
Article
Competitive interference
 among rhizobia reduces
benefits to hosts
Highlights
d Multiple strain inoculation caused hosts to receive reduced

symbiotic benefit

d Coinoculated hosts were nodulated at lower rates, indicating

strain interference

d A marginally beneficial strain was highly competitive for

nodulation

d The dominance hierarchy suggests polygenic drivers of strain

competition
Rahman et al., 2023, Current Biology 33, 2988–3001
July 24, 2023 ª 2023 Elsevier Inc.
https://doi.org/10.1016/j.cub.2023.06.081
Authors

Arafat Rahman, Max Manci,

Cassandra Nadon, ...,

Alexandra J. Weisberg, Jeff H. Chang,

Joel L. Sachs

Correspondence
joels@ucr.edu

In brief

Rahman et al. experimentally compete a

focal set of Bradyrhizobium strains on

their native legume host. They

characterize the fitness outcomes for

symbionts and their hosts. Interstrain

competition causes hosts to receive

reduced benefit from symbiosis

compared to clonal inoculation and can

favor marginally beneficial strains.
ll

mailto:joels@ucr.edu
https://doi.org/10.1016/j.cub.2023.06.081
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2023.06.081&domain=pdf


ll
Article

Competitive interference among rhizobia
reduces benefits to hosts
Arafat Rahman,1,6 Max Manci,2 Cassandra Nadon,3 Ivan A. Perez,3 Warisha F. Farsamin,3 Matthew T. Lampe,3

Tram H. Le,3 Lorena Torres Martı́nez,3,4 Alexandra J. Weisberg,5 Jeff H. Chang,5 and Joel L. Sachs1,2,3,7,*
1Institute of Integrative Genome Biology, University of California, Riverside, Riverside, CA 92521, USA
2Department of Microbiology & Plant Pathology, University of California, Riverside, Riverside, CA 92521, USA
3Department of Evolution Ecology & Organismal Biology, University of California, Riverside, Riverside, CA 92521, USA
4Department of Biology, St. Mary’s College of Maryland, St. Mary’s City, MD 20686, USA
5Department of Botany & Plant Pathology, Oregon State University, Corvallis, OR 97331, USA
6Twitter: @ac_arafat
7Lead contact
*Correspondence: joels@ucr.edu

https://doi.org/10.1016/j.cub.2023.06.081
SUMMARY
The capacity of beneficial microbes to compete for host infection—and the ability of hosts to discriminate
among them—introduces evolutionary conflict that is predicted to destabilize mutualism. We investigated
fitness outcomes in associations between legumes and their symbiotic rhizobia to characterize fitness im-
pacts of microbial competition. Diverse Bradyrhizobium strains varying in their capacity to fix nitrogen sym-
biotically with a common host plant, Acmispon strigosus, were tested in full-factorial coinoculation experi-
ments involving 28 pairwise strain combinations. We analyzed the effects of interstrain competition and
host discrimination on symbiotic-interaction outcomes by relativizing fitness proxies to clonally infected
and uninfected controls. More than one thousand root nodules of coinoculated plants were genotyped to
quantify strain occupancy, and the Bradyrhizobium strain genome sequences were analyzed to uncover
the genetic bases of interstrain competition outcomes. Strikingly, interstrain competition favored a fast-
growing, minimally beneficial rhizobia strain. Host benefits were significantly diminished in coinoculation
treatments relative to expectations from clonally inoculated controls, consistent with competitive interfer-
ence among rhizobia that reduced both nodulation and plant growth. Competition traits appear polygenic,
linked with inter-strain allelopathic interactions in the rhizosphere. This study confirms that competition
among strains can destabilize mutualism by favoring microbes that are superior in colonizing host tissues
but provide minimal benefits to host plants. Moreover, our findings help resolve the paradox that despite effi-
cient host control post infection, legumes nonetheless encounter rhizobia that vary in their nitrogen fixation.
INTRODUCTION

Microbial mutualists provide terrestrial plants with diverse ser-

vices,1 but benefits provided by microbial partners are unreli-

able, causing unpredictable fitness outcomes for hosts.2 For

instance, interactions between plants and root-associated

mycorrhizal fungi vary from highly beneficial to parasitic.3,4

Epiphytic bacteria that fix nitrogen for tropical host plants also

vary broadly in the amount of benefit provided to hosts.5,6 During

host colonization, microbial interactions can favor highly

competitive strains irrespective of the level of benefit provided

to hosts.7,8 To optimize benefits from microbial associations,

plants employ host control traits, including partner choice and

sanctions that reward beneficial microbes and discriminate

against strains that provide insufficient benefits.9,10 The capacity

ofmicrobial partners to compete for host infection, and the ability

of hosts to discriminate among them, can introduce an evolu-

tionary conflict between microbe and host partners. The effects

of this conflict on the services exchanged in plant microbial
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mutualism—and the evolutionary stability of these associa-

tions—remain poorly understood.

The legume-rhizobia association is an excellent model of

mutualism where microbial strains compete to infect hosts.

Rhizobia encompasses polyphyletic groups of proteobacteria

with the capacity to induce root nodulation and fix nitrogen in

legume hosts.11 Partner quality, as measured by relative

growth (RG) benefit the host gets from rhizobial strains, varies

quantitatively due to differences in nitrogen fixation capability

from those that fix substantial amounts to those that are inef-

fective and fail to provide any benefit for specific host plant

partners.12–17 Legumes exhibit a suite of host-control traits to

minimize costs of ineffective infections. Host legumes exhibit

partner choice, the ability to discriminate against incompatible

and uncooperative partners, in this case by detectingmolecular

signals of nod factors and effector proteins deployed by type III

secretion systems (T3SSs).18 Moreover, when ineffective

rhizobia gain access to nodules, legumes sanction them by

reducing in planta proliferation of rhizobia.19–22 Given the plant
nc.
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Table 1. Bradyrhizobium strains and their key properties

Strain numbersa Strain codea Nodb Fixb T3SSc Taxond Sampling sitea,b

2 05LoS24R3_28 + � � Novel XIII Bodega Marin Reserve

186 11LoS6_2 + � + N/A San Dimas Reservoir

4 05LoS21R5_36 + + + B. canariense Bodega Marin Reserve

131 13LoS28_1 + + + B. canariense UC Riverside

187 11LoS7_1 + � � B. canariense San Dimas Reservoir

156 11LoS34_4 + � + B. canariense Burns Piñon Ridge Reserve

184 11LoS34_10 + + + N/A Burns Piñon Ridge Reserve

200 13LoS78_1 + � + Novel IV Pismo Dunes Natural Preserve

See also Data S2.
aStrain numbers and strain codes from Gano-Cohen et al.17

bStrains are categorized as to whether they consistently nodulate (i.e., NOD) and fix nitrogen (i.e., Fix) on the host species from which they were

collected17

cStrains are categorized as to whether they encode necessary structural proteins to express a type III secretion system51 (T3SS)
dStrains are categorized into species groups52
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hosts’ capacity to select for strains with high net benefit in

planta, less beneficial strains are predicted to be selected

against in the population.23–29 Nonetheless, strains ineffective

at fixing nitrogen are common both in natural and agricultural

landscapes, suggesting that other forces counteract host

control. These predicted forces include, but are not limited to,

mutation-selection balance, stable coexistence of strategies,

and selection mosaics shaped by G 3 G and G 3 E interac-

tions.2,30–32

The legume-rhizobia mutualism generates the dominant natu-

ral input of nitrogen into terrestrial ecosystems33 and has agro-

nomic potential to reduce environmental damage caused by ni-

trogen fertilizer.34–36 Attempts to inoculate legumes with ‘‘elite’’

rhizobia, strains that generate a high degree of benefits to plants

in lab settings, often result in the inoculant strains being outcom-

peted by indigenous rhizobia that provide little or no benefits to

the introduced host, a phenomenon referred to as the rhizobia

competition problem.37,38 However, bioinoculants made from

rhizobia that are native to the applied soils can achieve better

success than commercial inoculants,39–41 indicating importance

to characterize rhizobia genotypes for competitiveness and

symbiotic growth benefit. Because diverse rhizobia are typically

present in natural and field settings, clonal inoculation experi-

ments do not predict performance of rhizobia where multiple

strains compete for plant-derived nutrients.42,43 Yet most exper-

iments focus on inoculating clonal bacterial isolates on hosts as

a means to evaluate their ability to form successful symbiosis.44

New work addresses this limitation by incorporating multi-strain

inoculations to test hypotheses of fitness outcomes in the

legume-rhizobia symbiosis.31,45

Here, we characterized variation in competitive ability among

rhizobia strains and related interstrain competition to the bene-

fits that hosts derived from the symbiosis. Our objectives were

to (1) compare fitness outcomes of rhizobia and hosts in single

and coinoculation, (2) characterize the nodulation occupancy

distribution of competing strains that vary in symbiotic benefit

to the host, and (3) develop and test models that incorporate

symbiotic benefit and nodulation capacity to predict mechanistic

processes underlying competition. Experiments were conduct-

ed on Acmispon strigosus (formerly Lotus strigosus), an annual
legume native to the southwestern US that is nodulated by

diverse Bradyrhizobium spp.17,46 We used eight focal Bradyrhi-

zobium strains, isolated originally from A. strigosus, that range

from beneficial to ineffective at nitrogen fixation symbiosis. In

prior work, strains were phenotypically characterized onmultiple

genotypes of A. strigosus for nodulation and nitrogen fixation ca-

pacity.17 Strains that fixed nitrogen and improved host growth

were classified as effective (i.e., Fix+), whereas those that pro-

vided no growth benefit were classified as ineffective (i.e.,

Fix�). The strains had their genomes sequenced and the Fix�
strains contain intact nif/fix genes, indicating that ineffectiveness

is not a result of deletion or pseudogenization of these genes.51

Because these Bradyrhizobium strains showed consistent

response across multiple host genotypes,17,47,48 a single inbred

line of A. strigosus was used in this study. When coinoculated

with beneficial and ineffective strains, A. strigosus can discrimi-

nate among them and sanction strains that do not fix nitrogen for

the host, reducing the capacity of nonfixing rhizobial strains to

proliferate within nodule tissues.22,47,50 Strains were coinocu-

lated onto A. strigosus in a full factorial pairwise experiment,

which also included clonally inoculated and uninoculated treat-

ments. Using Illumina amplicon sequencing, more than 1,100

nodules from coinoculated plants were genotyped to detect

the occupying strains. Null models were developed from sin-

gle-inoculation data to predict and then test effects of coinocu-

lation treatments on host nodulation and growth. Understanding

the role of competition among rhizobia to colonize legumes is

critical for managing and improving sustainable agriculture and

testing mutualism stability models.

RESULTS

Host benefit depends on clonal inoculation genotype
We first evaluated the effects of clonal inoculations on hosts to

cross-validate prior results, establish baselines, and model ef-

fects of coinoculations on RG and nodulation response of plants.

Eight strains were individually inoculated ontoA. strigosus plants

grown in a greenhouse and caused host responses that closely

matched previous results17,50 (Table 1; Figure 1; Data S1 and

S2). Specifically, plants inoculated with the Fix+ strains 4, 131,
Current Biology 33, 2988–3001, July 24, 2023 2989



Host Growth Benefit Nodules Per Plant

Mean Fresh Nodule Biomass Investment to Nodulation

A

C D

B

Figure 1. Plant response in clonal inoculation treatments

(A) Shoot relative growth (RG) indicates host growth benefit from inoculation relative to uninoculated controls. p values between 0.001 and 0.05 are indicated with

single asterisk (*), between 0.05 and 0.1 with a period (.), and above 0.1 is NS (non-significant).

(B–D) Average number of nodules per plant (B), mean fresh nodule biomass (C), and investment to nodulation (D). Turquoise color represents Fix+ strains and red

color represents Fix� strains. Error bars indicate SEM. The strains are ordered left to right based on beingmost to least beneficial based as determined by growth

data in (A).

See also Data S2B and S2C.
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156, and 184 hadmore biomass than uninoculated control plants

(Data S2). Three of these strains elicited significant RG benefits,

with the exception of marginal strain 4 (t = 1.84, df = 5,

p < 0.0626; Data S2B; Figure 1A). Conversely, Fix� strains 2,

186, 187, and 200 were confirmed as ineffective, as host

biomass values were not significantly greater than those of

control plants (p > 0.05; Data S2B). Relative host growth

response varied significantly among the clonal strain treatments

(Table 2; F(7,56) = 11.24, p < 0.001). No significant random effect

of inoculation batch was found on single or coinoculation results;

hence, the design can be analyzed as a single experiment

(Table S1).

Host nodulation response varied significantly among the clonal

inoculation treatments, regardless of the Fix+/Fix� phenotype of

strains (total nodules, F(7,56) = 7.009, p = <0.001; mean nodule

biomass, F(7,56) = 18.092, p = <0.001; host investment [i.e., nodule
2990 Current Biology 33, 2988–3001, July 24, 2023
proportion of total plant biomass], F(7,56) = 8.358, p = <0.001).

Ineffective strains 2 and 200 elicited relatively low numbers of

nodules (i.e., estimated marginal means of nodules <10 in most

cases; Data S2C), while the remaining strains, including effective

and ineffective ones, formed 16–35 nodules per plant (Figure 1B;

Data S2C). Host growth response was positively correlated

with nodule count (Pearson’s product-moment correlation

R2 = 0.697, t = 8.24, df = 72, p < 0.001) and mean nodule weight

(Pearson’s product moment correlation R2 = 0.63, t = 6.746,

df = 70, p < 0.001). This pattern is consistent with host control

over resource flow into nodules reflected by nodule size,

where within-nodule fitness of ineffective strains is reduced by

plants.22

Strain 156 provided low RG benefit (mean shoot RG = 1.94,

p < 0.01; Figure 1; Data S2B) while inducing the highest host in-

vestment among the strains tested (estimated marginal mean



Table 2. Linear models testing the effects of treatment and days post-inoculation on host benefit and nodulation during single

inoculation

Log10(shoot RG + 0.5)a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Total nodules

p
a

Log(mean nodule biomass +

0.1)a Log10(investment + 0.2)a

Sample sizeb = 67 adj. R2 = 0.53 adj. R2 = 0.406 adj. R2 = 0.66 adj. R2 = 0.448

Shapiro-Wilk testc
W = 0.97 W = 0.98 W = 0.98 W = 0.975

p = 0.165 p = 0.487 p = 0.553 p = 0.22

ANCOVA df F p df F p df F p df F p

Intercept 1 2.103 0.15259 1 1.474 0.2295 1 3.1884 0.0795 1 0.022 0.8827

Treatment 7 11.24 8.576 3 10�09 7 7.009 4.713 3 10�06 7 18.092 2.542 3 10�12 7 8.358 6.975 3 10�07

DPI 1 6.641 0.01262 1 10.41 0.002 1 6.16 0.016 1 0.0164 0.8985

Residuals 56 58 56 54

ANCOVA statistics test whether response variables significantly vary among single inoculation treatments using DPI as a covariate. Degrees of

freedom (df), F-statistics, and associated p values are reported for each model. See also Data S2A and Table S1.
aResponse variable transformations that have been used in linear models to fit single-inoculation data for different response variables (shoot RG, total

nodules, mean nodule biomass, investment)
bSample size indicates number of data points (n) used to fit the models. Adjusted R-squared values for each model are also reported.
cShapiro-Wilk statistics testing normality of the residuals in the models. Test statistics, W and p value, are reported.
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1.111; Data S2C). The host growth and nodulation response vari-

ables of strain 156 were consistent with previous findings that

tested nodulation and growth benefit of this strain on multiple

sympatric and allopatric host lines.48

Host benefit varied in coinoculation treatments
To examine the effect of strain-strain competition on mutualistic

symbioses, we tested all 28 possible pairs of strain combina-

tions. Host benefit, nodulation count, mean nodule biomass,

and host investment all varied significantly among the 28 coino-

culation treatments (host benefit, F(27,200) = 5.455, p < 0.001; total

nodules, F27,202 = 2.63, p < 0.001; mean nodule biomass,

F27,199 = 2.782, p < 0.001; investment, F27,197 = 3.41,

p < 0.001; Table 3; Figure 2). Like the clonal inoculation treat-

ments, RG was positively correlated with nodule counts (Pear-

son’s product-moment correlation R2 = 0.7619, t = 18.229,

df = 240, p < 0.001) and with mean nodule weight (Pearson’s

product moment correlation R2 = 0.39, t = 6.7537, df = 241,

p < 0.001).

Only 8 of the 22 coinoculation combinations with at least

one Fix+ strain caused significant host growth relative to un-

inoculated controls (one-sample t test; p < 0.05; Table S2;

Figure 2A). Five additional coinoculation treatments including

at least one Fix+ strain provided growth benefits that were

marginal (one-sample t test; 0.05 < p < 0.10; Table S2). These

marginal or no-benefit treatments included those for which at

least one or both inoculant strains provided a significant

benefit in their corresponding clonal inoculation treatments.

Surprisingly, only 3 out of 6 Fix+/Fix+ (+/+) coinoculation

treatments elicited significant RG >2.5 (Table S2). Other treat-

ments that elicited significant host growth included 5 of 16

Fix+/Fix� (+/�) combinations (Table S2). None of the Fix�/

Fix� (�/�) coinoculation combinations provided a significant

host growth benefit.

When the coinoculated treatments were grouped and

compared by +/+, +/�, and �/� combinations, plants that

received at least one Fix+ strain grew 2-fold more and formed

significantly more nodules than hosts that were coinoculated
with two Fix� strains (Figure S1). There were significant differ-

ences between +/+ and �/� and +/� and �/� categories for

RG benefit (Welch’s t test; +/+ versus �/�, p = 0.0035; +/�
versus �/�, p = 0.0043; Figure S1A). The number of nodules

also significantly differed between +/� and �/�, likely because

plants that received Fix+ were larger (Welch’s t test; +/� versus

�/�, p = 0.019; Figure S1B). There were no significant differ-

ences in fresh nodule biomass and host investment values

among any of the +/+, +/�, and �/� categories (Figures S1C

and S1D). However, for coinoculated treatments 156 + 200,

186 + 156, 187 + 156, 2 + 131, and 4 + 156, investment in nodu-

lation was high (>1) (Table S3). These treatments were

comprised by one Fix+ and one Fix� strain, and the plants

received no significant growth benefit from inoculation

(Figures 2D and 2E; Table S3).

Fix+ strains dominate over Fix– strains in nodule
occupancy
We used amplicon sequencing of the nifD locus and a dual-

indices barcoding method to genotype rhizobia in nodules

from each plant in coinoculation treatments. Genotyping

nodule-occupying bacteria of coinoculated plants revealed

that in +/� combinations, effective strains dominated nodules

relative to ineffective strains (Figure 3A). Non-random nodule oc-

cupancy was found for all coinoculated treatments (i.e., c2 test,

rejecting the null of equal nodule occupancy among strains;

Table S4). Non-random nodulation was also found for most co-

inoculated treatments when the inoculum ratio was used as a

null (i.e., c2 test, rejecting the null for all treatments, except 4 +

131 and 4 + 156, where most of the nodules were coinfected;

Table S4). Proportion of coinfected nodules was significantly

higher in +/+ combinations (mean ± SE = 67.25 ± 10.08)

compared to +/� (mean ± SE = 18.20 ± 3.94) or �/� (mean ±

SE = 23.52 ± 8.58) combinations (Figure 3B). The dominant strain

in each pair was determined by a majority occupancy of nodules

(Figure 3C; Table S4). Mean nodule occupancy values were

consistent with a linear dominance hierarchy, where 131 and

156 > 4 > 184 > 186 > 187 > 2 > 200 (the top four strains are
Current Biology 33, 2988–3001, July 24, 2023 2991



Table 3. Linear model testing effect of treatment and DPI on host benefit and nodulation during coinoculation

Log10(shoot RG + 0.5)a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Total nodules

p
a

Log(mean nodule biomass +

0.1) (mg)a Log10(investment + 0.2)a

Sample sizeb = 231 adj. R2 = 0.54 adj. R2 = 0.40 adj. R2 = 0.32 adj. R2 = 0.29

Shapiro-Wilk testc
W = 0.99 W = 0.988 W = 0.98 W = 0.97

p = 0.53 p = 0.063 p = 0.001 p = 0.00128

ANCOVA df F p df F p df F p df F p

Intercept 1 48.502 4.647 3 10�11 1 1.5763 0.2107 1 28.5467 2.490 3 10�07 1 1.6847 0.195823

Elapsed DPI 1 164.206 <2.2 3 10�16 1 110.29 <2.2 3 10�16 1 62.34 1.906 3 10�13 1 10.51 0.001389

Treatment 27 5.455 3.756 3 10�13 27 2.63 6.513 3 10�05 27 2.7821 2.466 3 10�05 27 3.41 3.502 3 10�07

Residuals 200 202 199 197

ANCOVA statistics for testing whether response variables significantly vary among single inoculation treatments using DPI as covariate since plants

were harvested continuously from 28 DPI. Degrees of freedom (df), F-statistics, and associated p values are reported for each model. See also Fig-

ure S1 and Tables S1–S3.
aResponse variable transformations used in linear models to fit coinoculation data for different response variables (shoot RG, total nodules, mean

nodule biomass, investment)
bSample size indicates number of data points (n) used to fit the models. Adjusted R-squared values for each model are also reported.
cShapiro-Wilk statistics testing normality of the residuals in the linear models. Test statistics, W and p value, are reported.
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Fix+) (Figure 3D). The presence of a Fix+ strain increased mean

nodule occupancy in coinoculation (Welch two-sample t test, t =

3.7941, df = 4.6801, p = 0.01437) as well as mean RG benefit

(Welch two-sample t test, t = 4.0876, df = 3.7289,

p = 0.01728); however, no significant effect was observed for

mean nodule biomass (Welch two-sample t test, t = 1.766,

df = 4.5128, p = 0.144) (Figures 3E and 3F). Strain 156 provided

the lowest benefit among the four beneficial strains, but it

dominated nodules relative to all ineffective strains and formed

a high proportion of coinfected nodules when coinoculated

with effective strains, except 131, from which it could not be

genetically differentiated when assessed based on nifD alleles

(Figures 3D–3F). As in the clonal inoculation results, strain 156

induced a pattern of host growth effects and nodulation that

were consistent with a strategy of evading host sanctions

despite providing marginal benefits.49

Nodule genotyping was validated by comparing Sanger and

MiSeq sequence data for 90 samples. Both technologies yielded

high-quality reads from 51 nodules, and both yielded complete

genotype matches in 47% of them. On the other hand, in 41%

of nodules sequenced, one technology detected both strains

but the other detected only one of them, likely reflecting the dif-

ferences in sensitivity between Sanger and MiSeq, while the re-

maining samples had no match (Table S5).

Coinoculated plants receive less host growth benefit
than predicted from clonal inoculation
Based on data from the single-strain inoculation results,

models were developed to infer expected values of symbiosis

traits in coinoculated plants. Two models were developed and

compared. Model I weighed symbiosis traits based on nodule

occupancy and allowed us to test whether the observed over-

all plant growth benefit of each strain in coinoculation was

significantly different from that expected based on the values

from single-inoculation experiments. Model II normalized data

based on the number of nodules formed and allowed us to

tease apart some of the underlying mechanisms driving the

overall reduction in plant growth in coinoculation experiments,
2992 Current Biology 33, 2988–3001, July 24, 2023
including whether strains provided a lower degree of benefits,

when controlling for the number of nodules formed. Twenty-

seven coinoculated combinations were tested while the

156 + 131 combination was excluded. Under Model I, weigh-

ing for nodule occupancy, fourteen strain combinations

induced significantly less host growth than expected based

on clonal inoculation data (Equation 2). None of the coinocu-

lated plants grew significantly more than expected (Figure 4A;

Table S6). Similar patterns were observed for total number

and area of nodules, in which observed trait values were

almost always lower than the expected trait values (Figure 4B;

Table S6). Among the 14 coinoculation treatments that pro-

duced a lower host growth response than the expected

values, nine also had significantly lower observed nodulation

relative to the values expected from the null model

(Figures 4A and 4B). Only four of these coinoculation treat-

ments also had significantly lower nodule areas than expected

(Figure 4C).

Under Model II, normalizing based on nodule counts, the pre-

dicted RG had a better fit with the observed data (slope 0.93,

p < 0.001; adjusted R2 = 0.6824, F1,232 = 501.7, p < 0.001)

compared to Model I (slope 0.334, p < 0.001; adjusted

R2 = 0.063, F1,236 = 16.92, p < 0.001). ANOVA revealed a signif-

icant difference between the expected shoot RG values in both

models and the observed values. Based on post hoc Tukey

HSD, the expected shoot RG values based on model I (i.e.,

nodule occupancy weighted method) were significantly greater

than those observed (0.639 difference inmean, p < 0.001). Under

model II, there was no significant difference between the ex-

pected and observed shoot RG values (0.139 difference in

mean, p = 0.117). This suggests that the reduction in plant

growth in coinoculation relative to single inoculation was not

driven by a reduction in the per-nodule benefit each strain

conferred to its host.

The deviation in growth of coinoculated plants from expected

values was tightly correlated with nodule number differences

(Pearson’s product moment correlation R2 = 0.86, p < 0.001; Fig-

ure S2). No autocorrelation was found in a Durbin-Watson test



Host Growth Benefit Nodules Per Plant

Mean Fresh Nodule Biomass Investment to Nodulation

Heatmap Comparison to Response Variables

A

C D

E

B

Figure 2. Plant growth and nodulation responses to coinoculation treatments

(A) Mean host relative growth is shown for each coinoculation treatment with the horizontal blue line indicating mean value of the uninoculated controls. p values

between 0.001 and 0.05 are indicated with a single asterisk (*), between 0.05 and 0.1 with a period (.), and above 0.1 is NS (non-significant).

(B–D) Mean nodule counts (B), mean nodule biomass (C), and host investment into symbiosis (D).

Coinoculation treatments are organized from the most to the least beneficial. Bars indicate means and error bars indicate SEM.

(E) A heatmap compares all response variables by standardizing the values into Z scores while breaking them in Fix+/Fix+, Fix+/Fix�, and Fix�/Fix� treatment

groups. Bars are colored red when the coinoculation treatment was composed of two ineffective strains (Fix�/Fix�), blue for one effective and one ineffective

strain (Fix+/Fix�), and green for two effective strains (Fix+/Fix+).

See also Figures S1 and S2 and Tables S2 and S3.

ll
Article
(D-W = 2.544, p = 0.122). In combination with the above data, we

interpret this to mean that lower than expected benefits in coin-

oculation are associated with a reduction in nodule counts,

consistent with inter-strain interference reducing both nodula-

tion and net growth benefits.
Gene content differences suggest that competition
traits are polygenic and linked with inter-strain
interactions
To characterize why some inoculant strains were more compet-

itive relative to others, the gene content of each strain was
Current Biology 33, 2988–3001, July 24, 2023 2993



Proportion of Nodules Occupied by Competing Strains  in Coinoculation

Distribution of Coinfected Nodules Dominance Hierarchy

Mean Nodule Occupancy Mean #Nodules Mean Shoot RG

A

B

D E F

C

(legend on next page)
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compared. Genome sequences of the eight strains were

analyzed for presence/absence variation (PAV) in 663 genes pre-

viously reported to be associated with competition.30,95 Among

the eight genomes, 130 genes exhibit PAV (Figure S3). PAV pat-

terns of strains 156 and 131, the two most competitive strains,

were compared to the other strains. Only one gene predicted

to encode a hypothetical protein was found to be uniquely pre-

sent in strain 131. No genes were uniquely present in strain

156 when strain 131 was excluded from the comparison.

Compared to other Fix+ strains, strains 156 and 4 lacked genes

associated with flagella-based motility (i.e., flagellin, probable

flagellum biosynthesis repressor protein, putative flagellar syn-

thesis-related protein, putative chemotaxis MotC protein,

flagellar hook-associated protein 1, flagellar motor stator protein

MotA, etc.; Figure S3). Strain 156 also contains several virB gene

homologs associated with the type IV secretion system (T4SS)

that are absent in other Fix+ strains (Figure S3). These T4SS

genes are likely associated with conjugation ofmobile genetic el-

ements, such as integrative and conjugative elements and plas-

mids.53,54 Finally, strain 156 contains several metabolic pathway

genes that are not present in strain 131, including enzyme fam-

ilies of glucuronosyltransferase, glutamine synthetase, galacto-

syltransferase, phophoribosylformylglycinamidine cyclo-ligase,

phosphoribosylglycinamide formyltransferase, and exopoly-

phosphatase (Figure S3).

Pangenome analysis of the eight focal genomes uncovered

39,676 gene families, the vast majority of which were defined

as ‘‘cloud’’ genes (i.e., present in <15% of strains; Figure S4).55

Strain 131 and strain 156 have 984 and 1173 unique genes,

respectively, in comparison to the six other strains. However,

of those, only 70 had a single-copy homolog present in both

genomes compared to the remaining six strains. For strain

131, 85 unique genes with functional annotations were found

but 61 are predicted to be associated with functions common

among insertion sequence (IS) elements. Among the remaining

unique genes of strain 131, putative encoded functions

included efflux pumps (nickel and cobalt resistance protein

CnrB, cation efflux system CusA) and antibiotic resistance pro-

tein (AbaF). For strain 156, 5 out of 43 annotated unique genes

are IS elements, but no gene ontology-based functional enrich-

ment was found for the rest of the genes. Strains 131 and 156

contain genes that encode for several light-activated proteins,

including blue-light-activated and photosystem I assembly pro-

teins, a category of genes that regulate root attachment during

nodulation.56 Sixteen unique genes encoding non-hypothetical

proteins were found in both strain 131 and strain 156 (Data S3),

including prophage integrase gene IntA, which is also a site-

specific recombinase required for conjugative transfer of sym-

biotic and non-symbiotic ICEs.57
Figure 3. Nodule genotyping results

(A) Nodule occupancy is illustrated with bars indicating the proportion of each c

occupancy by the strain labeled at the top, blue indicates occupancy of the other

The coinoculated treatments are divided in +/+, +/�, and �/� groups based on

(B) Percent coinfected nodules in +/+, +/�, and �/� treatment groups.

(C) Strain dominance is quantified as the number of treatments where a strain ha

(D–F) Mean count value for number of nodules, relative growth, and nodule o

respectively. Error bars indicate SEM.

See also Tables S4 and S5.
Competitive strains grow faster than less competitive
strains
Four Fix+ strains were cultured in solid and liquid media in clonal

and pairwise coinoculation to assess competition traits in vitro.

During clonal growth in liquid minimal media, strain 156 had by

far the fastest doubling time (8.82 h) and strain 4 was slowest

(14.468 h), whereas strain 156 had the lowest carrying capacity

(8.963 1010 cells) and strain 4 was the highest (9.043 1010 cells;

Data S4A), differences that were significant among strain treat-

ments (Data S4B).

In the mixed-strain experiments, carrying capacity had a sig-

nificant treatment effect in the ANOVA followed by Tukey HSD

post hoc test (Data S4B and S4C). Based on null predictions

from clonal results, themixed-strain treatment 4 + 184was found

to have significantly reduced carrying capacity (t =�2.84, df = 4,

p = 0.046) and 156 + 184 (t = 4.897, df = 4, p = 0.008) was found

to be significantly slower in doubling time (Data S4D).

In the solid media experiments that estimated population size,

only strain 4was significantly different from other treatmentswith

a lower total population (2.25 3 108 cells/mL; Data S4E).

DISCUSSION

Our results suggest four main conclusions about interactions

among rhizobia strains during the nodulation process. First, the

linear dominance hierarchy that we uncovered indicates that

competitive ability for nodulation is genetically determined and

not altered by emergent effects of specific strain interactions,

which could generate a nonlinear hierarchy or no hierarchy at

all. It is likely that the hierarchy we uncovered does not perfectly

reflect natural populations, given the high density of inocula we

used in pairwise combinations and the otherwise sterile condi-

tions, whereas in nature strains are likely to compete with amulti-

tude of other rhizobia strains, and with other microbes as well.

Nonetheless, dominance hierarchies were also uncovered in

rhizobia communities that were inoculated onto Acacia hosts,

although these varied depending on host species.58 Population

data are also consistent with dominance hierarchies; a genotypic

meta-analysis of rhizobial populations reported that a handful of

strains dominate nodules in host populations, with individual

strains occupying more than 30% of those nodules.59 Second,

all four effective strains dominated nodule occupancy against

ineffective rhizobia in terms of number of nodules inhabited,

which provides a partial explanation of the observed dominance

hierarchy. This dominance pattern of Fix+ strains over Fix�
strains in coinoculation is observed irrespective of the strain

they were coinoculated with, consistent with previous evidence

of host sanctions that are robust to diverse strain identities.60

Previous work also suggested that sanctions are robust to other
ompetitor strain within nodules that were coinoculated. Brown color indicates

strain labeled at the bottom, and tan indicates nodules infected by both strains.

the nitrogen-fixing capacity of each strain.

d higher non-random nodule occupancy compared to the competing strain.

ccupancy are indicated for each strain among all coinoculated treatments,
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Figure 4. Observed data in coinoculated treatments relative to expectations based on the clonal inoculations

Relative growth (A), total nodules (B), and nodule area (C) are each displayed with the relevant expected values subtracted from them. Negative values indicate

that the observed values were less than the expected ones. Asterisks indicates significant difference between observed and expected values (i.e., p < 0.05). Error

bars indicate SEM. See also Figure S2 and Table S6.
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sources of variation, showing that ineffective rhizobia are sanc-

tioned independent of the level of extrinsic fertilization in the

soil61,62 or the host genotype.48,63 This type of host control can

be conditional, as data from peas suggest that host sanctions
2996 Current Biology 33, 2988–3001, July 24, 2023
depend on the magnitude of nitrogen fixation in competing

strains, where intermediate fixers are tolerated only if a better

strain is not available.64 Our data suggest some degree of condi-

tionality. For instance, when plants were coinoculated with two
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Fix+ strains, prevalence of coinfected nodules is significantly

high compared to treatments with one or two Fix� strains in co-

inoculation. The prevalence of coinfected nodules is also high

compared to other published work in similar or different host-

rhizobia systems (i.e., Bradyrhiozbium-Acmispon47 or Rhizo-

bium leguminosarum/Trifolium65). Third, while evidence sug-

gests that hosts were able to selectively favor beneficial versus

ineffective strains for nodule occupancy, the host control among

Fix+ strains—which varied quantitatively in their nitrogen fixation

benefits—does not suggest discrimination against marginally

beneficial strains. In particular, strain 156, the fastest growing

strain in vitro, occupied a higher number of single-infected nod-

ules when competed against strain 184 and formed >90% coin-

fected nodules against strain 4. Although we cannot differentiate

strain 156 from 131, and we cannot determine the relative occu-

pancy of each strain in coinfected nodules, taking account of its

very low host benefit in clonal inoculation and coinoculation indi-

cates plant hosts can be less effective at sanctioning this strain in

the presence of other effective strains.48 In the broader context,

such phenotypes can be viewed as an extreme end in a contin-

uum of benefits to mutualist partners, where a strain can evade

host sanctions despite providing minimal host benefit.3,28,49,66

These results suggest that hosts and symbionts may be in con-

flict over the magnitude of resources exchanged, whereby some

symbionts that provide minimal host benefits nonetheless

receive greater host investment compared to more beneficial

symbionts, thereby having a fitness advantage over other

strains.67,68 Fourth, and perhaps most urgent for the application

of rhizobia in agriculture, we found that in pairwise coinoculation,

hosts received significantly less benefit from rhizobia than ex-

pectations based on the clonal inoculations. A significant reduc-

tion was found in �50% of strain combinations (Figure 4A), and

in no cases did coinoculated hosts receive significantly greater

than expected benefits. However, this study only tested pairwise

combinations, whereas in agricultural or natural settings more

strains are naturally present and participate in the symbiosis,

and it remains to be seen how competition in a community of

rhizobia impacts symbiotic benefit potential compared to clonal

inoculation. These data, combined with the parallel reduction in

the number of nodules formed in coinoculated plants, suggest

that strain interactions reduce both the number of nodules

formed and the net benefit received by hosts.

Strain interactions throughout the host infection process can

favor competitiveness and erode the net benefit of symbiosis.7,8

To predict effects of rhizobia in mixed-strain populations, we

developed null models of host benefit parameterized with empir-

ical data from clonal infections as well as the genotypic data on

nodule occupancy in coinoculation. In a majority of coinoculated

treatments, the observed RG was significantly lower than ex-

pected (Figure 4A). Strikingly, the coinoculation treatment of

131 + 184 generated no significant host growth benefits (Fig-

ure 2A), although these were the two highest benefiting strains

in the clonal setting (Figure 1A). A similar trend was also found

for nodulation by these two strains, where coinoculated plants

formed among the fewest nodules in any coinoculation treat-

ment (Figure 2B). More generally, the lower nodulation in coino-

culation compared to clonal treatments, irrespective of nitrogen-

fixation effectiveness, suggests that interference among strains

is reducing nodulation. Rhizobia strain interactions exhibit
antagonism in vitro.69,70 Native Bradyrhizobium and Rhizobium

inhibit growth of other strains in culture and in coinoculation on

hosts, where bacteriocin-producing strains are found occupying

more nodules relative to non-producing strains.71 The potential

for strains to be in conflict should be taken into consideration

when preparing high-performing bioinocula to improve agricul-

tural yield. A variety of interstrain competitiveness traits have

been identified, including diverse bacteriocins, altered mobility,

and metabolic capabilities of strains to utilize complex hydro-

carbon chains.72 Our work suggests that competitiveness is

determined by the rhizobia genotype and is highly polygenic,

shaped by functions such as conjugation and integration (Fig-

ure S3; Data S3). The ability to acquire novel genomic elements

could allow strains to acquire loci that affect root attachment,56

as well as antibiotic and resistance functions that can modulate

inter-strain allelopathy (i.e., cnrB, cusA, and abaF). These data

are also consistent with traits of competitiveness for nodulation

and efficiency of nitrogen fixation being independent.43 The

in vitro experiments revealed that in some strain combinations,

both doubling time and carrying capacity of rhizobia can be

reduced in mixed populations relative to clonal ones (Data S4).

Also, the lack of difference of observed per-nodule benefit in co-

inoculation from expected values based on model II indicates

that the per-nodule growth benefit from coinoculation does not

vary significantly from expected performance based on single

inoculation. Overall, these data suggest that reduced host

growth and reduced nodulation in coinoculated plants are largely

driven by competitive interference among strains that occurs

during the initial colonization of host roots—likely before nodule

formation.

A long-standing goal in symbiosis research is to resolve the de-

gree towhichfitness isalignedbetweenpartners.8,32,44,45,48,67,73,74

A meta-analysis observed that the fitness interests of rhizobia

and plant hosts are aligned.44 However, analyses were based

largely on sets of single inoculation experiments, which cannot

reliably predict performance of rhizobia in natural settings where

multiple strains simultaneously compete for plant-derived nutri-

ents.42 In a handful of experiments that compared both clonal

and a community inoculation, inoculation of single bacterial

strains to a host plant was useful to evaluate the genotype’s abil-

ity to form successful symbiosis but could not predict competi-

tiveness with other strains.43 Results from our coinoculation ex-

periments indicate that beneficial strains are consistently more

competitive than ineffective ones, but among beneficial strains,

the dominance cannot always be confirmed due to a high num-

ber of coinfected nodules and technical limitations to determine

relative nodule occupancy in coinfected nodules. However, the

higher number of coinfected nodules among Fix+/Fix+ treat-

ments reinforces the idea that host control has a threshold of

benefit above which plants cannot effectively defend against

strains that provide marginal benefits. Only in 4 of the 27 treat-

ment combinations were nodules found to be singly infected

by each strain alongside the presence of coinfected nodules,

whereas in the remaining treatments, nodules were either singly

infected by the dominant strain or coinfected by both strains

(Figure 3A). This indicates that although all strains have the ability

to form nodules on their own during single inoculation, only the

dominant strain was able to form single-infected nodules in

most of the cases, whereas the competitor strain was only
Current Biology 33, 2988–3001, July 24, 2023 2997
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able to coinfect nodules. Formation of a high number of mixed

nodules with no negative effect on plant growth has been re-

ported where low or non-beneficial strains of Sinorhizobiumme-

liloti can evade sanctions by Medicago sativa in the presence of

a highly beneficial strain.75 When focusing only on the strains

that were effective on A. strigosus, all of them in coinoculation

showed higher dominance over ineffective ones (Figure 3C)

and elicited high nodule occupancy (Figure 3D). Although sin-

gle-strain inoculation is less ecologically relevant since it ex-

cludes competitive interactions among strains, our results

show that it is still predictive of the per-nodule growth benefit

that a strain provides to its host in coinoculation.

Host control by legumes engages rhizobia at two stages of the

infection process. The first stage, partner choice, involves flavo-

noid signals that hosts release, promoting responsive signals in

the rhizobia, including nod factors and effectors.76 This signal

exchange winnows the pool of microbes that gain access to

the root surface and selects against nodulation by incompatible

strains.77,78 Signal exchange may also involve plant immunity

and rhizobial effectors secreted by the T3SS.79,80 However,

this initial stage is limited in its efficacy, as many ineffective

strains can and do gain access to host nodules; even

strains that cannot nodulate themselves can coinfect nodules

alongside nodulating strains.17 When legumes encounter

rhizobia mutants that vary markedly in their capacity to fix nitro-

gen, but do not otherwise differ genetically from the parental

strain, the plant host cannot differentiate among them prior to

nodulation.21,81,82 The second stage of host control, sanctioning,

which occurs within nodules, is efficient at punishing non-fixing

strains.10,19,21–23,47 In our data, strains 2 and 200 elicited the

lowest nodule counts in single inoculation, as well as lowest

mean nodule occupancy in coinoculation, whereas strains 186

and 187 have the opposite pattern (Figures 1B and 3C), which re-

flects a difference in the competitiveness level of Fix� strains as

well as a variation in host control. Hosts can sanction nonper-

forming symbionts, but the threshold that triggers this mecha-

nism is unknown, and there may be a cost to this action.

Therefore, it may not be beneficial for the host to sanction every

non- or low-performing rhizobia.41 Our findings help resolve the

paradox that despite efficient host control post infection, le-

gumes nonetheless encounter strains that generate only moder-

ate host benefit compared to what is possible from single infec-

tion in symbiosis.2 Despite efficiency of host control after

nodulation, the host appears to have limited ability to overcome

the reduction in growth benefits associated with competitive

strain interference in the rhizosphere.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Bradyrhizobium sp. Lab stock See Table 1

Chemicals, peptides, and recombinant proteins

Conetainer pots Steuwe and Sons, Corvallis, Oregon, USA Item # SC10R

Calcined clay (Turface Pro League) Turface Athletics, Buffalo Grove, Illinois, USA Catalog # BFEL5040P

Nitrogen-free Jensen’s fertilizer Sachs et al.85 N/A

Modified Arabinose Gluconate (MAG) Sachs et al.85 NRRL Medium # 46, USDA

Rhizobium defined medium (RDM) Sachs et al.85 Catalog # 30627030, PlantMedia

Critical commercial assays

HighPrep PCR cleanup MagBio, USA Catalog #AC-60050

Deposited data

Harvest data This paper GitHub: https://github.com/acarafat/

competition_experiment

Experimental models: Organisms/strains

Acmispon strigosus Lab stock Line # AcS049

Oligonucleotides

PCR1 nifD sequence specific primers This study See STAR Methods

PCR2 dual index primer Cruaud et al.87 N/A

Software and algorithms

ImageJ https://ImageJ.org Version 1.50i

R https://r-project.org/ Version 4.1.3

Python https://python.org/ Version 3.8

FastQC https://github.com/s-andrews/FastQC Version 0.12.1

FLASH https://github.com/ebiggers/flash Version 1.2.11
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Joel L.

Sachs (joels@ucr.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d The data are openly available at GitHub on https://github.com/acarafat/competition_experiment. Any other data reported in

this paper will be shared by the lead contact upon request.

d All original code has been deposited at GitHub and is publicly available as of the date of publication on https://github.com/

acarafat/competition_experiment.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rhizobia and plant genotypes
EightBradyrhizobium strains were selected that varied quantitatively in themagnitude of growth benefits provided to hosts, including

four strains that were categorized as effective because they elicited significant growth benefits in inoculated hosts relative to
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uninoculated control hosts (i.e., Fix+; #’s 4, 131, 156, 184) and four strains that were categorized as ineffective because they did not

cause significant host growth benefits ( i.e., Fix-; #’s 2, 186, 187, 200)17 (Table 1). The host line A. strigosus AcS049 was selected for

greenhouse experiments, andwas initially sampled from the Bernard Field Station, Claremont, CA.62,83 Plants were raised from awild

seed progenitor, and were allowed to self for at least two generations in a greenhouse before being used here.47

METHOD DETAILS

Inoculation experiment
Seeds were surface sterilized in 5% NaOCl for 3 min, rinsed in autoclaved reverse-osmosis water (RO-H2O) for 7 min, nick scarified,

and sowed into sterilized SC10R Ray Leach Conetainer pots (diameter 3.81 cm, depth 20.96 cm, volume 164 mL, Steuwe and Sons,

Corvallis, Oregon, USA) filled with sterilized calcined clay (Turface Pro League, Turface Athletics, Buffalo Grove, Illinois, USA) which

offers negligible nutrients. Once true leaves formed, seedlings were moved to a greenhouse and fertilized weekly with 1 mL nitrogen-

free Jensen’s fertilizer.84 Fertilization volume was increased weekly by 1 mL until a maximum of 5 mL was reached, which continued

until harvest. After 4 days of hardening to greenhouse conditions under 50% shade, plants were inoculated. Rhizobia inocula were

prepared by streaking single colonies onto plates of Modified Arabinose Gluconate medium (MAG86), scraping grown cells, adjusting

cell concentration based on turbidimetric readings, and washing cells in RO-H2O. A Klett-Summerson 800-3 photoelectric colorim-

eter was used (American Laboratory Trading, San Diego, California, USA) to get turbidimetric reading of the culture on a KlettTH scale

which is proportional to optical density.

The full factorial coinoculation experiment included plants that were treated with each of eight clonal strains, 28 pairwise strain

combinations, and uninoculated controls. Plants received 5 mL cultures at concentrations of 13108 cells/mL. This protocol was

selected based on previous inoculation experiments showing consistent nodulation of A. strigosus at this concentration of Bradyr-

hizobium.17,47,86 For coinoculations, the concentration of cultures from each strain were adjusted before combining to reach a total

concentration of 13108 cells/mL (Data S2). Control plants received 5 mL of autoclaved RO-H2O. Each treatment group included 10

plant replicates, and locations for plants were randomized across all treatments. A total of 370 plants were used during the inocu-

lation experiment (10 replicates 3 37 treatments [8 single-inoculation, 28 coinoculation, 1 control]). To verify concentrations, each

clonal inoculum was quantitatively plated.90 Plants were watered daily with 10 min of misting. Inoculation occurred in two batches

on April 5 and 11, 2019. Each batch received inoculation in five replicates of all treatments.

Plant harvest and nodule genotyping
Plants were harvested starting 28 days post inoculation (dpi) from May 6 - June 19, 2019. Plants were harvested continuously, and

individual plants were randomly selected for harvest. Plants were removed from the soil, shoots and roots were photographed,

and nodules were dissected and counted. From photographs, nodule area was measured using ImageJ (v1.50i). Ten nodules

from each coinoculated plant were randomly selected for rhizobia genotyping and preserved at -80�C. Roots, shoots, and remain-

ing nodules were separated and dried in a convection oven at 60�C to quantify dry biomass. For plants selected for nodule gen-

otyping with fewer than ten nodules, all nodules were genotyped. A total of 63 plants were removed from the dataset, 35 because

of algal contamination or multiple plants growing in the same pot, 24 plants that died before harvest, and 4 were removed due to

human error during data-collection process (Data S1). No pattern was observed in plant mortality or in algal contamination across

treatments.

A pooled dual-indexed amplicon sequencing approach was used to genotype nodules. Nodules were thawed, surface sterilized in

bleach for 30 s, rinsed in autoclaved RO-H2O, and using a sterile pestle ground to a slurry in 200 mL RO-H2O. The nodule slurry was

directly used for a PCR reaction since within nodules DNA from rhizobia exists in high concentrations. Two PCR steps were used to

prepare the library.87 Primer pairs used in the first PCR were designed to amplify the nifD gene (target sequence for forward primer

50-GAAAAGGATATCGTSTTCGGC-30 and reverse primer 50-GTCRCCRCCGATGTTRTARTC-30) and also included sequences of the

standard Illumina sequencing primers and a 0 to 3 bp ‘‘heterogeneity spacer’’.89 The nifD gene contains SNPs that differentiate 27 of

the 28 strain combinations (except strains #131 and #156 for which the sequences were identical). The primer pairs used in the sec-

ond step added adapter sequences and eight-nucleotide index sequences sampled from an index-list using BARCOSEL.92,93

In the first PCR, reactions contained nodule slurry (2mL), 5x Q5 buffer (2mL), dNTPs (2mM, 1mL), Q5 Polymerase (0.1mL), forward and

reverse primers (2mM, 0.5mL), and molecular grade water (3.9mL). DNA concentration between samples were not controlled since

presence-absence of each strain is being measured based on minimal read cutoffs, thereby DNA concentration variation is unlikely

to play an important role. PCR conditions were 98�C for 30 s for initial denaturation, then 98�C for 10 s and 74�C for 30 s for both

extension and annealing for 35 cycles, and a final extension in 72�C cycle for 2 min. In the second PCR, amplicons were dual indexed

with multiple identifiers for each sample.87 The same PCR conditions were used as in the first PCR step. Negative controls, where

only DNA grade water instead of nodule slurry was added, were included in each PCR batch. After the second PCR, all amplicons

were pooled. The pooled library was cleaned using the HighPrep PCR cleanup (MagBio, USA). An Agilent Bioanalyzer 2100 with the

DNA High Sensitivity kit (Agilent Technologies, USA) was used to check for quality and quantity of the library along with a qPCR re-

action targeting the adapter sequences (New England BioLabs library quantification kit for Illumina). A PhiX control library was com-

bined with the amplicon library (3.9%). The library was sequenced (2 3 300 bp) on a MiSeq flowcell, using a 600 cycle V3 MiSeq

sequencing kit.
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To cross-validate MiSeq genotyping, 90 samples from nifD PCR products were genotyped using Sanger sequencing (Table S5).

The 4Peaks software package was used to examine single and dual peaks in electropherograms to identify SNPs that differ between

strains.94

Genomic analyses
Genome content of the eight strains was investigated for presence-absence patterns of previously reported competition-associated

genes, including 535 genes associated with nodulation competition in Rhizobium leguminosarum95 and 128 genes associated with

rhizosphere colonization, interstrain interference, or establishment of effective symbiosis and plant-growth promotion across multi-

ple rhizobial taxa.30 Gene sequences were downloaded from UniProt, and tBLASTn was used to search for presence of homologs in

the eight genome sequences.96,97 A filter of e-value < 0.004 and BLAST coverage > 80%was used to summarize the BLAST output.

Heatplot was used to visualize gene presence-absence patterns using R (version 4.1.3) (Figure S3).

Pangenome analysis was performed to associate gene presence patterns with nodulation success. Prokka (version 1.14.6) was

used to annotate the genomes and Roary (3.11.2) was used for pangenome analysis88,98 (Figure S4). PantherDB.org was used to

test for statistical overrepresentation of gene sets unique to competitive strains with a Bradyrhizobium diazoefficiens genome91

(Data S3).

In vitro experiments
The Fix+ strains had higher nodule occupancy in the coinoculation experiment against Fix- strains, but some Fix+ strain combina-

tions resulted in low host benefit compared to the single inoculation experiment. To quantify growth and cell-cell interactions, growth

rate and competition were assayed for the four Fix+ strains using liquid and solid media experiments99,100 (Data S4). For liquid ex-

periments, two independent flask cultures of each strain were prepared in MAG media, grown cells were washed, and 108 cells per

replicate were used to seed 30 mL liquid cultures in minimal Rhizobium Defined Medium (RDM).85 To quantify growth rate and strain

interaction effects, treatments were replicated 5-fold and were either clonal (i.e., initiated with 108 cells each from two different flasks

with the same strain) or mixed (i.e., initiated with 108 cells each from flasks with different strains) and all pairwise strain combinations

were tested. To initially allow cell-cell interactions, cultures were incubated at 29�C and shaken at 60 RPM for 18 h, increased to 100

RPM for 6 h, then to 180 RPM for the rest of the experiment. Colorimeter readings quantified doubling time and carrying capacity over

150 h. The same replicates and strain combinations were repeated for a solid media experiment, wherein 108 cells per replicate cul-

ture were spread-plated onto 23 mL solid RDM plates and incubated at 29�C for 8 days. After incubation, cells were scraped from

plates and quantified for population size using a Klett-Summerson 800-3 colorimeter as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses
Statistical analyses were carried out using R (version 4.1.3).102 Host growth response to inoculation was estimated by dividing the

shoot biomass values of inoculated plants by the shoot biomass values of uninoculated control plants103 (Data S2; Table S2). Nodule

count and total nodule mass were used to estimate rhizobial fitness at the plant level.104 Nodules from each plant which were

selected for genotyping were used to measure mean nodule weight after drying and then multiplied by total nodule numbers to

get the nodule biomass estimation. Host investment into symbiosis was quantified as nodule biomass value divided by the shoot

biomass value of each inoculated plant.63 Data transformation was carried out to achieve normality and heteroscedasticity. Linear

models were used to investigate variation in host growth response and nodulation traits. For each response variable, two linear

models testing effects of treatments, with or without inoculation batch as a random-effect variable, were compared using a log-likeli-

hood test for a significant random effect (Table S1). Analysis of covariance (ANCOVA) was carried out with type III sum of square

errors to test effects of clonal and coinoculation treatments on the response variables (relative growth, total nodules, mean nodule

weight, host investment) with dpi as a covariate. Significant differences among treatments were assessed using Tukey’s HSD tests.

Marginal means were estimated which are useful to compare among treatments since they adjust for the covariate and other fac-

tors101 (Data S2; Table S3). Pearson’s product-moment correlation coefficient was computed to assess the linear relationship of

nodule count and mean nodule weight with host growth response separately. Coinoculation treatments were categorized

as ‘+/+’, ‘+/-’, and ‘-/-’ depending on whether Fix+ (strain 4, 131, 156, 184) and or Fix- (strain 2, 186, 187, 200) strains were paired

together within or across groupings. Two sample t-tests were carried out between the coinoculation categories for relative growth,

total nodules, mean fresh nodule biomass and investment, using Holm–Bonferroni correction formultiple comparisons105 (Figure S1).

Nodule occupancy in the coinoculation treatments was inferred by analyzing MiSeq reads. Briefly, quality of the demultiplexed

fastq files were assessed with FastQC.106 FLASH v1.2.11107 was used to merge forward and reverse reads in the fastq files, using

10-100 bp overlap range, 0.3 mismatch ratio, and a 28 Phred score cutoff. For each read in each sample, unique SNPs were

compared with each reference sequence.52 A custom R script (GitHub: https://github.com/acarafat/competition_experiment) was

used to assign strain occupancy in the nodules, wherein reads were categorized to a strain if there were > 80%match to the unique

SNPs and > 10 reads matching the strain. If both coinoculated strains met this criterion, the nodule was classified as being coin-

fected. For each coinoculation treatment, all genotyped nodules were aggregated to calculate an average strain occupancy. In total,

reads from 1125 nodules were analyzed. Nodule occupancy values for each coinoculation treatment (i.e., strains A + B) were tested

using a goodness of fit c2 test against a null model of nodule occupancy wherein an equal number of nodules were expected to be
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randomly infected by A only, B only, and A +B (i.e., 1:1:1)47 (Table S4). Another c2 analysis was carried out to test whether the number

of nodules occupied by each strain in co-inoculation treatments significantly differed from the empirically estimated inoculum ratio

(i.e., quantitative culturing results; Table S1) wherein coinfected nodules were counted as being 50% infected by each strain

(Table S4). To cross-validate sequencing data, MiSeq and Sanger genotyping results were compared and categorized as a ‘match’

(identical), ‘partial match’ (where one approach shows a single genotype but other shows coinfection), or ‘mismatch’ (where each

approach identifies a different genotype) (Table S5). In Sanger sequencing trace files, presence of two chromatogram peaks in mul-

tiple known SNP sites was used to identify coinfected nodules. The distribution of coinfected nodules was compared by classifying

coinoculated treatment groups in three categories: Fix+/Fix+, Fix+/Fix-, and Fix-/Fix- combinations and a Wilcoxon rank-sum test

was used to compare the mean percentage of coinfected nodules in each category followed by adjustment of p values for multiple

testing using Holm-Bonferroni method.105

Data from the relevant clonal inoculation treatments weighted by nodule occupancy of each participating strain were used to

develop null models (Model I and Model II) to infer expected values of symbiosis traits in coinoculated plants. Nodule occupancy

for a focal strain ‘A’ was calculated as the total fraction of nodules that were wholly and partially occupied by the strain (i.e., fA).

Nodule occupancy; fA =
#Nodules occupied by A

#Total Nodules
+
#Nodules coinfected

23#Total Nodules
(Equation 1)

To predict the growth effects of two coinoculated strains, A & B (i.e., Expected relative growthAB), we summed the growth effect of

each relevant strain (in clonal inoculation) weighted by its relative nodule occupancy from the nodule genotyping results (i,e., fA and

fB). This was the first approach used to predict expected value and hereby referred to as Model I. The same approach was also used

to predict expected values for nodule counts and mean nodule biomass:

Expected ValueAB = ValueA 3 fA +ValueB 3 fB (Equation 2)

One-sample t-tests were used to test whether observed trait values were significantly different from the expected values

(Table S6). However, for the observed difference in relative growth, this test does not resolve if the deviation from expected is

due to lower nodulation or lower benefit provided by rhizobia in infected nodules compared to clonal inoculation. To test whether

the observed difference from expected was due to lower per nodule symbiotic benefit provided by the rhizobia or not, another ex-

pected relative growth was calculated. For this second approach (Model II), average per nodule growth benefit of each strain is calcu-

lated for single inoculation. The number of nodules formed by each strain in coinoculation, if they were infected by a single strain (i.e.,

no coinfected nodules), was calculated by multiplying the frequency of each strain from nodule occupancy data by the total number

of nodules formed in coinoculation. Finally, per nodule expected growth benefit was calculated bymultiplying the strainmeans for per

nodule host benefit in single inoculation by the number of nodules formedwith each strain in coinoculation and summing the resulting

values for the two strains. A linear regression model was used to compare both expected values (i.e., Model I, nodule occupancy

weighted relative growth and Model II, nodule-normalized relative growth) with the observed value, and a one-way ANOVA was

used to compare observed relative growth with expected values predicted by these two models, followed by a Tukey’s HSD test.

A Pearson correlation between residuals of nodule number versus nodule area and relative growth was used to evaluate associ-

ation between observed and expected relative growth, nodule number, and nodule area (Figure S2). A Durbin-Watson test was used

to check for autocorrelation in the residuals.108 To understand the general performance of all coinoculation treatments that contain a

specific strain, mean values for the number of nodules, relative growth, and nodule occupancy were calculated for each strain across

all coinoculated treatment combinations using the following formula:

Mean Count Value;MCVA =

�P
AsB

Count in TreatmentAB

�

ðn � 1Þ (Equation 3)

A Welch two-sample t-test was used to test for significant differences in mean count values of nodule occupancy, relative growth,

and number of nodules between Fix+ and Fix- traits.

For the in vitro analyses, growth curve data from strains grown in a liquid medium were analyzed using the Growthcurver package

(v0.3.1) in R which fits a logistic equation based on point estimates of bacterial population size109 (Data S4). Using these data,

doubling time and carrying capacity were estimated. ANOVA and post-hoc Tukey’s HSD tests were used to investigate differences

between treatments in each clonal and competition experiment. Doubling time and carrying capacity of each strain was used tomake

null predictions for the mixed strain combinations by calculating mean values for strain pairs. One-sample t-tests were used to

compare observed means in competition and predicted values for each variable.
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