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Plants and animals house microbes that provide critical nutrients, but
little is known about host control over microbial cooperation when
resources are also accessed from the environment. Changes in nutrient
access can challenge the host’s ability to detect and selectively reward
beneficial partners, destabilizing symbiosis. Legumes acquire nitrogen
from soil and from symbiosis with rhizobia, but it is unclear if extrinsic
sources of nitrogen interfere with host control systems. We inoculated
the legume Lotus japonicus with rhizobia-bearing nitrogen fixation or
nitrogen metabolism knockouts, and factorially varied molecular sources
of nitrogen fertilizer. Lotus hosts selectively rewarded beneficial rhizobia
and sanctioned non-fixing strains when extrinsic nitrogen was unavailable.
Host benefits were undiminished when inoculated with rhizobia-bearing
nitrogen metabolism knockouts, suggesting redundancies in nitrogen
provisioning systems. However, under nitrogen fertilization, hosts did
not discriminate between fixing and non-fixing rhizobia. Fertilized hosts
formed miniaturized nodules housing limited rhizobia, divesting from
symbiosis. Thus, sanctioning mechanisms rely on the detection of nitrogen
fixation differences among rhizobia strains and can break down in
nitrogen-rich environments. Nonetheless, divestment from symbiosis offers
legumes robust host control, minimizing investment into rhizobia strains,
irrespective of their capacity to provide benefit, when symbiosis services
are not needed.

1. Introduction
In symbiotic associations with diverse microbes, plants and animals gain
growth-limiting nutrients that they cannot otherwise reliably access [1–3].
Nutritional mutualisms appear of particular importance to plants. Most land
plants associate with mycorrhizal fungi that can provide phosphorus to
host plants, as well as other benefits [4]. Legumes associate with rhizobia,
a polyphyletic group of proteobacteria that instigate nodule formation on
roots or stems and fix nitrogen for the host [5,6]. Nodulation by rhizobia
can provide legumes with substantial growth benefits, especially in habitats
where nitrogen would be unreliable and growth-limiting if only accessed
from the soil. However, rhizobia vary in the amount of nitrogen that they
fix for hosts, ranging from highly beneficial to ineffective, i.e. non-fixing [7–
9]. Thus, the net benefits that hosts receive from nutritional symbioses are
unpredictable and can be affected by the intrinsic capacities of the microbe to
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provide nutrients and by nutrient availability in the environment, which can reduce the net benefit of symbiosis [8,10–14].
Plant and animal hosts have evolved systems to regulate investment into symbiosis depending on net benefits [15,16]. Host

control in the legume rhizobia symbiosis can occur at two stages. Prior to nodule organogenesis, hosts regulate which symbiotic
partners can infect them based on genetic compatibility. Species-specific flavonoids secreted by legume hosts attract compatible
rhizobia, which in turn release Nod factors that allow them to infect host tissue and induce nodule formation [17,18]. After root
nodules are formed, legumes preferentially enhance the growth of nodules containing beneficial rhizobia, while sanctioning
non-beneficial symbionts through cellular control over nodule senescence [13,19,20]. Host control mechanisms by legumes are
thought to optimize host fitness by minimizing investment into uncooperative symbionts compared with beneficial strains
[20–24].

In nutrient-rich environments, plants can access nutrients from symbiotic or mineral sources. Mycorrhizal fungi can provide
phosphorus to hosts, but in phosphorus-enriched soils, these benefits are reduced or eliminated [25,26]. In parallel, legumes
can access nitrogen from rhizobia or from the soil. Substantial plant metabolic resources are required to support root nodules
with rhizobia that fix nitrogen [27–29], generating an opportunity cost for investing in symbiotic nitrogen when soil nitrogen
is available [19,30–32]. Many legumes can minimize investment into symbiosis when mineral nitrogen is available, by forming
fewer or smaller nodules, reducing metabolic support to nodules or downregulating nitrogen fixation, though the effects on
rhizobia fitness are poorly understood [13,27,29,33–39]. What is more, some research has suggested that host sanctioning of
non-fixing rhizobia can occur in nitrogen-rich soils, and hence that hosts can differentiate biologically fixed nitrogen (i.e. from
symbionts) from mineral nitrogen (i.e. from soil; [35,40,41]). However, a limitation is that these experiments used different
genotypes of rhizobia that vary in nitrogen fixation and thus cannot differentiate the host’s capacity to discriminate among
rhizobia genotypes versus host detection of nitrogen fixation differences among them. How host legumes might recognize
different sources of nitrogen remains unknown, and there is disagreement over which molecular forms of nitrogen are
transferred from symbionts to hosts, which might be differentiated from sources in the soil [29,42]. Thus, two related knowledge
gaps must be addressed. First is whether legumes can sanction non-fixing rhizobia when they are fertilized with nitrogen, given
that the host might be unable to differentiate symbiotic versus mineral sources of nitrogen. Second is whether rhizobia transfer
organic forms of nitrogen to hosts, such as alanine or aspartate, as this is a predicted mechanism to provide nitrogen to the plant
that can be differentiated from other sources in the soil [29]. Providing a recognizable signal of its cooperation could benefit the
symbiont, as this is predicted to promote directed reciprocation by the host to cooperative strains [16].

Here, we conducted two parallel experiments to address these knowledge gaps. First, in a fertilization experiment, we
factorially exposed Lotus japonicus plants to different molecular forms of nitrogen fertilizer and inoculations of fixing and
non-fixing strains of their symbiont, Mesorhizobium loti. The inorganic nitrogen sources, including ammonium sulfate and
potassium nitrate, were used to simulate nitrogen-rich soils [43], whereas the organic sources alanine and aspartate provided
nitrogen molecules predicted to be excreted in planta by rhizobia [44–46]. Rhizobia treatments included clonal inoculation with
a beneficial strain of M. loti, a near-isogenic non-fixing mutant, a mixture of both strains, or sterile water as a control, allowing
examination of host control over investment into symbiosis and discrimination against non-fixing rhizobia in clonal and mixed
strain settings. We hypothesize that under nitrogen fertilization, Lotus hosts cannot detect nitrogen fixation differences between
otherwise isogenic rhizobia. We predict that sanctions, the capacity of the host to selectively reduce the fitness of non-fixing
rhizobia, would be nullified under these conditions.

Second, in a gene knockout experiment, M. loti with single gene inactivating mutations for nitrogen metabolism was
inoculated on L. japonicus to test for metabolic pathways that are required for rhizobia to fix nitrogen for hosts. Mutant strains
were selected with knockouts of enzymes specific to alanine and aspartate metabolism, whose transfer to the host is thought to
be critical for host uptake of fixed nitrogen, based on experimental inoculation studies [44–46], as well as metabolic and gene
expression data [42,47]. We hypothesized that genes for alanine and aspartate metabolism are required for nitrogen transfer
to hosts. We predicted that strains with knockout mutations for these pathways would provide no benefits to hosts. Both
experiments examined the importance of alanine and aspartate as sources of nitrogen predicted to be transferred from symbiont
to host that the host might respond to differently from other forms of nitrogen—as tested in the fertilization experiment—or
that might eliminate symbiotic benefits to the host if their metabolic pathways are inactivated—as tested in the knockout
experiment.

2. Material and methods
(a) Sole nitrogen source fertilization experiment
The L. japonicus ecotype Miyakojima MG-20 was used, inbred at the University of California Riverside to generate seeds
following published protocols [48]. The M. loti genotype MAFF303099 (hereafter MAFF) is a highly effective nitrogen-fixing
strain on L. japonicus. MAFF was modified to express dsRed, a red fluorescent protein visible under natural light [49]. The
near-isogenic strain STM6 (strain ID 17T02d02) was employed as a non-nitrogen-fixing mutant. STM6 was generated by a
signature-tagged transposon inserted in the nifD gene [50] and was subsequently modified to express green fluorescent protein
(GFP) [48]. Both modified strains efficiently form nodules on L. japonicus, with MAFF providing substantial benefits to host
growth while STM6 provides none [48]. MAFF and STM6 were grown on agar plates with a modified arabinose gluconate
(MAG) medium [51]. In mixed cultures, MAFF and STM6 can be easily differentiated by colony colour. Other than differences
in nitrogen fixation and colony colour, previous work uncovered no differences between the strains in terms of their in vitro
growth rate or capacity to induce nodule formation under clonal conditions [48].
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Lotus japonicus plants thrive under organic and inorganic sources of extrinsic nitrogen (i.e. alanine, aspartic acid, ammonium
sulfate, potassium nitrate), and plants fertilized with these nitrogen sources reduce investment in nodules infected with MAFF
[29]. In this experiment, L. japonicus was exposed to fertilization treatments and rhizobia that vary in nitrogen fixation to
quantify effects on rhizobia fitness and examine how sanctions traits respond under fertilization. Lotus japonicus seedlings were
exposed to clonal treatments of nitrogen-fixing MAFF and non-fixing STM6 and mixed infections of both strains. Rhizobia cell
proliferation, dry nodule biomass and nitrogen fixation were quantified to examine rhizobia fitness, and fitness effects in planta
under different treatments.

Lotus japonicus seeds were surface-sterilized in bleach (5% sodium hypochlorite), rinsed in sterile water, nick-scarified and
planted under axenic conditions in bleach-sterilized Ray-Leach SC10 pots (Stuewe & Sons, Corvallis, OR, USA) using an equal
mix of coarse sand on top of a layer of fine calcined clay that was autoclave-sterilized (Pro League, Quickdry; Turface Athletics,
Buffalo Grove, IL, USA). In a factorial experiment, plants were inoculated on 21 December 2021 with one of four treatments
including MAFF, STM6 an equal mix of both strains and sterile ddH2O as a control. Inoculations were 5 ml and included 5
✕ 108 cells, except for the water controls. High cell concentrations are needed to assure consistent nodulation in sterile coarse
soils, likely because of low bacterial survival during inoculation. For mixed inoculation treatments, 2.5 ✕ 108 cells of each
strain were combined, and the mixed inoculum was plated to empirically confirm the ratio of MAFF to STM6. All plants
were supplemented weekly with 5 ml of Broughton & Dilworth solution, including key nutrients but lacking nitrogen [52].
Hosts were fertilized with one of four sources of nitrogen dissolved in the Broughton & Dilworth solution, including alanine
(C3H7NO2, 2.64 g l−1), ammonium sulfate ((NH4)2SO4, 3.92 g l−1), aspartic acid (C4H7NO4, 3.95 g l−1) or potassium nitrate (KNO3,
3 g l−1). Concentrations were set to equalize the nitrogen moiety at levels previously shown to optimize host growth in the
absence of rhizobia inoculation, thus attempting to isolate the growth effect of nitrogen [29,40]. Fertilization occurred weekly,
starting 1 day before inoculation (i.e. 20 December 2021) with 2 ml of fertilizer per plant and increasing by 1 ml per week until a
maximum of 5 ml was reached three weeks later. This final level of fertilizer was maintained until the plants were harvested.

Fourteen experimental blocks each contained a single plant replicate per each of the 20 treatments, including four inoculation
treatments (i.e. MAFF, STM6, MAFF+STM6, water) crossed with five fertilization treatments (i.e. alanine, ammonium, aspartate,
nitrate, no added nitrogen), totalling 280 plants. To minimize within-block variance, seedlings were assigned to blocks based
on the size at the time of inoculation. Treatments within blocks were assigned randomly. Two blocks were harvested at three
weeks post-inoculation, the time when nodules first become visible on L. japonicus roots. Two additional blocks were harvested
five weeks post-inoculation, when most nodules have typically established. Data from early harvests were used to quantify
rhizobia nodulation and growth effects over time in relation to fertilization treatments. The remaining 10 blocks were harvested
at week 7 post-inoculation to quantify dry root and shoot biomass, nodule count and dry nodule biomass, to quantify rhizobia
fitness in planta (i.e. rhizobia population size in nodules) and to test for evidence of host sanctions (i.e. over-representation of the
nitrogen-fixing strain MAFF in the nodules of coinoculated plants). The mixed inoculum was plated to estimate the initial ratio
of MAFF : STM6 by distinguishing colony colour.

During harvests, plants were removed from pots, washed free of soil and dissected into root, shoot and nodule portions.
Nodules were counted and photographed. Within each inoculated treatment, four plants were randomly selected for quantita-
tive culturing, wherein two nodules each were randomly sampled, surface-sterilized in bleach for 30 s, followed by three rinses
in autoclave-sterilized ddH2O. Nodules were then crushed in 200 µl of sterile ddH2O and the slurry was serially diluted to 0.5 ✕
10–6 and 0.5 ✕ 10–8 on MAG-agar plates. Colony counts were averaged across at least two plate replicates per nodule to estimate
rhizobia population size within each nodule. The ratio of MAFF : STM6 colonies was estimated from nodules plated from
coinoculated plants and compared with the MAFF : STM6 ratio in the initial inoculum. Roots, shoots and remaining nodules
were weighed for dry biomass after being oven-dried (>3 days, 60°C). Ten plants were removed from the analysis, five owing to
mortality and five owing to contamination.

Leaf ∂15N ‘atom per cent difference’ was estimated as the percentage of 15N atoms over total nitrogen in each sample, and the
values were used as a measure of nitrogen fixation [40,53]. Only plants harvested at seven weeks post-inoculation were used.
Individual leaves from each plant were oven-dried, weighed and placed in tin capsules for isotopic analysis at the UC Davis
Stable Isotope Facility.

(b) Nitrogen metabolism knockout experiment
Rhizobia strains with individual gene knockouts were inoculated onto L. japonicus MG-20 plants to test for changes in nodu-
lation or host benefits. Mesorhizobium loti strains were selected from a large collection of single-gene mutants, focusing on
knockouts of genes whose loss is predicted to disrupt the symbiotic transfer of nitrogen from rhizobia to the host. No nitrogen
fertilizer was used, so we could examine the effects of these mutations when hosts have no other nitrogen source. Five M.
loti strains were tested, including MAFF as a control, and four near-isogenic, signature-tagged mutants [50]. Mesorhizobium loti
03T03g02 has a knockout for a periplasmic amino acid ABC transporter (mll3861; [54]), a protein similar to one in Rhizobium
that transfers alanine or aspartate to the host [44]. Mesorhizobium loti 27T02f13 has a knockout for l-2,4-diaminobutyric acid
transaminase (mlr5943), an enzyme involved in alanine synthesis that is upregulated in nodules compared to growth on media,
suggesting the importance of nitrogen transfer to the host during symbiosis [55]. The last two mutants carry knockouts for
paralogs of aspartate aminotransferase, which produces aspartate from oxaloacetate, predicted to be a mechanism to generate
nitrogen usable to the host. Mesorhizobium loti 8T11d03 carries a knockout for mlr5883, encoded on the symbiosis island, and
whose expression is upregulated in planta during symbiosis [56], whereas M. loti 20T04d01 has a knockout for the other copy,
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mlr2541, which is encoded on the bacterial chromosome, and is constitutively expressed [57]. None of the mutants has been
previously tested on L. japonicus.

Fifteen replicate plants per treatment were singly inoculated with one of the mutant strains, with MAFF, or with sterile
water, to examine nodulation traits and growth effects, totalling 90 plants. Plants were prepared, inoculated and maintained
as outlined in the fertilization experiment, with the modification of only receiving the nitrogen-free Broughton & Dilworth
(micronutrient) solution. Plants were harvested seven weeks after inoculation to quantify dry root and shoot biomass, nodule
count, and dry nodule biomass.

(c) Symbiosis trait measurements
Host biomass was used to estimate host growth in different treatments. Nodulation was used to estimate host investment
into symbiosis, quantified as the number of nodules formed, their mean biomass or total nodule biomass per plant. Host
investment into symbiosis was also calculated by dividing the dry nodule biomass of each plant by the total plant biomass [58].
Rhizobia population size in nodules, a proxy of rhizobia fitness in planta, was calculated by quantitative culturing of nodules of
individual plants. The ratio of MAFF : STM6 colonies cultured from coinoculated plants was used to analyse the relative fitness
of the beneficial strain and to test for sanctions. Nitrogen fixation was measured using the abundance of 15N in the plant shoots
from different treatments.

(d) Data analysis
Statistical analyses were conducted using linear mixed models in JMP (v. 16.0.0). All data distributions were tested for normality
using the Shapiro–Wilk test, as this is a prerequisite for parametric statistics. Data were transformed when necessary to achieve
normal distributions to satisfy this requirement. In some cases, log or square root transformations were used. Full models,
transformations and random versus fixed factors are all listed in the electronic supplement. Tukey’s tests were used to test for
significant differences among groups in a post hoc manner, after observing a significant effect. The ∂15N of each sample was
calculated by comparing 15N abundance expressed as parts per thousand with atmospheric N2. The values were then used
to compare values of ∂15N between treatments by subtracting the mean sample atom% 15N of uninoculated plants from the
sample atom% 15N of inoculated plants. When plants incorporate fixed nitrogen, leaf tissues exhibit a decrease in 15N (compared
with uninfected plants) owing to isotopic fractionation by rhizobia [40]. To test for sanctions, a χ-squared test was used to test
whether MAFF was over-represented in nodules of coinoculated plants, relative to the proportion of MAFF in the inoculum.

3. Results
(a) Nitrogen fertilization caused hosts to reduce fitness of rhizobia in a strain-specific manner
Inoculation and fertilization each independently caused significant effects on L. japonicus growth and nodulation (electronic
supplementary material, tables S1 and S2). When plants were inoculated and fertilized, all benefits of symbiosis were elim-
inated, such that inoculation with neither MAFF nor STM6 caused any growth effects on L. japonicus (figure 1 and table
1; electronic supplementary material, tables S3 and S4). For plants inoculated with MAFF, fertilization caused significant
reductions in total nodule biomass (F4,42 = 9.95; p < 0.0001), mean nodule biomass (F4,42 = 9.57; p < 0.0001), nodule count (F4,42
= 9.57; p < 0.0001) and within-nodule rhizobia populations of MAFF (F4,35 = 9.20, p < 0.0001) and MAFF+STM6 (F4,31 = 3.97; p =
0.0103; figures 2 and 3; table 2; electronic supplementary material, tables S5–S7). Overall, fertilized plants inoculated with MAFF
reduced investment into symbiosis to levels similar to unfertilized plants inoculated with STM6 (electronic supplementary
material, table S5). These findings are the first to demonstrate that fertilization not only leads to reduced investment in nodule
tissue by L. japonicus plants but also is associated with substantial fitness reduction of the rhizobia, to the same minimal fitness
experienced by non-fixing symbionts (electronic supplementary material, tables S4, S6 and S8).

Conversely, in plants inoculated with only STM6, nitrogen fertilization had no significant effect on total nodule biomass
(F4,40 = 1.63; p = 0.1864), mean nodule biomass (F4,40 = 0.17; p = 0.9505), nodule count (F4,40 = 1.21; p = 0.3233) or rhizobia
population size within nodules (F4,27 = 2.10; p = 0.109; figure 3, table 2; electronic supplementary material, tables S7 and
S8). These findings demonstrate that reduced investment occurred in a strain-specific manner, most likely responding to the
presence or absence of nitrogen fixation since that is the only relevant difference between MAFF and STM6 other than the
expression of red versus green fluorescent proteins [48].

The control treatments confirmed previous work on L. japonicus [29,48], specifically that MAFF provided significant growth
benefits to unfertilized plants, STM6 did not, and all nitrogen sources caused substantial growth benefit to uninoculated plants
(figure 1; electronic supplementary material, tables S1–S5 and figure S1). All plants inoculated with rhizobia formed nodules,
irrespective of fertilization treatment (electronic supplementary material, table S5 and figure S2). Harvest data from three and
five weeks post-inoculation uncovered significant effects of fertilization on host biomass but no effect of nitrogen treatment on
initial nodulation (electronic supplementary material, tables S9 and S10).
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(b) Nitrogen fixation was reduced in a subset of fertilizer treatments
No difference was found in nitrogen fixation among unfertilized plants inoculated with MAFF versus those coinoculated
with MAFF+STM6 (electronic supplementary material, table S11). Among plants inoculated with MAFF (i.e. also including
coinoculated plants), fertilization with alanine or nitrate caused significant reductions in nitrogen fixation, as both of these
fertilizer treatments caused higher Δ15N values than the unfertilized treatment (alanine, Δ15N = −0.708 ± 2.011; p = 0.0261; nitrate,
Δ15N = 0.095 ± 1.067%; p = 0.0001; figure 4; electronic supplementary material, tables S11 and S12). Conversely, no significant
reduction of nitrogen fixation was evident for the aspartate or ammonia treatments, respectively (Δ15N = −1.842 ± 2.916%; p =
0.7768; Δ15N = −1.050 ± 1.755%; p = 0.1414). The fact that nitrogen fixation was significantly reduced under a subset of fertilizer
treatments suggests that the host can detect and respond to different molecular sources of nitrogen.

The control treatments confirmed the nitrogen fixation phenotypes of each strain. Unfertilized plants inoculated with MAFF
had mean Δ15N levels of approxmately −2.5, indicating efficient nitrogen fixation [40,53], irrespective of being singly infected
(MAFF) or coinfected (MAFF+STM6; electronic supplementary material, tables S12 and S13). Plants receiving water or STM6
had Δ15N levels near zero, indicating no evidence of nitrogen fixation (electronic supplementary material, table S12).

(c) Nitrogen fertilization nullified host sanctions against non-fixing rhizobia
Fertilized plants that received mixed inoculations of MAFF and STM6 produced nodules without a significant over-representa-
tion of MAFF (i.e. 1.20✕; table 3; electronic supplementary material, table S6 and figure S3); hence there was no evidence of
sanctions against the non-fixing STM6 mutant. This was in contrast to the unfertilized controls, wherein plants that received
mixed inoculations were predominantly infected by MAFF (i.e. 2.20×), a statistically significant over-representation relative
to the initial inoculum proportion (i.e. >2✕; χ2 = 5.115; p = 0.024). Fertilization had a disproportionate effect on MAFF. The
unfertilized plants with mixed inoculations supported significantly larger populations of MAFF in nodules than in the fertilized
treatments (i.e. mean rhizobia per nodule; t = 3.93, p = 0.0002; figure 3; electronic supplementary material, table S6). No such

Figure 1. Effects of inoculation treatments on the growth of L. japonicus plants fertilized with different nitrogen sources. Plants were inoculated with MAFF, STM6,
MAFF+STM6 (Coinoc) or with water (No Inoc). Values for total plant biomass are square root transformed. Connecting letter reports indicate significant differences
between inoculation treatments within each nitrogen source treatment group. Points represent individual plant replicates. The upper and lower limits of the box
correspond to the first and third quartiles. The upper whiskers extend from the box to the largest value.

Table 1. Linear mixed models testing effects of inoculation and fertilization on symbiosis traits.

host growth nodule investment

sqrt total biomass log nodule number sqrt nodule biomass log mean nodule biomass

fixed effect F d.f. p-value F d.f. p-value F d.f. p-value F d.f. p-value

inocula 2.625 3 0.0523 1.310 2 0.2738 0.5539 2 0.5762 0.9531 2 0.3886

nitrogen source 33.94 4 <0.0001 7.003 4 <0.0001 9.012 4 <0.0001 8.385 4 <0.0001

inocula × nitrogen
source

2.021 12 0.0254 1.393 8 0.2067 2.923 8 0.0052 2.616 8 0.0115

random effect variance ratio Wald p‐value variance ratio Wald p‐value variance ratio Wald p‐value variance ratio Wald p‐value

block 0.0047 0.8762 −0.0462 0.0008 −0.058 <0.0001 −0.0043 0.8972
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difference was uncovered for the mean population size of STM6 in nodules of coinoculated plants (t = 0.88, p = 0.3853; electronic
supplementary material, table S6). These data suggest that fertilization led to a reduction in rewards to the nitrogen-fixing strain
MAFF, with no changes in response to the non-fixing STM6.

(d) No effects on symbiosis were observed for gene knockouts of nitrogen metabolism
Plants inoculated with the mutant strains all showed significant increases in host biomass compared with uninoculated controls,
and no significant differences in host growth effects or nodulation were observed between any of the mutant strains and the
wild-type MAFF (electronic supplementary material, tables S14–S16).

4. Discussion
Plants invest significant resources to support nutritional mutualisms, producing novel organs on roots or shoots that house
and feed microbes, and providing metabolic support that allows microbes to thrive within plant tissues [59,60]. Substantial
investment into microbial mutualism creates a vulnerability for hosts. Because returns on investment from microbial partners

Figure 2. Effects of inoculation treatments on nodulation of L. japonicus plants fertilized with different nitrogen sources. Plants were inoculated with MAFF, STM6,
MAFF+STM6 (Coinoc) or water (not shown here). Values for nodule biomass are square root transformed (a) and values for mean nodule biomass (b) and nodule
over total plant biomass are log transformed (c). Connecting letter reports indicate significant differences among inoculation treatments within each nitrogen source
treatment group. Points represent individual plant replicates. The lower and upper hinges correspond to the first and third quartiles. The upper whiskers extend from
the box to the largest value.
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are variable, and cheaper alternative sources of nutrition are sometimes available in the environment, hosts must calibrate
investment into symbiosis in a context-dependent manner, to avoid costly associations. In symbioses with mycorrhizae, host
plants can reduce investment in fungal partners that generate lower benefit [4], but whether divestment occurs dependent
on local nutrient access is less clear [61]. Our experiments manipulated the Lotus–Mesorhizobium symbiosis, varying microbial
partner quality and extrinsic fertilization to examine net benefits from and host control over the association. The results suggest
four main findings about the costs and benefits of host investment into microbial symbiosis and the limits of host control
systems over microbes.

First, and most strikingly, we found that host sanctions mechanisms were nullified under nitrogen fertilization. The fertilized
L. japonicus plants failed to differentiate rewards directed to nitrogen-fixing versus non-fixing symbionts in nodules, irrespective

Figure 3. Effects of inoculation treatments on the population size of rhizobia in nodules of L. japonicus under different nitrogen source treatments. Plants were
inoculated with MAFF, STM6, MAFF+STM6 (Coinoc) or water (not shown here). Rhizobia population size is square root transformed. Connecting letter reports indicate
significant differences between inoculation treatments within each nitrogen source treatment group. Points represent individual plant replicates. The lower and upper
hinges correspond to the first and third quartiles. The upper whiskers extend from the box to the largest value.

Table 2. Rhizobia population size of MAFF and STM6 in nodules. Replicates indicate the number of nodules in each treatment that had rhizobia population sizes below
detection limits, indicated by no growth (NG), and the total number of nodules cultured in each treatment. Mean (µ) and standard error (σ) values are listed for each of
the rhizobia population sizes.

MAFF colony count STM6 colony count total colony count no. replicates

N-source inoculum µ σ µ σ µ σ NG total

alanine MAFF 5.60 × 105 1.06 × 106 — — 5.60 × 105 1.06 × 106 6 8

STM6 — — 4.55 × 107 1.08 × 108 4.55 × 107 1.08 × 108 3 8

coinoculant 1.57 × 107 3.84× 107 1.14 × 107 2.63 × 107 2.70 × 107 4.17 × 107 3 6

aspartate MAFF 5.06 × 107 8.53 × 107 — — 5.06 × 107 8.53 × 107 5 8

STM6 — — 1.52 × 107 4.32 × 107 1.52 × 107 4.32 × 107 3 8

coinoculant 6.23 × 107 1.53 × 108 5.97 × 105 1.46 × 106 6.29 × 107 1.52 × 108 4 6

ammonia MAFF 1.11 × 108 1.59 × 108 — — 1.11 × 108 1.59 × 108 1 8

STM6 — — 6.97 × 107 7.15 × 107 6.97 × 107 7.15 × 107 2 8

coinoculant 4.13 × 106 9.17 × 106 1.91 × 107 3.36 × 107 2.32 × 107 4.16 × 107 4 8

nitrate MAFF 7.27 × 107 1.48 × 108 — — 7.27 × 107 1.48 × 108 3 8

STM6 — — 5.41 × 106 1.17 × 107 5.41× 106 1.17 × 107 5 8

coinoculant 4.02 × 107 1.08× 108 5.43 × 107 1.41 × 108 9.45 × 107 1.63 × 108 2 8

no added nitrogen MAFF 2.95 × 108 1.43 × 108 — — 2.95 × 108 1.43 × 108 0 8

STM6 — — 3.09 × 107 4.52 × 107 3.09 × 107 4.52 × 107 2 8

coinoculant 2.03 × 108 1.75 × 108 2.20 × 107 3.80 × 107 2.25 × 108 1.64 × 108 0 8
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of nitrogen source, eliminating the selective advantage of nitrogen fixation by MAFF (figures 2 and 3; electronic supplementary
material, tables S4 and S6). This contrasted with the findings in unfertilized plants, where efficient host sanctions were in
evidence: the non-fixing strain STM6 suffered significantly lower fitness compared with MAFF, both in clonally infected plants
(electronic supplementary material, table S6) and in coinoculated plants (table 3). Sanctions have been demonstrated in a broad
variety of legumes, including alfalfa, cowpea, deerweeds, lotus, lupins, peas and soybeans, but in all these cases in unfertilized
plants [20,48,58,62–64]. Two previous studies found evidence that fertilized legumes could sanction non-fixing rhizobia strains
[35,40], but neither employed a near-isogenic mutant as was used here, so those hosts might have detected signalling or
compatibility differences between the strains rather than the amount of nitrogen fixed. Sanctions are predicted to be critical to
maintain costly mutualistic traits like symbiotic nitrogen fixation [16,65]. Our results suggest that sanctioning mechanisms can
be compromised in nitrogen-rich environments. This might occur because of the detection limits of the host, because sanctions
incur costs to the host that are not worth expressing in nitrogen-rich settings, or for some other reason.

Second, we found that, under fertilization, L. japonicus divested from symbiosis in a way that was strain-specific, only
reducing the fitness of the nitrogen-fixing strain MAFF. All metrics of nodulation for MAFF were strikingly reduced under
fertilization, compared with hosts that received no extrinsic nitrogen (figures 2 and 3; electronic supplementary material, tables
S5 and S6). Conversely, plants inoculated with the non-fixing strain STM6 had no evidence of reduced symbiont fitness (table
2; electronic supplementary material, tables S5 and S6). One explanation for this pattern is that investment in STM6 is already
at a minimal level, with little potential for the host to reduce investment further. Another idea is that divestment has evolved
to minimize the costs of nitrogen fixation rather than the production or support of nodule tissues, which might have minimal
costs relative to nitrogen fixation [30,66]. For instance, nitrogen fixation itself was downregulated under fertilization, in some
cases to levels where little or no nitrogen was getting fixed (figure 4; electronic supplementary material, table S12), as has been
observed in other legumes, including Pisum sativum, Vigna unguiculata and Panicum virgatum [39,67]. However, the maintenance
of substantial nodule tissue in our study, in scenarios where no detectable benefit was derived from them, is difficult to
explain. This might indicate that a base level of host investment is unavoidable, that mechanisms of downregulation of nodule
organogenesis are costly or imperfect, or that the host benefits from retaining nodules in case the local environment changes.
The exact costs of and control mechanisms over nodulation and nitrogen fixation require further exploration, but our results
suggest hosts can respond to some costs more readily than others.

Table 3. Percentage of MAFF colonies in the nodules of coinoculated plants. MAFF%end is the mean percentage of nodule rhizobia represented by MAFF. MAFFend/
MAFFinocula is the ratio of MAFF% colonies in initial inoculum over that from nodules. χ2 goodness of fit and p-value are used to test which treatments had significantly
different MAFF/STM6 ratios from initial ratios.

N-source MAFF%end (%) MAFFend
MAFFinocula

nodules with CFU/nodules
cultured

χ2 goodness of fit p-value

nitrogen treatments combineda 55.54 1.357 15/28 0.528 0.467

no added nitrogen 90.23 2.204 8/8 5.115 0.024
aStatistical test groups all nitrogen fertilizer treatments (see electronic supplementary material, table S6, for separate tests).

Figure 4. Leaf ‘atom% difference’ (Δ15N) is indicated for the different fertilization treatments, for plants inoculated with nitrogen-fixing rhizobia (data shown
combined results from plants inoculated with MAFF and MAFF+STM6). Connecting letter reports indicate significant differences between nitrogen source tested within
the pooled data. Points represent individual plant replicates. The lower and upper hinges correspond to the first and third quartiles. The upper whiskers extend from
the hinge to the largest value no further than 1.5 interquartile range.
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Third, we confirmed previous work showing that nitrogen fertilization can meet and exceed the benefits that hosts get
from nitrogen fixation by rhizobia. Lotus japonicus was fertilized with concentrations of nitrogen previously found to optimize
host growth in the absence of symbionts [29,40]. Under these conditions, fertilized plants without symbionts most often grew
better than unfertilized hosts inoculated with the beneficial symbiont, MAFF (figure 1). These results suggest that it is cheaper
for hosts to obtain nitrogen directly from the soil rather than invest substantial plant resources to support the formation
and maintenance of root nodules [28,68]. When analysing the costs and benefits of microbial mutualism, we must consider
multiple variables, including the types of nutrients and microbial mutualists that are available to hosts, as each can alter host
performance and net benefits or costs of the association. The data here illustrate that even while most rhizobia are beneficial,
they might incur a net cost to hosts in nitrogen-rich soils.

Finally, our results suggest that both partners in the legume–rhizobia mutualism have evolved redundancies in their
systems of providing and receiving nitrogen. Evidence of the former is that rhizobia-bearing knockouts for individual nitro-
gen metabolism genes exhibited no deficits in their nodulation or growth effects on hosts, compared with wild-type MAFF
(electronic supplementary material, tables S14–S16). This was surprising given that mutants were selected for pathways evident
for their function in providing symbiotic nitrogen to host cells, including genes for alanine and aspartate metabolism, as well
as a transmembrane complex predicted to transport these amino acids to the host, though none of these phenotypes had been
experimentally tested on L. japonicus [54,55,57,69]. The lack of effects of these gene knockouts could be because rhizobia bear
gene duplicates for some genes critical for mutualism services, such that lost function in one copy is compensated by others
[45], or because multiple sources of nitrogen are excreted from bacteroids into the host cytoplasm, potentially including alanine,
aspartate and ammonia, providing redundancy in the nitrogen sources transferred to hosts [30,31,69]. Evidence of the latter,
that legumes bear redundancies in the forms of nitrogen they can receive, is that L. japonicus hosts were able to thrive under a
diversity of nitrogen sources, including organic and inorganic sources from the soil as well as nitrogen fixed by rhizobia. This
evidence of bidirectional redundancies in mutualism services, and plasticity of nutrients provided and received, supports the
principle of robustness, the theory that biological systems are optimized for maintenance of core functions in the face of genetic
and environmental perturbations [70,71].

In conclusion, our results suggest that host control traits of legumes, including sanctions and divestment from symbiosis,
diverge in their response to fertilization. While sanctions were compromised under fertilization, hosts divested from rhizo-
bia in this setting, forming smaller nodules (electronic supplementary material, table S5), with reduced population sizes of
rhizobia in them (table 2). Other studies complement this work and suggest that, even under long-term exposure to nitrogen
fertilization, nitrogen-fixing rhizobia are maintained in populations, presumably via host control. For instance, in Acmispon
strigosus populations across an anthropogenic nitrogen deposition gradient in California, studies found no correlation between
soil nitrogen concentration and the net benefit that rhizobia provide to hosts in those locations [41,72]. In parallel, hosts in
nitrogen-rich habitats were found to be highly efficient in their capacity to sanction rhizobia, suggesting that host control traits
are maintained even when rhizobia provide negligible benefits [11,13]. A contrast to these findings is a long-term fertilization
experiment wherein rhizobia with reduced nitrogen fixation capacity were found to be enriched under fertilization [73].
However, this might have been driven by the greatly reduced frequency of legumes in the fertilized plots, rather than decreased
control in those hosts. Surprisingly little is known about the drivers that shape changes in mutualism services of rhizobia. Our
study highlights host mechanisms but cannot rule out the role of environmental forces, outside of the host, that shape how
rhizobia evolve over the long term.
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