncooperative strain 2 plus co-infec-

tions and controls. This added study carries information

about season because it repeats a strain combination

tested in January. All five experiments included a total of

504 plants.

Plant harvest

One replicate block from each experiment was harvested

5 weeks after inoculation, and the remaining two blocks

were harvested 3 weeks later. At harvest, plants were

unpotted, separated into roots and shoots, and shoots

were oven-dried and weighed to measure growth rate, a

component of host plant fitness. All plants were exam-

ined for evidence of nodulation, which was not found in

any controls. All nodules were dissected off the roots of

each plant and were counted and photographed on

1 mm grid graph paper to assess nodule area (mm2), a

correlate of nodule mass. Nodule size is one commonly

measured component of rhizobial fitness (Simms et al.,

2006; Heath & Tiffin, 2009; Sachs et al., 2010).

Assays of rhizobial fitness: nodule occupancy and
population size within nodules

Culturing of nodules allows us to estimate the number of

viable rhizobia within each nodule, which are ultimately

released from Lotus nodules into the soil (Mergaert et al.,

2006). Details of the nodule-culturing protocol can be

found in Sachs et al. (2010). Briefly, two plants from each

inoculated treatment were randomly selected for nodule

culturing from both the 5-week and 8-week harvests. We

dissected six randomly chosen nodules from each of two

replicate plants from each tested treatment. Each nodule

was surface sterilized, rinsed and crushed with a sterile

pestle, and the nodule rhizobia were plated on solid MAG

media with replicated serial dilutions of 10)3 and 10)5.

For the nodules of co-infected plants, at least 100 plated

rhizobial colonies per nodule culture were replica sub-

cultured on an antibiotic treated plate and a control plate

(MAG media) to estimate the relative proportion of each

inoculated strain. We ruled out evidence of horizontal

transfer of antibiotic resistance between strains by addi-

tionally genotyping a subset of colonies as well as

distinguishing a subset of the strains using significant

differences in colony size (Sachs, unpublished).

Data analysis

Relative plant growth effects of the single-strain infection

treatments were calculated by dividing the shoot dry

mass of each inoculated plant by the mass of its size-

matched (uninfected) control. Per plant nodule occu-

pancy of each co-infecting strain was estimated as the

proportion of nodules that each strain infected, irrespec-

tive of relative strain density within the nodule. Within

nodule population size of each co-infecting strain was

calculated as the total rhizobial population per nodule

multiplied by the relative proportion of the focal strain

within the nodule. The proportional measures within

each nodule are nonindependent, so to analyse these

data we randomly assigned the population density

estimates for each strain within a nodule to one of two

independent datasets and tested hypotheses separately in

each data subset (using adjusted alpha values of 0.025 for

repeated tests). Whole plant rhizobial fitness was calcu-

lated by multiplying the mean strain population per

nodule times the number of nodules, as well as by

multiplying mean bacterial strain per nodule area times

the total nodule area of the plant. Both methods gave

similar results and we report only the former. We used

analysis of variance (ANOVAANOVA) or nested ANOVAANOVAs in which

Table 1 Summary of inoculation design.
Expt. Date Inoculation treatments Blocks N

I 23 January 2009 2; 18; 24; 2 + 18; 2 + 24; ctl 3 108

II 26 January 2009 38; 18; 24; 38 + 18; 38 + 24; ctl 3 108

III 2 April 2009 2; 37; 49; 2 + 37; 2 + 49; ctl 3 108

IV 2 April 2009 38; 37; 49; 38 + 37; 38 + 49; ctl 3 108

V 2 April 2009 2; 24; 2 + 24; ctl 3 72

Inoculation dates, inoculation treatments and block and plant replicates are shown.

Expt = experiment number, Date = inoculation date, Inoculation treatments = rhizobial

strains and strain combinations that were infected into six plants each per block with the less

beneficial strain first (Sachs et al., 2010) followed by the two beneficial strains and the

co-infections, Blocks = number of replicated blocks randomly placed in the greenhouse,

N = total number of plants in each experiment, ctl = control plants that were inoculated

with sterile ddH20.
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replicate blocks were treated as random effects. We used

post hoc pairwise Student’s t-tests to compare among

treatment effects (experiments I–IV and in vitro growth

assays). In experiment V, which only involved two

strains, we used t-tests to analyse treatment effects.

For the in vitro growth assays of rhizobial strains,

we calculated doubling time of each strain using a

least squares fitting exponential (Eric. W. Weisstein, From

MathWorld – A Wolfram Web Resource. http://math

world.wolfram.com/LeastSquaresFittingExponential.html.)

Results

In vitro growth rates of rhizobia

In vitro growth rates of clonal rhizobia were significantly

different among strains (F5,71 = 357.9, P < 0.0001), rang-

ing from a doubling time of approximately 7.2 h (strain

#49) to approximately 8.3 h (strain #38; Fig. 1). Strain #2

(the cheater strain; Sachs et al., 2010) was the second

fastest growing strain (doubling time approximately

7.4 h). Competitive in vitro growth assays (that estimated

individual rhizobial growth rates in dual-inoculated

cultures) revealed no emergent effects of interstrain

competition or toxicity: the differences in growth rates

that we found among strains (in the clonal infections)

perfectly predicted the relative growth of the same strains

when in competition with each other (Fig. 1; Table S1).

Assuming that numerical dominance (caused by differ-

ences in growth rate) is a major determinant of infection

rate (Vlassak & Vanderleyden, 1997), we predict the

following null hypothesis for infection rates of the

uncooperative strains: the cheater strain #2 outcompetes

cooperative strains #’s 18, 24 and 37, but is outcompeted

by #49, whereas the relatively ineffective strain #38 is

outcompeted by all the cooperative strains.

Plant growth effects of single-strain inoculations

The single-strain inoculations on L. strigosus confirmed

previous results (Sachs et al., 2010), that strains #2 and

#38 are relatively uncooperative rhizobia (our a priori

assumption; Fig. 2). The growth effects of rhizobial

strains were less pronounced in the 5-week than 8-week

harvests, so only the latter is reported. Strain #2 (the

cheater strain; Sachs et al., 2010) caused zero growth

(experiments I, III) or negative growth (experiment V)

compared to uninfected controls. Strain #2 was less

beneficial (in terms of host growth) than all the strains it

was paired with. Strain #38 provided relatively poor host

growth benefits that were significantly worse than strains

37 and 49 (experiment IV) but could not be distinguished

from strains 18 and 24 (experiment II) even though the

trend was the same (experiment I: F2,33 = 11.8,

P = 0.0002; experiment II: F2,34 = 0.1, P = 0.94; experi-

ment III: F2,32 = 13.1, P < 0.0001; experiment IV:

F2,35 = 11.6, P = 0.0002; experiment V: F1,23 = 148.9,

P < 0.0001). Strain #2 caused significantly more nodules

than other strains in two of three experiments and

generated smaller nodules in all three experiments (see

Table S2).

Rhizobial nodule occupancy in co-infected plants

Of the 190 nodules from co-inoculated plants that we

tested for strain occupancy, only five were occupied

solely by the strains that were a priori defined as less

beneficial (Sachs et al., 2010), whereas 94 of the nodules

were co-infected and 91 were occupied solely by the

more beneficial strain (Fig. 3, Table S3), consistent with

the partner choice hypothesis. We found significantly

different rates of nodule occupancy between paired

strains (beneficial versus uncooperative) in each of the

experiments except II, which was also the only experi-

ment where we failed to detect any growth effect

differences among rhizobial strains (experiment I:

F3,15 = 5.6, P = 0.0119; experiment II: F3,15 = 0.5,

P = 0.71; experiment III: F3,15 = 68.3, P < 0.0001; exper-

iment IV: F3,15 = 4.3, P = 0.028; experiment V:

F1,7 = 120.2, P < 0.0001). Rhizobial strains that were

a priori defined as more beneficial, occupied (or

co-occupied) all tested nodules, except in experiment II.

Of the seven paired rhizobial strains that caused signi-

ficantly different effects on host growth (Table S3),

nodule occupancy was significantly higher for the more

beneficial strain in five of these (strains 2, 18; 2, 37; 2, 49;

38, 49; and 2, 24 from experiment V), whereas we could
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Fig. 1 In vitro growth rates for clonal cultures are shown on the left

and cocultures on the right. X axes indicate the strain(s) used within

each (co-)culture, with the uncooperative strains listed previously

for cocultures (Sachs et al., 2010). The Y axes indicate the doubling

time of the strain(s) calculated using a least squares fitting

exponential (E. W. Weisstein, Mathworld Wolfram Web Resource;

http://mathworld.wolfram.com/LeastSquares FittingExponential.

html). Diamonds indicate mean doubling time for each

strain ± standard error, with uncooperative strains indicated with

solid diamonds (right only). Superscript letters (left) indicate

significant differences among treatments using a Student’s t-test.

Double asterisks (right) indicate coculture experiments with

significant growth differences among the competing strains

(P < 0.025, both two-tailed t-tests).
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not detect significant nodule occupancy differences in

the others (strains 38, 18; 38, 24; 38, 37; and 2, 24 from

experiment I). In all nonsignificant cases but one (38,

18), the more beneficial strain still exhibited higher

nodule occupancy rates.

Within nodule rhizobial population size

Rhizobial population sizes within nodules generally

increased between the five- and 8-week harvests

(Table S4). The differences among strains were more

pronounced in the latter harvest, which we discuss here.

In the 8-week harvest, we found significant differences

among strains in each of the experiments except II.

Consistent with the post-infection sanctions hypothesis,

we found that of the seven paired rhizobial strains that

caused significantly different effects on host growth in

single infections (Fig. 4; Table S4), rhizobial population

size was significantly higher for the more beneficial strain

in six of these (strains 2, 18; 2, 37; 2, 49; 38, 37; 38, 49;

and 2, 24 from experiment V). We could not detect

significant population size differences in the other paired

strains (strains 2, 24, from experiment I), although the

trend was still the same.
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Discussion

Hosts of beneficial bacteria most often acquire their

symbionts environmentally (Nyholm & McFall-Ngai,

2004) and thus are predicted to evolve mechanisms to

counteract infection by cheater mutants. Hosts can select

against symbiont cheater at the point of infection

(partner choice: Bull & Rice, 1991; Simms & Taylor,

2002; Sachs et al., 2004) or via post-infection sanctions

(Denison, 2000). For instance, homeostasis in the human

gut-floral community is promoted by antimicrobial

responses within the host epithelium (Vaishnava et al.,

2008). In bobtail squids that host the bioluminescent

bacterium Vibrio fisheri (Nyholm & McFall-Ngai, 2004),

mutant symbionts that fail to produce light are elimi-

nated from the host’s light organ (Visick et al., 2000).

Fungus-growing ants harbour antibiotic-producing sym-

biotic bacteria that protect their gardens from parasites

(Currie et al., 1999) and actively choose their native

beneficial symbiont over related strains (Zhang et al.,

2007). All of these systems appear consistent with host

control mechanisms. Yet, only rarely have experimenters

directly tested whether hosts can actively select for

beneficial partners over uncooperative mutants (Sachs

& Simms, 2008), as opposed to the more general pattern

of host–symbiont lineage specificity. Only in the squid

system mentioned earlier did experimenters challenge

hosts with related symbiont strains that varied in sym-

biotic quality, and in this case the uncooperative mutants

were generated in the laboratory (Visick et al., 2000).

Our experiments here provide the strongest evidence

to date that a legume host can bias infection rates

towards beneficial rhizobia over uncooperative strains

(partner choice hypothesis). In particular, we found that

Bradyrhizobium strains with high symbiotic quality

nodulate L. strigosus at significantly higher rates than

uncooperative competitors (e.g. experiments I, III, IV, V)

but that hosts do not differentiate among rhizobia that

provide nondetectable differences in growth benefits

(experiment II). Competition among strains for nodula-

tion can be mediated mainly by numerical differences

among competing strains (Vlassak & Vanderleyden,

1997), but our data suggests that nodulation preference

is more important. Our in vitro rhizobial fitness analyses

allow us to reject the null hypothesis that variation in

nodulation rates was caused by differences in rhizobial

growth rates or interstrain toxicity. Strain #2, the most

uncooperative strain was also among the fastest growing

and most competitive in vitro, but nonetheless infected

nodules at relatively low rates in competition.

Past experiments may have failed to find such strong

nodulation preferences for multiple reasons. When

lab-generated nonfixing mutants were used, it could be

that the hosts could not differentiate these from nearly

isogenic cooperative strains (Amarger, 1981; Hahn &

Studer, 1986; Champion et al., 1992). When strains that

naturally varied in symbiotic quality were used, it may

have been that the natural differences in symbiotic

quality were too slight (Simms et al., 2006). Moreover,

our data stand in contrast to agricultural studies that

have often found that the ability of rhizobia to compete

for nodulation is unrelated to symbiotic quality (e.g.

Vasquez-Arroyo et al., 1998; Bloem & Law, 2001; Hafeez

et al., 2001). These studies used non-native rhizobia

and ⁄ or hosts, so differences in adaptation to local soils or

different hosts can confound the results. In contrast to all

previous studies, we sampled beneficial and cheater

rhizobia as well as their hosts from the same environ-

ment, thus our results likely represent the evolutionary

response of our host population to locally encountered

uncooperative strains that are genetically diverged from

the cooperative strains (Sachs et al., 2009, 2010).

Our data also add further support for the post-infection

sanctions hypothesis (Denison, 2000), specifically that

(L. strigosus) hosts can selectively reward beneficial

rhizobia within growing nodules and punish poorly

beneficial strains (e.g. Kiers et al., 2003; Simms et al.,

2006). Population sizes of beneficial strains within nodules

were often 10–100 times higher compared to the relatively

uncooperative strains that they were paired with (which

has a much more severe effect than that has been

previously discovered). Models of post-infection sanctions

often predict that a high prevalence of mixed-infection

nodules can reduce the efficiency of sanctions at the

nodule level (Denison, 2000). In our experiment, nearly

half of nodules tested were found to be co-infected, which

suggests to us that the host sanctions may have occurred at

the bacteroid level (within nodules; e.g. Denison, 2000).

Legumes potentially exhibit multiple mechanisms to

reward beneficial rhizobia and ⁄ or to punish uncoopera-

tive strains. Our phenotypic data suggests that these

mechanisms function during initial rhizobial infection as

well as the later development of the Lotus–Bradyrhizobium

symbiosis. Legumes can first gain some control over

rhizobia via nodulation specificity, which is now known

to be expressed by multiple host genes (e.g. Endre et al.,

2002; Madsen et al., 2003) that likely evolved to protect

legumes from rhizobia that are poorly matched or

provide insufficient benefits (Devine & Kuykendall,

1996). However, only in the case of host recognition of

toxin-producing rhizobia (Devine et al., 1990; Devine &

Kuykendall, 1996), has it been obvious that legumes are

specifically blocking uncooperative rhizobia in favour of

more beneficial strains. If legumes initially recognize

symbiotically ineffectiveness via genotype specific sig-

nals, such as nod factors or cell-surface molecules, these

signals must be reliably correlated with symbiotic benefit

to provide fitness benefits to hosts (Simms & Taylor,

2002). In the population of Bradyrhizobium that we

studied, the uncooperative rhizobial strains were always

found to be genetically diverged from the beneficial

strains at both housekeeping and symbiotic loci (Sachs

et al., 2009, 2010), but this may not always be the case.

Experiments that have manipulated nitrogen fixation
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ability via introducing mutations into these loci suggest

that legumes cannot detect nitrogen fixation ability per se

at the point of infection. Nonetheless, we found that

strain 38 (the marginally beneficial strain; Sachs et al.,

2010) achieved relatively high nodule occupancy when it

was paired with strains that caused similar host growth

(experiment II), but exhibited low nodule occupancy

when paired with significantly more beneficial strains

(experiment IV). These data are consistent with early

host recognition of symbiotic quality, but we are not

aware of the mechanistic basis for such detection.

Although legumes can clearly detect and react to rhizobia

that exhibit poor symbiotic quality (Kiers et al., 2003;

Simms et al., 2006; data herein), it is not apparent

whether these hosts react differently to cheaters com-

pared to other uncooperative rhizobia. As we have only

isolated one strain that fulfils the definition of a cheater

(Sachs et al., 2010), experiments would be need to be

performed that include other exploitative strains to

further explore the relationship between exploitation of

the host and host response.

Conclusion

In earlier work, Sachs and colleagues (2010) discovered a

naturally occurring cheater Bradyrhizobium. In single-

strain infections, the cheater proliferates within L. strigosus

nodules, attains higher density than beneficial strains, but

provides no growth benefits to hosts. Here, we conducted

dual inoculation experiments using Bradyrhizobium strains

that vary in symbiotic quality on L. strigosus, ranging

from the nonbeneficial cheater to highly beneficial strains.

We found that L. strigosus hosts can constrain the infection

and later proliferation of this cheater in dual strain

infections. In vitro competition experiments allowed us

to reject the alternative hypothesis that variation in

nodulation rates is caused by differences in rhizobial

growth rates or interstrain toxicity.

Acknowledgments

We acknowledge A. Hollowell, D. Reznick, R. Skopham-

mer and two anonymous reviewers that offered helpful

comments on the manuscript. The research was sup-

ported by NSF DEB 0816663 and a UC Riverside Regents

Fellowship. A.S.P was supported by a CNAS Scholars

Fellowship, and K.C.B. was supported by a CCRAA Stem-

Pathways Grant.

References

Amarger, N. 1981. Competition for Nodule Formation between

Effective and Ineffective Strains of Rhizobium-Meliloti. Soil Biol.

Biochem. 13: 475–480.

Atkins, C.A., Pate, J.S. & Shelp, B.J. 1984. Effects of Short-Term

N-2 Deficiency on N-Metabolism in Legume Nodules. Plant

Physiol. 76: 705–710.

Bever, J.D., Richardson, S.C., Lawrence, B.M., Holmes, J. &

Watson, M. 2009. Preferential allocation to beneficial symbi-

ont with spatial structure maintains mycorrhizal mutualism.

Ecol. Lett. 12: 13–21.

Bloem, J.F. & Law, I.J. 2001. Determination of competitive

abilities of Bradyrhizobium japonicum strains in soils from

soybean production regions in South Africa. Biol. Fertil. Soils

33: 181–189.

Bull, J.J. & Rice, W.R. 1991. Distinguishing Mechanisms for the

Evolution of Cooperation. J. Theor. Biol. 149: 63–74.

Burdon, J.J., Gibson, A.H., Searle, S.D., Woods, M.J. & Brock-

well, J. 1999. Variation in the effectiveness of symbiotic

associations between native rhizobia and temperate Australian

Acacia: within species interactions. J. Appl. Ecol. 36: 398–408.

Champion, R.A., Mathis, J.N., Israel, D.W. & Hunt, P.G. 1992.

Response of Soybean to Inoculation with Efficient and

Inefficient Bradyrhizobium-Japonicum Variants. Crop Sci. 32:

457–463.

Chen, L.S., Figueredo, A., Villani, H., Michajluk, J. & Hungria,

M. 2002. Diversity and symbiotic effectiveness of rhizobia

isolated from field-grown soybean nodules in Paraguay. Biol.

Fertil. Soils 35: 448–457.

Collins, M.T., Thies, J.E. & Abbott, L.K. 2002. Diversity and

symbiotic effectiveness of Rhizobium leguminosarum bv. trifolii

from pasture soils in south-western Australia. Aust. J. Soil Res.

40: 1319–1329.

Currie, C.R., Scott, J.A., Summerbell, R.C. & Malloch, D. 1999.

Fungus-growing ants use antibiotic-producing bacteria to

control garden parasites. Nature 398: 701–704.

Denison, R.F. 2000. Legume sanctions and the evolution of

symbiotic cooperation by rhizobia. Am. Nat. 6: 567–576.

Denison, R.F. & Kiers, E.T. 2004. Lifestyle alternatives for

rhizobia: mutualism, parasitism, and forgoing symbiosis. FEMS

Microbiol. Lett. 237: 187–193.

Dethlefsen, L., McFall-Ngai, M. & Relman, D.A. 2007. An

ecological and evolutionary perspective on human-microbe

mutualism and disease. Nature 449: 811–818.

Devine, T.E. & Kuykendall, L.D. 1996. Host genetic control of

symbiosis in soybean (Glycine max L). Plant Soil 186: 173–

187.

Devine, T.E., Kuykendall, L.D. & Oneill, J.J. 1990. The Rj4 Allele

in Soybean Represses Nodulation by Chlorosis-Inducing

Bradyrhizobia Classified as DNA Homology Group-Ii by

Antibiotic-Resistance Profiles. Theor. Appl. Genet. 80: 33–37.

Endre, G., Kereszt, A., Kevei, Z., Mihacea, S., Kalo, P. & Kiss,

G.B. 2002. A receptor kinase gene regulating symbiotic nodule

development. Nature 417: 962–966.

Frank, S.A. 1996. Host-symbiont conflict over the mixing of

symbiotic lineages. Proc. R. Soc. Lond. B 263: 339–344.

Hafeez, F.Y., Hameed, S., Ahmad, T. & Malik, K.A. 2001.

Competition between effective and less effective strains of

Bradyrhizobium spp. for nodulation on Vigna radiata. Biol. Fertil.

Soils 33: 382–386.

Hahn, M. & Studer, D. 1986. Competitiveness of a Nif-

Bradyrhizobium-Japonicum Mutant against the Wild-Type

Strain. FEMS Microbiol. Lett. 33: 143–148.

Haynes, J.G., Czymmek, K.J., Carlson, C.A., Veereshlingam, H.,

Dickstein, R. & Sherrier, D.J. 2004. Rapid analysis of legume

root nodule development using confocal microscopy. New

Phytol. 163: 661–668.

Heath, K.D. & Tiffin, P. 2009. Stabilizing Mechanisms in a

Legume-Rhizobium Mutualism. Evolution 63: 652–662.

1926 J. L. SACHS ET AL.

ª 2 0 1 0 T H E A U T H O R S . J . E V O L . B I O L . 2 3 ( 2 0 1 0 ) 1 9 1 9 – 1 9 2 7

J O U R N A L C O M P I L A T I O N ª 2 0 1 0 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y



Kiers, E.T., Rousseau, R.A., West, S.A. & Denison, R.F. 2003.

Host sanctions and the legume-rhizobium mutualism. Nature

425: 78–81.

Kiers, E.T., Hutton, M.G. & Denison, R.F. 2007. Human selection

and the relaxation of legume defences against ineffective

rhizobia. Proc. R. Soc. Lond. B 274: 3119–3126.

Kuykendall, L.D. & Elkan, G.H. 1976. Rhizobium-Japonicum

Derivatives Differing in Nitrogen-Fixing Efficiency and

Carbohydrate Utilization. Appl. Environ. Microbiol. 32: 511–

519.

Lopez, N.I., Floccari, M.E., Steinbuchel, A., Garcia, A.F. &

Mendez, B.S. 1995. Effect of Poly(3-Hydroxybutyrate) (Phb)

Content on the Starvation-Survival of Bacteria in Natural-

Waters. FEMS Microbiol. Ecol. 16: 95–101.

Madsen, E.B., Madsen, L.H., Radutoiu, S., Olbryt, M., Rak-

walska, M., Szczyglowski, K., Sato, S., Kaneko, T., Tabata, S.,

Sandal, N. & Stougaard, J. 2003. A receptor kinase gene of the

LysM type is involved in legume perception of rhizobial

signals. Nature 425: 637–640.

Marco, D.E., Perez-Arnedo, R., Hidalgo-Perea, A., Olivares, J.,

Ruiz-Sainz, J.E. & Sanjuan, J. 2009. A mechanistic molecular

test of the plant-sanction hypothesis in legume-rhizobia

mutualism. Acta Oecologica-Int. J. Ecol. 35: 664–667.

Mergaert, P., Uchiumi, T., Alunni, B., Evanno, G., Cheron, A.,

Catrice, O., Mausset, A.E., Barloy-Hubler, F., Galibert, F.,

Kondorosi, A. & Kondorosi, E. 2006. Eukaryotic control

on bacterial cell cycle and differentiation in the Rhizobium-

legume symbiosis. Proc. Natl Acad. Sci. USA 103: 5230–

5235.

Moawad, H., Badr El-Din, S.M.S. & Abdel-Aziz, R.A. 1998.

Improvement of biological nitrogen fixation in Egyptian

winter legumes through better management of Rhizoium.

Plant Soil 204: 95–106.

Nyholm, S.V. & McFall-Ngai, M.J. 2004. The winnowing:

establishing the squid-Vibrio symbiosis. Nat. Rev. Microbiol. 2:

632–642.

Pate, J.S., Atkins, C.A., Layzell, D.B. & Shelp, B.J. 1984. Effects

of N-2 Deficiency on Transport and Partitioning of C and N in

a Nodulated Legume. Plant Physiol. 76: 59–64.

Quigley, P.E., Cunningham, P.J., Hannah, M., Ward, G.N. &

Morgan, T. 1997. Symbiotic effectiveness of Rhizobium

leguminosarum bv. trifolii collected from pastures in south-

western Victoria. Aust. J. Exp. Agric. 37: 623–630.

Sachs, J.L. & Simms, E.L. 2006. Pathways to mutualism

breakdown. Trends Ecol. Evol. 21: 585–592.

Sachs, J.L. & Simms, E.L. 2008. The origins of uncooperative

rhizobia. Oikos 117: 961–966.

Sachs, J.L. & Wilcox, T.P. 2006. A shift to parasitism in the

jellyfish symbiont Symbiodinium microadriaticum. Proc. R. Soc.

Lond. B 273: 425–429.

Sachs, J.L., Mueller, U.G., Wilcox, T.P. & Bull, J.J. 2004. The

evolution of cooperation. Q. Rev. Biol. 79: 135–160.

Sachs, J.L., Kembel, S.W., Lau, A.H. & Simms, E.L. 2009. In Situ

Phylogenetic Structure and Diversity of Wild Bradyrhizobium

Communities. Appl. Environ. Microbiol. 75: 4727–4735.

Sachs, J.L., Ehinger, M.O. & Simms, E.L. 2010. Origins of

cheating and loss of symbiosis in wild Bradyrhizobium. J. Evol.

Biol. 23: 1075–1089.

Simms, E.L. & Taylor, D.L. 2002. Partner choice in nitrogen-

fixing mutualisms of legumes and rhizobia. Integr. Comp. Biol.

42: 369–380.

Simms, E.L., Taylor, D.L., Povich, J., Shefferson, R.P., Sachs, J.L.,

Urbina, M. & Tausczik, Y. 2006. An empirical test of partner

choice mechanisms in a wild legume-rhizobium interaction.

Proc. R. Soc. Lond. B 273: 77–81.

Singleton, P.W. & Stockinger, K.R. 1983. Compensation against

Ineffective Nodulation in Soybean. Crop Sci. 23: 69–72.

Singleton, P.W. & Van Kessel, C. 1987. Effect of Localized

Nitrogen Availability to Soybean Half-Root Systems on Pho-

tosynthate Partitioning to Roots and Nodules. Plant Physiol. 83:

552–556.

Somasegaran, P. & Hoben, J. 1994. Handbook for Rhizobia.

Springer-Verlag, New York.

Sprent, J.I., Sutherland, J.M. & Faria, S.M. 1987. Some aspects

of the biology of nitrogen-fixing organisms. Philos. Trans. R.

Soc. Lond. B Biol. Sci. 317: 111–129.

Trainer, M.A. & Charles, T.C. 2006. The role of PHB metabolism

in the symbiosis of rhizobia with legumes. Appl. Microbiol.

Biotechnol. 71: 377–386.

Vaishnava, S., Behrendt, C.L., Ismail, A.S., Eckmann, L. &

Hooper, L.V. 2008. Paneth cells directly sense gut commensals

and maintain homeostasis at the intestinal host-microbial

interface. Proc. Natl Acad. Sci. USA 105: 20858–20863.

Vasquez-Arroyo, J., Sessitsch, A., Martinez, E. & Pena-Cabriales,

J.J. 1998. Nitrogen fixation and nodule occupancy by native

strains of Rhizobium on different cultivars of common bean

(Phaseolus vulgaris L.). Plant Soil 204: 147–154.

Visick, K.L., Foster, J., Doino, J., McFall-Ngai, M. & Ruby, E.G.

2000. Vibrio fischeri lux genes play an important role in

colonization and development of the host light organ.

J. Bacteriol. 182: 4578–4586.

Vlassak, K.M. & Vanderleyden, J. 1997. Factors influencing

nodule occupancy by inoculant rhizobia. Crit. Rev. Plant Sci. 16:

163–229.

West, S.A., Kiers, E.T., Simms, E.L. & Denison, R.F. 2002.

Sanctions and mutualism stability: why do rhizobia fix

nitrogen? Proc. R. Soc. Lond. B 269: 685–694.

Zhang, M.M., Poulsen, M. & Currie, C.R. 2007. Symbiont

recognition of mutualistic bacteria by Acromyrmex leaf-cutting

ants. ISME J 1: 313–320.

Supporting information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Measures of rhizobial fitness in clonal and

competitive in vitro cultures.

Table S2 Single-strain inoculation phenotypes.

Table S3 Total and average nodule occupancy rates.

Table S4 Nodule-level rhizobial strain fitness (Separate

Harvests).

As a service to our authors and readers, this journal

provides supporting information supplied by the authors.

Such materials are peer-reviewed and may be re-

organized for online delivery, but are not copy-edited

or typeset. Technical support issues arising from support-

ing information (other than missing files) should be

addressed to the authors.

Received 29 March 2010; revised 8 June 2010; accepted 14 June 2010

Host control over cheater symbionts 1927

ª 2 0 1 0 T H E A U T H O R S . J . E V O L . B I O L . 2 3 ( 2 0 1 0 ) 1 9 1 9 – 1 9 2 7

J O U R N A L C O M P I L A T I O N ª 2 0 1 0 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y


