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Abstract
Natural landscapes are increasingly impacted by nitrogen enrichment from aquatic and airborne pollution sources. Nitrogen
enrichment in the environment can eliminate the net benefits that plants gain from nitrogen-fixing microbes such as rhizobia,
potentially altering host-mediated selection on nitrogen fixation. However, we know little about the long-term effects of
nitrogen enrichment on this critical microbial service. Here, we sampled populations of the legume Acmispon strigosus and
its associated soil microbial communities from sites spanning an anthropogenic nitrogen deposition gradient. We measured
the net growth benefits plants obtained from their local soil microbial communities and quantified plant investment into
nodules that house nitrogen-fixing rhizobia. We found that plant growth benefits from sympatric soil microbes did not vary
in response to local soil nitrogen levels, and instead varied mainly among plant lines. Soil nitrogen levels positively predicted
the number of nodules formed on sympatric plant hosts, although this was likely due to plant genotypic variation in nodule
formation, rather than variation among soil microbial communities. The capacity of all the tested soil microbial communities
to improve plant growth is consistent with plant populations imposing strong selection on rhizobial nitrogen fixation despite
elevated soil nitrogen levels, suggesting that host control traits in A. strigosus are stable under long-term nutrient enrichment.
Keywords Host control · Mutualism · Nutrient enrichment · Soil microbes · Symbiosis

Introduction
Terrestrial plants invest substantial amounts of fixed carbon into their roots to acquire growth limiting nutrients like
nitrogen and phosphorus (Lynch and Ho 2005). To enhance
access to nitrogen, legumes have evolved a root nodule
symbiosis with rhizobia, which are soil bacteria that convert atmospheric dinitrogen into a reduced form that plants
can use for growth (Sprent et al. 1987). Free-living rhizobia infect the roots of legumes, fix atmospheric nitrogen
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inside root nodules, and return to a saprotrophic lifestyle
in the soil after nodule senescence (Denison and Kiers
2004). Legumes incur carbon costs to fuel the reduction of
nitrogen and the metabolism of the nodule rhizobia population (White et al. 2007; Quides et al. 2021), but symbiosis
usually provides a net growth benefit to plants in nitrogenlimited soils. However, human activity over the last century
has introduced copious amounts of nitrogen into soils via
agricultural runoff (Wang and Li 2019) and deposition of
airborne nitrogen (Egerton-Warburton et al. 2001; Fenn et al.
2010). Elevated soil nitrogen, even at modest levels, can
eliminate any growth benefits that legumes gain from associating with rhizobia, rendering the symbiosis superfluous
to the plant (Regus et al. 2017a). Environmental changes in
soil nitrogen could alter how hosts and microbial mutualists
coevolve, with potentially drastic consequences for global
nutrient cycling and agricultural sustainability (Six 2009;
Kiers et al. 2010).
Legume hosts are thought to be the predominant selective force favoring the nitrogen-fixing ability of rhizobia
populations (West et al. 2002b). Genotypes of rhizobia vary
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substantially in the magnitude of services they provide to
hosts, ranging from highly beneficial, nitrogen-fixing strains
to ineffective rhizobia that fail to provide fixed nitrogen
(Sachs et al. 2010a; Gano-Cohen et al. 2020). Legumes have
evolved ‘host control’ mechanisms to preferentially invest in
genetically compatible and beneficial rhizobia during nodule
organogenesis (‘partner choice’) and to punish ineffective
strains after nodule formation has occurred (‘host sanctions’;
Kiers et al. 2003; Heath and Tiffin 2009; Sachs et al. 2010b;
Oono et al. 2011; Regus et al. 2017b). As a consequence
of host control, beneficial rhizobia can receive tremendous
fitness rewards from forming nodules on legumes, leading to the enrichment of nitrogen-fixing strains in the soil
(Miethling et al. 2000). Selection that legumes impose on
rhizobia could be altered under conditions of enriched soil
nitrogen, but it is unclear whether selection for nitrogen
fixation would become degraded or enhanced. Degraded
selection by hosts is predicted if legumes minimize nodule
formation under enriched nitrogen. Elevated levels of soil
nitrogen can often inhibit the formation of new root nodules
(Nishida and Suzaki 2018; Dupin et al. 2019) since mineral
forms of nitrogen can be cheaper for plants to acquire than
symbiotically fixed nitrogen (Pfau et al. 2018). In parallel,
elevated soil nitrogen could cause hosts to physiologically
downregulate or evolve weakened host control, particularly
if these traits are costly for hosts to maintain (Kiers et al.
2007; Porter and Sachs 2020). Over generations, fewer interactions between legume hosts and rhizobia and/or weakened host control could reduce the selective importance of
nitrogen fixation to rhizobia (Denison and Kiers 2004; Oono
et al. 2020), thus favoring rhizobia with degraded nitrogen
fixation ability (Sachs et al. 2011). Conversely, enhanced
selection for nitrogen fixation is predicted if legumes can
adjust host control to more severely punish rhizobia that do
not provide net benefits (Kiers et al. 2006). In this scenario,
hosts would only reward rhizobia that provide net benefit in
the presence of soil nitrogen, thus punishing many beneficial
strains and only rewarding rhizobia with very high levels of
nitrogen fixation ability (Kiers et al. 2006).
Nutrient enrichment might also influence the nitrogenfixing ability of rhizobia by altering the outcomes of competition between rhizobia and other microbes in the rhizosphere. Rhizobia compete against other microbes to colonize
the surface of the root, and this competition can interfere
with the ability of rhizobia to form nodules, depressing plant
growth benefits from symbiosis (Gano-Cohen et al. 2016).
Nutrient enrichment of soil can alter soil microbial community diversity (Cotton 2018; Huang et al. 2019; Bledsoe et al.
2020) and function (Schmidt et al. 2017; Williams et al.
2017; Yan et al. 2017). Nutrient enrichment can also alter the
success of rhizobia competing for colonization sites on the
roots. Simonsen et al. (2015) found that one season of soil
fertilization increased the nitrogen-fixing ability of rhizobia
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on a test legume. In contrast, Weese et al. (2015) uncovered
the opposite trend after two decades of experimental soil
nutrient enrichment, with rhizobia showing lower nitrogen
fixation ability in enriched plots compared to control plots.
However, the decline in effectiveness of rhizobia would have
been strongly influenced by a loss of interaction opportunities with the legume host plants, which showed severe population declines in the enriched plots (Weese et al. 2015).
No study has yet measured how soil nitrogen affects plant
benefits from symbiosis in the context of their native soil
microbial communities. Therefore, a major knowledge gap
is to understand how nitrogen enrichment affects the services
that rhizobia provide to hosts in natural systems where hosts
and symbionts can both respond to nutrient enrichment and
can coevolve.
Here, we investigate the impacts of long-term soil nitrogen enrichment on the mutualism between natural rhizobia
populations and the wild legume host Acmispon strigosus.
We sample soils from six A. strigosus populations along a
750 km nitrogen deposition gradient that has persisted for
several decades (Egerton-Warburton et al. 2001) and generated a corresponding gradient of soil nitrogen (Regus et al.
2017a). Previous work has examined variation in host and
rhizobia traits across this gradient. Isotopic analysis of fieldcollected seeds indicate that wild A. strigosus gains ~ 85%
of its nitrogen from symbiosis at the low end of the nitrogen
deposition gradient (4 ppm mineral nitrogen) and only ~ 67%
from symbiosis at the high end of the gradient (20 ppm
mineral nitrogen (Regus et al. 2017a), consistent with legumes shifting from symbiotic to mineral sources of nitrogen
when the latter is readily available (Gano-Cohen et al. 2019,
2020). Host control over ineffective rhizobia was tested for
plant lines sourced from across the gradient, but host control
was not found to differ between A. strigosus plant lines from
contrasting soil nitrogen regimes (Wendlandt et al. 2019).
Both beneficial and ineffective rhizobium strains have been
isolated from soils across the nitrogen deposition gradient,
but it is unclear whether soil nitrogen is a driver of this variation (Sachs et al. 2010a; Gano-Cohen et al. 2020). We performed greenhouse inoculations of sterile-grown A. strigosus seedlings with soil slurries from their sites of origin
and measured plant growth benefits from inoculation and
host investment into root nodules. We raised plants without
added nitrogen to maximize the detection of rhizobial effects
in this soil microbial community context. We also inoculated each soil slurry onto three control plant lines (two A.
strigosus and one A. heermannii) to test for the generality
of soil effects (i.e., to identify whether variation in rhizobial nitrogen fixation is driven mainly by differences among
soil microbial communities or by differences among host
plant lines). Our work contributes to an understanding of
how human-influenced landscapes can affect the evolution
of mutualisms.

Oecologia

Materials and methods
Acmispon plant lines and growth conditions
We used two Acmispon species in our experiments: A.
strigosus (strigose lotus, formerly Lotus strigosus) and A.
heermannii (Heermann’s lotus, formerly Lotus heermannii),
two species that are closely related (Allan and Porter 2000),
broadly sympatric, and interact with similar communities
of Bradyrhizobium (Sachs et al. 2009). A. strigosus seeds
were collected between 2005 and 2011 from ripe fruits at six
natural field sites in California (supplementary material, Fig.
S1): Anza-Borrego Desert State Park (Anz), Bodega Marine
Reserve (BMR), Griffith Park (Gri), Pioneertown Mountains
Preserve near Yucca Valley (Yuc), Bernard Field Station of
the Claremont Colleges (Cla), and the campus of the University of California, Riverside (UCR). These field sites span a
nitrogen deposition gradient ranging from 1.84 kg ha−1 yr−1
at BMR to 8.67 kg ha−1 yr−1 at UCR (Regus et al. 2017a).
Soils from these field sites are classified either as entisols
(young mineral soils without distinct horizons; i.e., Anz,
Yuc, Cla, and UCR), mollisols (fertile soils with organicrich upper horizons; i.e., Gri), or unclassified “dune land”
(i.e., BMR; likely also an entisol based on sandy texture;
(Soil Survey Staff).
To generate inbred lines and minimize maternal effects,
plants from each field site were raised in an insect-free
glasshouse for one to two generations. We generated 14 A.
strigosus inbred lines (2–3 lines per field site) and genotyped them at two loci: nrITS (Allan and Porter 2000) and
CNGC5 (Maureira-Butler et al. 2008). Each inbred plant line
was derived from an independent wild seed except for the
Yuc lines, which were derived in error from the same wild
ancestor. Cla and Yuc plant lines could not be differentiated
genetically within their respective field sites, whereas plant
lines from the other field sites were genetically distinct from
each other (supplementary material, Table S1). Although we
only sampled a small portion of the genetic variation within
plant populations, we were primarily interested in variation among populations, and so we focused our sampling
efforts on breadth instead of depth. We used mixed seeds of
the California native perennial A. heermannii (S&S Seeds,
Carpinteria, California, USA).
For the greenhouse experiment, axenic seedlings of each
plant line were germinated in an environmental chamber
and transferred to sterilized Ray-Leach SC10 'conetainers'
(Stuewe & Sons, Corvallis, Oregon, USA) filled with sterilized quartzite sand following published protocols (Sachs
et al. 2009). Plants were fertilized weekly with nitrogenfree Jensen’s solution (Somasegaran and Hoben 1994), starting with 1.0 mL and increasing by 2.0 mL per week until
reaching 5.0 mL, which was used for the duration of the

experiment. Plants with true leaves were moved to a glasshouse to harden for 11 days until inoculation. Each plant
was treated with 5.0 mL soil inoculum on 9 March 2015 by
slowly dripping the inoculum around the base of the plant.
Preparation of soil inocula
We collected approximately 20 soil cores (13 cm deep,
5.5 cm wide) from each of the above field sites between
27 February and 2 March 2015 (supplementary material,
Table S1). Soil cores were spaced 1 m apart and taken within
20 cm of live A. strigosus plants to maximize the chance of
sampling microbial communities interacting with this plant
species. The soil corer was sterilized between field sites by
removing visible soil with a wet sponge, spraying the corer
with ethanol, and flaming. Soil cores were transported back
to the lab in new plastic bags and stored at room temperature until inoculum preparation on 8 March 2015. Bulked
soil cores from each field site were passed through a flamesterilized 2 mm sieve, combined with 1 mL sterile water per
gram of sieved soil, shaken vigorously to form a slurry, and
filtered through eight layers of sterile cheesecloth (Unkovich
and Pate 1998). Soil slurries from UCR, Cla, and Gri initially clogged the filters, so we let the slurries stand approximately 20 min and then transferred their supernatants to
separate bottles. The liquid fractions of soil slurries from all
six field sites were allowed to settle overnight at room temperature. The top 60–80% of each fraction was transferred
to a new bottle, mixed well, and split into two volumes. One
of the volumes was used as a ‘live’ soil inoculum, and the
other was autoclave-sterilized, cooled to room temperature,
and used as a ‘sterilized’ soil inoculum, to control for the
nutrient profile of the soil but without microbes. Thus, we
prepared 12 soil inocula (live and sterilized inocula from
six field sites). Both live and sterilized soil inocula had high
turbidity, so we mixed them well before dripping them onto
plants. To estimate the colony-forming units (CFU) in each
live soil inoculum, samples were taken immediately after
preparation and spread-plated in five dilutions (100, 10–1,
10–2, 10–3, 10–4) onto three replicate agar plates containing
a glucose based rhizobia defined medium, with cycloheximide (GRDM; Sullivan et al. 1996). GRDM provides specific growth conditions for rhizobia and related taxa, so these
data provided a rough estimate of total rhizobial abundance
(Sachs et al. 2009). Colonies that formed within 10 days of
plating were counted, and plates containing 30–300 colonies were used to calculate CFU mL−1. Undiluted sterilized
inocula were plated onto three replica GRDM agar plates
to check for successful sterilization of the microbial community. We performed standard nutrient analysis for each
sieved soil at A&L Western Laboratories (Modesto, California, USA). Live and sterilized soil inocula were analyzed
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for nitrogen content at Soil and Plant Laboratory, Inc. (Anaheim, California, USA).

Experimental design
We performed a greenhouse experiment to test for variation in plant responses to soil microbes across six field sites
that vary in soil nitrogen. Thus, field site was the unit of
replication in this context. A soil slurry from each field site
was used to inoculate a set of sympatric or common plant
hosts (the Sympatric Host Experiment and Common Host
Experiment, respectively). All inocula were applied in either
live or sterilized form (12 inocula total) so that the contribution of soil microbiota to plant responses could be distinguished from abiotic factors in the soil. For the Sympatric
Host Experiment, we used two A. strigosus plant lines from
the same field site as each soil inoculum, for a total of 12
plant lines (2 plant lines per field site × 6 field sites). For the
Common Host Experiment, we used three plant lines: two
A. strigosus plant lines from opposite soil nitrogen regimes
(Anz13.04 and Cla12.04; Regus et al. 2017a) and the related
outgroup plant (A. heermannii). A. heermannii was included
to detect if Acmispon responses to inocula were generally
similar among related species.
Within each experimental block, we spatially clustered
plants that received identical inocula (for a diagram, see
supplementary material, Fig. S2). Plants receiving the same
inocula were spaced with ~ 4 cm between plants, and clusters receiving different inocula were spaced farther apart
(~ 12 cm between clusters) to maximize the number of plants
in the experiment while minimizing cross-contamination
among different inocula. Each of the 12 inocula was applied
to one cluster of plants per block. We randomly assigned
each of the six live inocula to non-adjacent clusters and each
of the six sterilized inocula to the remaining clusters, generating a checkerboard pattern of live and sterilized inocula
to reduce the chance of cross-contamination among live
inocula. Each inoculum cluster contained five plants: three
plants belonged to the Universal Host Experiment (comprising one plant each of A. strigosus Cla12.04, A. strigosus
Anz13.04, and A. heermannii), and two plants belonged
to the Sympatric Host Experiment (i.e., two A. strigosus
lines sourced from the same field site as the inoculum; see
supplementary material, Table S1). We did not randomize
plant positions within inoculum clusters: A. heermannii was
always the center plant of the cluster so that the four surrounding A. strigosus plants all experienced the same microenvironment (i.e., the edge of a cluster). We decided to give
A. strigosus all the same microenvironment to maximize
our ability to detect differences in their responses to inocula, since we were more interested in making comparisons
among A. strigosus plants than in comparing A. strigosus
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to A. heermannii. In total, we planned for 600 plants in the
greenhouse experiment (5 plants per inoculum cluster × 12
inoculum clusters per block × 10 blocks), with 360 plants in
the Common Host Experiment and 240 plants in the Sympatric Host Experiment. Due to early seedling mortality for
three plant lines (Anz10.01, Anz13.04, and Gri01.13), these
experiments actually contained 348 plants and 219 plants,
respectively.
The overhead misters temporarily failed on 23 April 2015
(6.5 weeks post-inoculation, wpi) and many plants wilted.
Dead shoot tissue was collected to prevent its being lost
during transfer to the lab, and this tissue was pooled with
shoots collected at the time of harvest (4–14 May 2015,
8–9.5 wpi). Twenty-two plants had shoot portions collected
early and five plants had their entire shoots collected early;
affected plants were distributed among several treatments
in both experiments (12 plants from 4/12 inoculation treatments in the sympatric host experiment; 15 plants from 8/12
inoculation treatments in the common host experiment). At
harvest, plants were removed from pots, washed free of sand,
and dissected into root, shoot, and nodule portions. Nodules
were counted and photographed. Roots, shoots, and nodule
fractions of each plant were oven-dried (> four days, 60 °C)
and weighed.

Measurement of plant traits
We measured total plant dry mass (the sum of dry root mass
and dry shoot mass) and root:shoot ratio (dry root mass
divided by dry shoot mass) on all experimental plants. Root
mass was calculated after removal of any nodules, which
permits total plant mass and root:shoot ratio to be compared
to measurements on non-nodulated plants (Dupin et al. 2019;
Cirocco et al. 2021). For plants treated with live soil inocula,
we also measured (i) relative growth response to the soil
microbial community (total dry mass of the live-inoculated
plant divided by total dry mass of the sterilized-inoculated
plant from the same block), (ii) red nodule frequency (proportion of root nodules visually scored as either red or pink
as a proxy for symbiotic nitrogen fixation), since the red
colored protein leghemoglobin is expressed in actively fixing
nodules (Virtanen 1947; Tajima et al. 2007), (iii) total nodule dry mass, (iv) total nodule count per plant, and (v) mean
nodule dry mass per plant (total nodule dry mass divided
by total nodule count). For relative growth, a value greater
than 1 indicates that live soil inocula improved plant growth
relative to sterilized soil inocula. For red nodule frequency,
values were averaged across three independent blind observers who used a scoring guide to examine nodule photographs
taken at the time of harvest (supplementary material, Fig.
S3). For all plant responses, individual plants were the
experimental unit of analysis.
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Data analysis
Statistical analyses were performed in R v.4.1.2 (R Core
Team 2018). To summarize variation in soil nitrogen levels
among field sites, we performed principal components analysis (PCA) on measures of soil nitrogen from the field sites,
using data gathered in 2013 (dry N deposition rate, mineral
N, and total N; (Regus et al. 2017a) and 2015 (nitrate–N,
ammonium-N, and organic-N; this study). Using data from
two years and multiple forms of nitrogen gives us a robust
estimate of the soil nitrogen regime at each field site. To
summarize variation in other soil properties among field
sites, we performed PCA of eight non-nitrogen general soil
traits: pH, cation exchange capacity (CEC), Na, and the
major plant nutrients P, K, Ca, S, and Mg, all measured from
soils collected in 2015. From two measures of P from each
soil, we used the Weak Bray value for soils with pH ≤ 7.3
and the Olsen value for soil with pH > 7.3, due to differences
in the accuracy of these tests at different pH values. In total,
we generated one nitrogen PC1 value and one non-nitrogen
PC1 value from each field site, and we used these values as
alternative covariates in models of plant responses to soil
inocula.
We analyzed greenhouse data using general linear mixed
models (GLMM) implemented with lme4 v.1.1-27.1 (Bates
et al. 2015). We used Gaussian error distributions for all
responses and checked the appropriateness of error distributions in DHARMa v.0.4.4 (Hartig 2019). Total plant mass
was log-transformed to improve normality of the data. For
the Sympatric Host Experiment, we modeled plant responses
as PC1 + Inoculum type + PC1:Inoculum type + (1|Host
line) + (1|Block). For the Common Host Experiment, we
modeled plant responses as PC1 + Inoculum type + Host
line + PC1:Inoculum type + PC1:Host line + Inoculum
type:Host line + PC1:Inoculum type:Host line + (1|Block).
‘PC1’ was the first principal component from the nitrogen
(or non-nitrogen) PCA and corresponded to the field site
of the soil inoculum. ‘Inoculum type’ indicated whether
the inoculum was live or sterilized. We did not include the
Inoculum type term(s) in any models for responses that only
applied to plants receiving live inocula (e.g., relative growth,
red nodule frequency, total nodule count, total nodule mass,
and mean nodule size).
We tested the significance of model terms using likelihood ratio tests. Specifically, we used the drop1 function
in the R package ‘stats’ to measure the change in model
likelihood between a model containing the term of interest and a reduced model lacking the term of interest. For
the Sympatric Host Experiment, for instance, we tested
the PC1:Inoculum type interaction by comparing the full
model PC1 + Inoculum type + PC1:Inoculum type + (1|Host
line) + (1|Block) to a reduced model lacking the interaction
term. We tested the PC1 and Inoculum type main effects

by comparing the model PC1 + Inoculum type + (1|Host
line) + (1|Block) to a reduced model lacking either the PC1
term or the Inoculum type term, respectively. For each
model term we tested, the degrees of freedom for the likelihood ratio chi squared statistic was equal to the difference
in degrees of freedom of the two models being compared.
Overall, our analysis included 28 statistical models (7 response variables × 2 covariate options (NPC1 or
NonNPC1) × 2 experiments). To determine if the 27 plants
harvested early had undue influence on the results, we performed all statistical tests with and without these plants.
In 27/28 models, the significance of model terms was not
influenced by plants harvested early (one exception is noted
in the Results).

Results
Principal components analysis of soil traits
Our soil analyses corroborated previous work that showed
a striking nitrogen deposition gradient across California
(Fenn et al. 2010; Regus et al. 2017a). PC1 for soil nitrogen
(hereafter, NPC1) explained 68% of the variance in the soil
nitrogen dataset. The top loadings for N
 PC1 were dry nitrogen
deposition (2013 data; ranging 0.34–7.67 kg ha−1 year−1)
and soil nitrate–N (2015 data; ranging 2–32 ppm). The six
A. strigosus field sites were ordered as follows by NPC1:
BMR < Anz < Yuc < Gri < UCR < Cla (Fig. 1a), consistent with the soil nitrogen differences among sites previously reported using measurements from only 2013 (Regus
et al. 2017a). PC1 for non-nitrogen soil traits (hereafter,
NonNPC1) explained 43% of the variance in the non-nitrogen
soil trait dataset. The top loading for N
 onNPC1 was CEC
(ranging 3.2–24.1 meq per 100 g), followed by Ca (ranging
302–1502 ppm) and Mg (ranging 58–1700 ppm). The six
field sites were ordered as follows by NonNPC1: BMR < Y
uc < UCR < Anz < Cla < Gri (Fig. 1b). NonNPC2 explained
34% of the variance in non-nitrogen soil traits (Fig. 1b), with
top loadings of phosphorus, potassium, and sulfate. Since
NonNPC2 explained almost as much variance in soil data as
NonNPC1, we also ran statistical models using NonNPC2 as
a covariate (supplementary material, Table S2, Table S3).

Sympatric host experiment
All live soil inocula were rich in culturable bacteria with
Bradyrhizobium-like characteristics (creamy colonies, forming 6–10 days after inoculation). Estimated cell densities in
each field soil ranged from 6.7 × 105 CFU mL−1 (Anz) to
2.7 × 107 CFU mL−1 (Gri). Sterilized inocula failed to grow
on media, except for one colony from the BMR sterilized
inoculum. In the sympatric host experiment, plants treated
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Fig. 1  Principal components analysis for (a) soil nitrogen and (b)
non-nitrogen general soil traits at six Acmispon strigosus field sites.
The percentage of variation explained by the first two principal components is indicated on the axes. The variable loadings in the PCA are

indicated with blue arrows. We used N
 PC1, NonNPC1, and N
 onNPC2 as
alternative covariates in our models of soil microbial effects on plant
traits

Table 1  Likelihood ratio test χ2 statistics for fixed effects in GLMMs
modeling traits of Acmispon strigosus inoculated with sympatric soils
in the Sympatric Host Experiment

enhancing plant growth and reducing relative allocation to
roots under these experimental conditions.
If soil nitrogen regime influenced the growth benefits
plants gain from soil microbial communities, we expected
to see a significant effect of N
 PC1 on relative growth of plants
treated with live soil inocula. Instead, soil nitrogen ( NPC1)
did not predict the effectiveness of soil microbes for sympatric plant hosts (Table 1; supplementary material, Fig. S4).
Other supporting evidence would be a significant interaction
effect of N
 PC1 x inoculum type on total plant mass, since this
would mean the effect of nitrogen on plant mass is different
for live and sterilized inocula, which could be attributed to
the microbial content of the live inocula. However, there
was no significant effect of NPC1 x inoculum type (live vs.
sterilized soil) for total plant mass (Table 1; Fig. 2a), indicating that the effect of soil microbes did not depend on soil
nitrogen content. NPC1 had a significant positive effect on
nodule count of sympatric plants, which was driven by low
nodule count for the plant/soil combination at the lowest soil
nitrogen regime (i.e., BMR) and higher nodule counts in the
other plant/soil combinations (Table 1; Fig. 4).
Non-nitrogen soil traits ( NonNPC1) positively predicted
total dry mass and negatively predicted root:shoot ratio of
sympatric plants (Table 1). The effect of NonNPC1 did not
differ between live and sterilized soil inocula (no significant
effect of N
 onNPC1 x inoculum type), indicating that differences in the abiotic (i.e., nutrient) content of soil inocula
drove the effect of NonNPC1 on plant total dry mass and
root:shoot ratio, irrespective of differences in the microbial communities. NonNPC1 did not predict any other plant
responses to sympatric soil inocula (Table 1; supplementary material, Fig. S5-S7). There was a significant effect of

Model, response

NitrogenPC1 models
Log(Total plant mass)
Root:shoot ratio
Plant relative growth
Red nodule frequency
Total nodule mass
Total nodule count
Mean nodule size
NonNitrogenPC1 models
Log(Total plant mass)
Root:shoot ratio
Plant relative growth
Red nodule frequency
Total nodule mass
Total nodule count
Mean nodule size

Model terms
P

I

P:I

df = 1

df = 1

df = 1

2.16
0.21
0.68
2.40
3.59†
4.00*
0.78

248.06***
187.17***

2.97†
0.18

8.90*
10.45*
0.65
0.18
0.047
0.13
1.54

248.33***
188.17***

0.19
2.84†

P = PC1 for either soil nitrogen or non-nitrogen soil traits. I = inoculum type (live vs. sterilized). For log(Total plant mass) and
Root:shoot ratio, n = 187 plants. For other responses, n = 93–94
plants. * P < 0.05, ** P < 0.001, *** P < 0.0001, † P < 0.1

with live soil inocula had greater total dry mass and lower
root:shoot ratio than plants treated with sterilized soil inocula (Table 1; Figs. 2a, 3a), consistent with soil microbes
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Fig. 2  Effects of sterilized (ster)
and live soil inocula on total
plant mass of (a) sympatric
Acmispon strigosus, (b) A.
strigosus Anz13.04, (c) A.
strigosus Cla12.04, and (d) A.
heermannii for five soils (BMR,
Yuc, Gri, UCR, Cla). Soils are
arranged in order of increasing
soil nitrogen (i.e., N
 PC1 values;
see Fig. 1). Bars represent ± 1
SE

Fig. 3  Effects of sterilized
(ster) and live soil inocula on
root:shoot ratio of (a) sympatric Acmispon strigosus, (b)
A. strigosus Anz13.04, (c) A.
strigosus Cla12.04, and (d) A.
heermannii for five soils (BMR,
Yuc, Gri, UCR, Cla). Soils are
arranged in order of increasing
soil nitrogen (i.e., N
 PC1 values;
see Fig. 1). Bars represent ± 1
SE

NonNPC2 x inoculum type on total plant mass (supplementary material, Table S2), with N
 onNPC2 having a positive
effect on total plant mass in the sterilized inoculum treatments, but a negative effect in the live inoculum treatments.
Similarly, NonNPC2 had negative effects on red nodule frequency and total nodule count of live-inoculated plants (supplementary material, Table S2).

Common Host Experiment: effects of soil traits
NPC1 positively predicted total plant mass as a main effect,
but there was no significant effect of N
 PC1 x inoculum type
(live vs. sterilized), indicating that differential responses to
inocula were due to abiotic differences present in both live
and sterilized soil (Table 2; Fig. 2b–d). NonNPC1 also positively predicted total plant mass as a main effect (Table 2).
NonNPC1 interacted with inoculum type (live vs. sterilized)

in determining root:shoot ratio, suggesting that general soil
traits (here, Ca, Mg, and CEC) modify the impact of soil
microbes on plant allocation to roots (Table 2). NPC1 and
NonNPC1 did not predict any other plant responses to soil
inocula (Table 2; supplementary material, Fig. S4-S7). When
we performed analyses without the plants harvested early,
however, we detected a significant effect of the N
 onNPC1 x
host line interaction on red nodule frequency (χ2 = 6.483,
df = 2, P = 0.039). There was also significant effect of the
three-way interaction ( NonNPC2 x inoculum type x host line)
on root:shoot ratio and a negative effect of N
 onNPC2 on total
nodule mass (supplementary material, Table S3).

Common Host Experiment: effects of plant line
The three plant lines in the common host experiment (two
A. strigosus, one A. heermanii) differed in their responses to
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nodules; 48.6 ± 2.7 nodule count) than either A. strigosus
Cla12.04 (11.0 ± 0.6 mg nodules; 34.3 ± 1.7 nodule count)
or A. strigosus Anz13.04 (10.6 ± 0.6 mg nodules; 33.1 ± 1.5
nodule count; Table 2; supplementary material, Fig. S6,
Fig. 4).

Discussion
No effect of soil nitrogen history on plant benefits
from microbes
Fig. 4  Variation in total nodule count for four types of Acmispon
plant hosts (sympatric A. strigosus, A. strigosus Anz13.04, A. strigosus Cla12.04, and A. heermannii) in response to inoculation with
five soils (BMR, Yuc, Gri, UCR, Cla). Soils are arranged in order
of increasing soil nitrogen (i.e., NPC1 values; see Fig. 1). Bars represent ± 1 SE

live soil inocula (Table 2). A. strigosus Cla12.04 had greater
relative growth and red nodule frequency (10.6 ± 0.8 relative growth; 0.69 ± 0.03 red nodule frequency) than either
A. heermannii (6.0 ± 0.3 relative growth; 0.51 ± 0.03 red
nodule frequency) or A. strigosus Anz13.04 (5.1 ± 0.4 relative growth; 0.49 ± 0.03 red nodule frequency; Table 2; supplementary material, Fig. S4, Fig. S5). A. heermannii had
greater nodule mass and total nodule count (14.1 ± 0.7 mg
Table 2  Likelihood ratio test
χ2 statistics for fixed effects
in GLMMs modeling traits
of three Acmispon plant hosts
inoculated with five soils in the
Common Host Experiment

Model, response

NitrogenPC1 models
log(Total plant mass)
Root:shoot ratio
Plant relative growth
Red nodule frequency
Total nodule mass
Total nodule count
Mean nodule size
NonNitrogenPC1 models
log(Total plant mass)
Root:shoot ratio
Plant relative growth
Red nodule frequency
Total nodule mass
Total nodule count
Mean nodule size

We find no association between soil nitrogen enrichment
and the benefits that wild legumes gain from rhizobial
symbionts, even though elevated soil nitrogen is predicted
to alter the host control traits that enforce cooperation by
nitrogen-fixing symbionts (West et al. 2002a; Kiers et al.
2006). Our results align with empirical work suggesting
that legume host control is maintained, rather than weakened or enhanced, under nitrogen fertilization (Regus et al.
2014; Grillo et al. 2016; Wendlandt et al. 2019). In one study
showing that nitrogen fertilization compromised host control over nodule size, weakened host control did not translate into a projected fitness benefit for rhizobia (Oono et al.
2020). Moreover, host control is robust in A. strigosus plant
lines from high soil nitrogen regimes, and the capacity of A.
strigosus to sanction ineffective symbionts in nodules is not
affected by the degree of nitrogen enrichment of their home

Model terms
P
df = 1

I
df = 1

H
df = 2

P:I
df = 1

P:H
df = 2

I:H
df = 2

P:I:H
df = 2

9.60*
2.35
2.71†
0.43
3.16†
2.23
0.20

577.07***
361.99***

185.39***
100.044***
50.91***
45.50***
20.02***
33.58***
3.31

1.48
3.22†

2.92
1.93
1.11
3.26
2.31
2.56
0.97

57.08***
24.90***

1.36
3.81

6.77*
0.0015
3.81†
0.71
0.13
1.13
3.78†

573.36***
359.39***

184.82***
100.33***
51.25***
45.65***
19.62***
33.36***
3.39

2.97†
6.69*

0.61
0.33
2.28
4.87†
1.80
2.72
5.40†

56.39***
25.85***

3.26
0.52

P = PC1 for either soil nitrogen or non-nitrogen soil traits. I = inoculum type (live vs. sterilized). H = host
line (A. strigosus Anz13.04, A. strigosus Cla12.04, or A. heermannii). For log(Total plant mass) and
Root:shoot ratio, n = 290 plants. For other responses, n = 149–150 plants. * P < 0.05, ** P < 0.001, ***
P < 0.0001, † P < 0.1
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soil (Wendlandt et al. 2019). Since host control is predicted
to be the main driver of rhizobial effectiveness (West et al.
2002b), the simplest explanation for our findings is that
host control traits in A. strigosus have remained effective at
selecting for rhizobial nitrogen fixation, even after decades
of soil nitrogen enrichment from atmospheric deposition.
The hypothesis that elevated soil nitrogen will alter host
control traits assumes that exogenous nitrogen changes the
cost:benefit ratio of symbiosis for plants by giving them a
less-costly alternative to symbiotic nitrogen fixation. As an
alternative hypothesis, we propose that elevated soil nitrogen
primarily affects symbiotic investment, rather than partner
choice or host sanctions. If plants reduce investment into
symbiosis when they have access to plentiful soil nitrogen,
this could prevent symbiosis from becoming too costly,
thereby maintaining selection for partner choice and sanctions, which are the main forces selecting for cooperation
by rhizobia. There is evidence that plants with access to
soil nitrogen reduce their investment in symbiosis, by either
reducing nodule growth (Regus et al. 2015) or reducing
nodule nitrogen fixation activity (Gan et al. 2004; Naudin
et al. 2011). Indeed, decreased nitrogen fixation by nodules
is a common response to many plant abiotic stressors (Valentine et al. 2011), showing that symbiotic investment by
plants is highly plastic. A key prediction of our hypothesis
is that the cost:benefit ratio of symbiosis for legumes can
remain stable over a wide range of soil nitrogen levels, due
to plants adjusting their investment into symbiosis. It would
be useful for future research to test this hypothesis by explicitly measuring these symbiotic costs and benefits. It would
also be interesting to study whether symbiotic investment
can evolve, which could constrain or enhance the ability
of plants to keep the cost:benefit ratio of symbiosis stable.
Overall, we hypothesize that legumes are physiologically
equipped to maintain a stable cost:benefit ratio of symbiosis
across a wide range of soil nitrogen conditions, which prevents elevated soil nitrogen from imposing selection to alter
the strength of host control traits.
Although our work suggests that legume host control is
not influenced by elevated soil nitrogen, plant populations
still show significant genotypic variation in the efficiency
of host control over rhizobia (Simonsen and Stinchcombe
2014; Wendlandt et al. 2019), and the drivers of this variation are poorly understood. Previous work on soybean suggested that crop breeding in high nitrogen soils has caused a
decline of sanctioning ability in many newly released cultivars relative to older cultivars (Kiers et al. 2007). However,
changes in sanctions in soy could have been driven by other
domestication-related phenomena, such as trade-offs with
other agronomic traits or genetic drift due to low effective
population sizes. Whether these other domestication-related
changes have affected symbiosis is an area of active research
(Liu et al. 2020; Porter and Sachs 2020). In wild legumes,

variation in host control could be maintained across populations by spatial differences in local coevolutionary dynamics
with rhizobia, such that some legume populations experience
selection for stricter sanctions due to high local abundance
of exploitative rhizobia, whereas other legume populations
experience relaxed selection for sanctions because exploiters
are rare (Steidinger and Bever 2014).
Previous work finding evidence of nitrogen driving
changes in mutualism benefits for plants has considered only
effects of nitrogen addition on the plant host (Kiers et al.
2007) or on the rhizobia (Simonsen et al. 2015; Weese et al.
2015). In our study system, however, both plant hosts and
soil microbial communities could have evolved in response
to soil nitrogen enrichment, potentially generating contextdependency in the benefits plants gain from soil microbes
(van Cauwenberghe et al. 2016). For instance, soil nitrogen could predict the growth benefits microbes provide to
sympatric hosts (due to coevolution between local hosts
and microbes) but fail to predict the benefits microbes provide to allopatric hosts (here, plants in the common host
experiment). However, we did not find evidence for contextdependency in the benefits plants gain from soil mutualists. All nodule-forming soil inocula produced very similar
growth effects on individual host lines, suggesting that elevated soil nitrogen levels have not altered nitrogen fixation
by rhizobia, whether through direct selection on rhizobia
populations, direct selection on legume host control traits, or
coevolutionary selection on sympatric hosts and microbes.

Plant genotypic variation in symbiosis traits
We show that Acmispon strigosus plant lines vary in their
ability to gain growth benefits from soil microbes. One A.
strigosus line (Cla12.04) gained about twice the relative
growth benefits from microbes as the other A. strigosus line
(Anz13.04), despite the two lines forming similar numbers
of root nodules. Past work on A. strigosus also found plant
genotypic variation in benefits from microbes (Wendlandt
et al. 2019), although in response to clonal rhizobium cultures rather than soil slurries. Thus, the effect of A. strigosus
lines on the benefits obtained from microbes, particularly
rhizobia, need not depend on a particular rhizobium genotype or mixture of genotypes. Other researchers have found
evidence of plant genotypic variation in response to beneficial microbes outside the legume-rhizobia system, suggesting that the traits contributing to superior benefits from
microbes could be functionally diverse (Wintermans et al.
2016).
Acmispon strigosus plant lines also vary in the number of
root nodules formed with rhizobia. Soil nitrogen regime predicted the nodule count of plants inoculated with sympatric
soils, with high-nitrogen soil inocula forming more nodules
than low-nitrogen soil inocula. The positive relationship
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between soil nitrogen regime and sympatric host nodule
count was driven by the low number of nodules formed by
the BMR plant/soil combination at the lowest soil nitrogen regime. Two pieces of evidence suggest that the low
number of nodules formed by BMR soil on BMR plants
is due to the plant host genotype, rather than the microbial
community. First, BMR plants inoculated with a beneficial
Bradyrhizobium strain form fewer and larger nodules than
other A. strigosus plant lines receiving the same inoculum
(Wendlandt et al. 2019), providing independent evidence of
plant genotypic variation in nodule-forming capacity. Second, the three plant lines in the common host experiment did
not form low numbers of nodules with BMR soil, relative to
other soil inocula, suggesting that BMR soil has a sufficient
rhizobia population to form many nodules and is comparable
in nodule-forming capacity to other soils in this study. Plant
genotypic variation in nodule number could create variation
in the intensity of plant selection on rhizobia populations,
which could contribute to a geographic mosaic of coevolution between legumes and rhizobia (Thompson 2005; van
Cauwenberghe et al. 2016).

Physical soil drivers of microbial effectiveness
for plants
Although we found no evidence of soil nitrogen influencing plant benefits from microbes, non-nitrogen soil traits
(NonNPC1 and NonNPC2) significantly influenced the effect
of microbes on several plant traits, indicating that we had
power to detect any effects of nitrogen enrichment on microbial services. Furthermore, the effects of soil traits other than
nitrogen on soil microbial effectiveness could shed light on
constraints microbes face when experiencing selection by
plant hosts versus the soil environment. For instance, the soil
properties captured by N
 onNPC2 appear to reduce the ability
of soil microbes to promote plant growth, by reducing total
nodule count, nodule mass, and the proportion of nodules
that are fixing nitrogen. N
 onNPC2 was mainly influenced
by soil phosphorus, indicating that this nutrient could be a
key determinant of plant benefits from soil microbes. Soil
microbes and non-nitrogen soil traits also showed interactive effects on root:shoot ratio, which reflects the relative
allocation of plants to belowground growth. Plants typically increase their root:shoot ratio when they are limited
by nitrogen and/or phosphorus (Poorter and Sack 2012)
and decrease root:shoot ratio when they have more access
to these nutrients. Both NonNPC1 and live soil inoculations
reduced the root:shoot ratio of plants, consistent with these
treatments increasing plant access to nutrients. Furthermore, soil microbes accounted for some of the relationship
between non-nitrogen soil traits and root:shoot ratio, since
plants treated with live and sterilized inocula differed in how
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NonNPC1 affected root:shoot ratio. Since NonNPC1 mainly
reflects differences in soil cation exchange capacity (the
nutrient-holding capacity of soil), this suggests that soils
with higher CEC (here, Gri soil), contain microbial populations that are better able to supply plants with nutrients
than microbes from other soils, potentially by increasing the
abundance and diversity of soil microbes (Lynn et al. 2017;
Sen and Sengupta 2018). It will be interesting for future
work to more deeply explore the mechanisms linking physicochemical soil traits to the benefits plants gain from soil
microbial communities.

Conclusions and future directions
We find that Acmispon plant benefits from soil microbial
communities are not predicted by long-term differences in
soil nitrogen levels but do show strong structuring by plant
genotype. We confirm previous measurements of soil nitrogen differences among the field sites we sampled (Regus
et al. 2017a), increasing the evidence that nitrogen deposition causes sustained increases in soil nitrogen in natural
areas. The whole soil inoculation approach we used captures net effects of nitrogen on microbial effectiveness for
plants, integrating over many potential sources of variation
in microbial effectiveness such as rhizobia population size,
rhizobia genotypic composition, and the composition and
functional traits of the broader soil microbial community,
which would be valuable areas of inquiry for future research.
Understanding the genetic basis of plant genotypic variation
in symbiosis traits should also be a priority as genomics
and high-throughput phenotyping become more accessible
resources. Such work may shed light on the mechanisms by
which plants regulate investment into symbiotic services in
a changing environment.
Supplementary Information The online version contains supplementary material available at https://d oi.o rg/1 0.1 007/s 00442-0 22-0 5116-9.
Acknowledgements The authors thank Eunice Adinata, Mia Blanton,
Victor Pahua, Kenjiro Quides, and Glenna Stomackin for help with
plant dissections. We also thank Aaron Olcerst and Zoie Lopez for
helpful discussions and several anonymous reviewers for their comments. This work was performed in part at Anza-Borrego Desert State
Park, UC Davis Bodega Marine Reserve, the Claremont Colleges’ Robert J. Bernard Biological Field Station, Griffith Park, UC Riverside, and
the Wildlands Conservancy Pioneertown Mountains Preserve.
Author contributions statement CEW, KAG-C, and JLS planned and
designed the research. CEW, KAG-C, PJNS, BNRJ, AJZ, and KA-M
performed the experiment and collected data. CEW and JLS wrote the
manuscript.
Funding We gratefully acknowledge funding by NSF DEB 1150278
and 1738009 to J.L.S.

Oecologia
Availability of data and material Raw data for this article is available
on Dryad (https://doi.org/10.5061/dryad.kwh70rz54).
Code availability Code used to analyze data for this article is available
on Dryad (https://doi.org/10.5061/dryad.kwh70rz54).

Declarations
Conflicts of interest The authors declare they have no conflicts of interest.
Ethics approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

References
Allan GJ, Porter JM (2000) Tribal delimitation and phylogenetic relationships of Loteae and Coronilleae (Faboideae: Fabaceae) with
special reference to Lotus: evidence from nuclear ribosomal ITS
sequences. Am J Bot 87:1871–1881
Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixedeffects models using lme4. J Statist Software 67
Bledsoe RB, Goodwillie C, Peralta AL (2020) Long-term nutrient
enrichment of an oligotroph-dominated wetland increases bacterial diversity in bulk soils and plant rhizospheres. mSphere
5:e00035-20
Cirocco RM, Watling JR, Facelli JM (2021) The combined effects of
water and nitrogen on the relationship between a native hemiparasite and its invasive host. New Phytol 229:1728–1739
Cotton TA (2018) Arbuscular mycorrhizal fungal communities and
global change: an uncertain future. FEMS Microbiology Ecology 94:fiy179
Denison RF, Kiers ET (2004) Lifestyle alternatives for rhizobia: mutualism, parasitism, and forgoing symbiosis. FEMS Microbiol Lett
237:187–193
Dupin SE, Geurts R, Kiers ET (2019) The non-legume Parasponia
andersonii mediates the fitness of nitrogen-fixing rhizobial symbionts under high nitrogen conditions. Front Plant Sci 10:1779
Egerton-Warburton LM, Graham RC, Allen EB, Allen MF (2001)
Reconstruction of the historical changes in mycorrhizal fungal
communities under anthropogenic nitrogen deposition. Proc Royal
Soc London Series B Biol Sci 268:2479–2484
Fenn ME, Allen EB, Weiss SB, Jovan S, Geiser LH, Tonnesen GS,
Johnson RF, Rao LE, Gimeno BS, Yuan F, Meixner T, Bytnerowicz A (2010) Nitrogen critical loads and management alternatives for N-impacted ecosystems in California. J Environm Manag
91:2404–2423
Gan Y, Stulen I, van Keulen H, Kuiper P (2004) Low concentrations of
nitrate and ammonium stimulate nodulation and N2 fixation while
inhibiting specific nodulation (nodule DW g-1 root dry weight)
and specific N2 fixation (N2 fixed g-1 root dry weight) in soybean.
Plant Soil 258:281–292
Gano-Cohen KA, Stokes PJ, Blanton MA, Wendlandt CE, Hollowell
AC, Regus JU, Kim D, Patel S, Pahua VJ, Sachs JL (2016) Nonnodulating Bradyrhizobium spp. modulate the benefits of legumerhizobium mutualism. Appl Environ Microbiol 82:5259–5268
Gano-Cohen KA, Wendlandt CE, Al Moussawi K, Stokes PJ, Quides
KW, Weisberg AJ, Chang JH, Sachs JL (2020) Recurrent

mutualism breakdown events in a legume rhizobia metapopulation. Proc Royal Soc B Biol Sci 287:20192549
Gano-Cohen K, Wendlandt C, Stokes P, Blanton M, Quides K, Zomorrodian A, Adinata E, Sachs J (2019) Interspecific conflict and the
evolution of ineffective rhizobia. Ecol Lett 22:914–924
Grillo MA, Stinchcombe JR, Heath KD (2016) Nitrogen addition does
not influence pre-infection partner choice in the legume–rhizobium symbiosis. Am J Bot 103:1763–1770
Hartig F (2019) DHARMa: residual diagnostics for hierarchical (multilevel/mixed) regression models. R package version 0.1
Heath KD, Tiffin P (2009) Stabilizing mechanisms in a legume-rhizobium mutualism. Evolution 63:652–662
Huang R, McGrath SP, Hirsch PR, Clark IM, Storkey J, Wu L, Zhou
J, Liang Y (2019) Plant-microbe networks in soil are weakened
by century-long use of inorganic fertilizers. Microb Biotechnol
12:1464–1475
Kiers ET, Rousseau RA, West SA, Denison RF (2003) Host sanctions
and the legume–rhizobium mutualism. Nature 425:78–81
Kiers ET, Rousseau RA, Denison RF (2006) Measured sanctions: legume hosts detect quantitative variation in rhizobium cooperation
and punish accordingly. Evol Ecol Res 8:1077–1086
Kiers ET, Hutton MG, Denison RF (2007) Human selection and the
relaxation of legume defences against ineffective rhizobia. Proc
Royal Soc B Biol Sci 274:3119–3126
Kiers ET, Palmer TM, Ives AR, Bruno JF, Bronstein JL (2010) Mutualisms in a changing world: an evolutionary perspective. Ecol Lett
13:1459–1474
Liu J, Yu X, Qin Q, Dinkins RD, Zhu H (2020) The impacts of domestication and breeding on nitrogen fixation symbiosis in legumes.
Front Genet 11:973
Lynch JP, Ho MD (2005) Rhizoeconomics: carbon costs of phosphorus
acquisition. Plant Soil 269:45–56
Lynn TM, Liu Q, Hu Y, Yuan H, Wu X, Khai AA, Wu J, Ge T (2017)
Influence of land use on bacterial and archaeal diversity and community structures in three natural ecosystems and one agricultural
soil. Arch Microbiol 199:711–721
Maureira-Butler IJ, Pfeil BE, Muangprom A, Osborn TC, Doyle JJ
(2008) The reticulate history of Medicago (Fabaceae). Syst Biol
57:466–482
Miethling R, Wieland G, Backhaus H, Tebbe CC (2000) Variation
of microbial rhizosphere communities in response to crop species, soil origin, and inoculation with Sinorhizobium meliloti L33.
Microb Ecol 40:43–56
Naudin C, Corre-Hellou G, Voisin A-S, Oury V, Salon C, Crozat Y,
Jeuffroy M-H (2011) Inhibition and recovery of symbiotic N2
fixation by peas (Pisum sativum L.) in response to short-term
nitrate exposure. Plant Soil 346:275–287
Nishida H, Suzaki T (2018) Nitrate-mediated control of root nodule
symbiosis. Curr Opin Plant Biol 44:129–136
Oono R, Anderson CG, Denison RF (2011) Failure to fix nitrogen by
non-reproductive symbiotic rhizobia triggers host sanctions that
reduce fitness of their reproductive clonemates. Proc Royal Soc
B Biol Sci 278:2698–2703
Oono R, Muller KE, Ho R, Jimenez Salinas A, Denison RF (2020) How
do less-expensive nitrogen alternatives affect legume sanctions on
rhizobia? Ecol Evol 10:10645–10656
Pfau T, Christian N, Masakapalli SK, Sweetlove LJ, Poolman MG,
Ebenhoh O (2018) The intertwined metabolism during symbiotic nitrogen fixation elucidated by metabolic modelling. Sci Rep
8:12504
Poorter H, Sack L (2012) Pitfalls and possibilities in the analysis of
biomass allocation patterns in plants. Front Plant Sci 3:259
Porter SS, Sachs JL (2020) Agriculture and the disruption of plantmicrobial symbiosis. Trends Ecol Evol 35:426–439

13

Oecologia
Quides KW, Salaheldine F, Jariwala R, Sachs JL (2021) Dysregulation
of host-control causes interspecific conflict over host investment
into symbiotic organs. Evolution 75(5):1189–1200
R Core Team (2018) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna
Regus JU, Gano KA, Hollowell AC, Sachs JL (2014) Efficiency of
partner choice and sanctions in Lotus is not altered by nitrogen
fertilization. Proc Royal Soc B Biol Sci 281:20132587
Regus JU, Gano KA, Hollowell AC, Sofish V, Sachs JL (2015) Lotus
hosts delimit the mutualism-parasitism continuum of Bradyrhizobium. J Evol Biol 28:447–456
Regus J, Wendlandt C, Bantay R, Gano-Cohen K, Gleason N, Hollowell A, O’Neill M, Shahin K, Sachs J (2017a) Nitrogen deposition
decreases the benefits of symbiosis in a native legume. Plant Soil
414:159–170
Regus JU, Quides KW, O’Neill MR, Suzuki R, Savory EA, Chang JH,
Sachs JL (2017b) Cell autonomous sanctions in legumes target
ineffective rhizobia in nodules with mixed infections. Am J Bot
104:1–14
Sachs JL, Kembel SW, Lau AH, Simms EL (2009) In situ phylogenetic structure and diversity of wild Bradyrhizobium communities.
Appl Environ Microbiol 75:4727–4735
Sachs JL, Ehinger MO, Simms EL (2010a) Origins of cheating and loss
of symbiosis in wild Bradyrhizobium. J Evol Biol 23:1075–1089
Sachs JL, Russell JE, Lii YE, Black KC, Lopez G, Patil AS (2010b)
Host control over infection and proliferation of a cheater symbiont. J Evol Biol 23:1919–1927
Sachs JL, Russell JE, Hollowell AC (2011) Evolutionary instability
of symbiotic function in Bradyrhizobium japonicum. PLoS One
6:e26370
Schmidt JE, Weese DJ, Lau JA (2017) Long-term agricultural management does not alter the evolution of a soybean-rhizobium mutualism. Ecol Appl 27(8):2487–2496
Sen K, Sengupta C (2018) In silico approach in tracing persistence
and survival of Rhizobium in soil. In: Choudhary DK, Kumar
M, Prasad R, Kumar V (eds) In Silico Approach for Sustainable
Agriculture. Springer, Singapore, pp 107–120
Simonsen AK, Han S, Rekret P, Rentschler CS, Heath KD, Stinchcombe JR (2015) Short-term fertilizer application alters phenotypic traits of symbiotic nitrogen fixing bacteria. PeerJ 3:e1291
Simonsen AK, Stinchcombe JR (2014) Standing genetic variation in
host preference for mutualist microbial symbionts. Proc Royal Soc
B Biol Sci 281:20142036
Six DL (2009) Climate change and mutualism: climate change is likely
to have a profound impact on the distribution of life on this planet.
Nat Rev Microbiol 7:686–687
Soil Survey Staff, N. R. C. S., United States Department of Agriculture.
Soil Survey Geographic Database.
Somasegaran P, Hoben HJ (1994) Handbook for rhizobia: methods in
legume-Rhizobium technology. Springer Verlag New York Inc,
New York
Sprent JI, Sutherland JM, de Faria SM, Dilworth MJ, Corby HDL,
Becking JH, Materon LA, Drozd JW (1987) Some aspects of the
biology of nitrogen-fixing organisms [and discussion]. Philosh
Trans Royal Soc London Series B Biol Sci 317:111–129

13

Steidinger BS, Bever JD (2014) The coexistence of hosts with different
abilities to discriminate against cheater partners: an evolutionary
game-theory approach. Am Nat 183:762–770
Sullivan JT, Eardly BD, van Berkum P, Ronson CW (1996) Four
unnamed species of nonsymbiotic rhizobia isolated from the
rhizosphere of Lotus corniculatus. Appl Environ Microbiol
62:2818–2825
Tajima R, Lee ON, Abe J, Lux A, Morita S (2007) Nitrogen-fixing
activity of root nodules in relation to their size in peanut (Arachis
hypogaea L.). Plant Prod Sci 10:423–429
Thompson JN (2005) The Geographic Mosaic of Coevolution. University of Chicago Press
Unkovich M, Pate J (1998) Symbiotic effectiveness and tolerance to early
season nitrate in indigenous populations of subterranean clover rhizobia from S.W. Australian Pastures Soil Biol Biochem 30:1435–1443
Valentine AJ, Benedito VA, Kang Y (2011) Legume Nitrogen Fixation and Soil Abiotic Stress: From Physiology to Genomics and
Beyond. In: Foyer CH, Zhang H (eds) Nitrogen Metabolism in
Plants in the Post-genomic Era. Wiley-Blackwell, West Sussex,
UK, pp 207–248
van Cauwenberghe J, Visch W, Michiels J, Honnay O (2016) Selection
mosaics differentiate Rhizobium-host plant interactions across different nitrogen environments. Oikos 125:1755–1761
Virtanen AI (1947) The biology and chemistry of nitrogen fixation by
legume bacteria. Biol Rev Camb Philos Soc 22:239–269
Wang Z-H, Li S-X (2019) Nitrate N loss by leaching and surface runoff in agricultural land: a global issue (a Review). Adv Agron
156:159–217
Weese DJ, Heath KD, Dentinger BT, Lau JA (2015) Long-term nitrogen addition causes the evolution of less-cooperative mutualists.
Evolution 69:631–642
Wendlandt CE, Regus JU, Gano-Cohen KA, Hollowell AC, Quides
KW, Lyu JY, Adinata ES, Sachs JL (2019) Host investment into
symbiosis varies among genotypes of the legume Acmispon
strigosus, but host sanctions are uniform. New Phytol 221:15378
West SA, Kiers ET, Pen I, Denison RF (2002a) Sanctions and mutualism stability: when should less beneficial mutualists be tolerated?
J Evol Biol 15:830–837
West SA, Kiers ET, Simms EL, Denison RF (2002b) Sanctions and
mutualism stability: why do rhizobia fix nitrogen? Proc Royal Soc
B Biol Sci 269:685–694
White J, Prell J, James EK, Poole P (2007) Nutrient sharing between
symbionts. Plant Physiol 144:604–614
Williams A, Manoharan L, Rosenstock NP, Olsson PA, Hedlund K
(2017) Long-term agricultural fertilization alters arbuscular mycorrhizal fungal community composition and barley (Hordeum vulgare) mycorrhizal carbon and phosphorus exchange. New Phytol
213:874–885
Wintermans PC, Bakker PA, Pieterse CM (2016) Natural genetic variation in Arabidopsis for responsiveness to plant growth-promoting
rhizobacteria. Plant Mol Biol 90:623–634
Yan J, Chen W, Han X, Wang E, Zou W, Zhang Z (2017) Genetic
diversity of indigenous soybean-nodulating rhizobia in response
to locally-based long term fertilization in a Mollisol of Northeast
China. World J Microbiol Biotechnol 33:6

