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Abstract
Aims
Domestication has improved plant traits to facilitate human use, but can have unintended consequences for traits that are not the target of selection. Disruption in the mycorrhizal mutualism has already been observed in domesticated plants, but little is known about whether the legume-rhizobia mutualism can be similarly disrupted, despite the ecological importance of symbiotic nitrogen fixation. We aim to identify differences in the outcome of this mutualism between wild and domesticated legumes, in terms of reaction norms across varying nitrogen levels.
Methods
In a series of greenhouse experiments, we characterise rhizobial symbiosis traits in chickpeas, lentils, peas, peanuts, and soybeans across six levels of nitrogen fertilisation to characterise whether and how symbiosis traits differ across continuous variation in soil conditions for wild and domesticated lineages.
Results
Our reaction norm characterisations reveal that at lower levels of nitrogen fertilisation, wild soybeans receive a greater benefit from rhizobia than do domesticated soybeans. Additionally, domesticated chickpeas abandon symbiosis at a lower level of nitrogen fertilizer than do wild chickpeas. However, other crops we tested express symbiosis trait reaction norms that are indistinguishable from those of their wild relatives.

Conclusions
Differences are evident between the mutualism reaction norms of domesticated and wild chickpea and soybean, but not lentil, pea, or peanut. This indicates that mutualism disruption is a possible, but not necessary, consequence of domestication.
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Introduction
	Over the course of domestication and improvement, artificial selection for traits that ease cultivation has facilitated the expansion of both the human population and domesticated plants and animals (Diamond, 2002; Smith, 2016; Zeder, 2017). Plant crops have evolved phenotypes that improve their utility for humans, such as non-shattering seeds, reliable germination, and larger grains or fruits (Abbo et al., 2014). There can, however, be unintended side-effects of domestication (Renaut & Rieseberg, 2015; Kono et al., 2016; Moyers et al., 2018). These side-effects include reduced genetic diversity (Smýkal et al., 2018), and the accumulation of deleterious mutations that can reduce biomass, plant height, and starch content (Makino et al., 2018; Valluru et al., 2019). Domestication can also alter plants’ biotic interactions. For example, domestication can reduce crops’ chemical resistance against herbivores (Chen et al., 2015) and pathogens (Córdova-Campos et al., 2012). However, less research has addressed whether similar side-effects of domestication have impacted the evolution of crops’ beneficial microbial symbioses. 
Beneficial symbiotic microbes confer substantial benefits to domesticated lineages. In agroecosystems, arbuscular mycorrhizal (AM) fungi improve the uptake of water and phosphorous (Smith & Read, 2008) and rhizobia fix 50-70 Tg nitrogen (N) annually (Herridge et al., 2008). Given these benefits, it is important to understand how symbiosis with beneficial microbes has evolved as a consequence of crop domestication (Kiers et al., 2007; Martín-Robles et al., 2018; Porter & Sachs, 2020). Symbiotic disruption occurs if there is an evolutionary or ecological decrease in the magnitude of the interaction of plants with beneficial soil microbiota (Porter & Sachs, 2020). Disruption could manifest as reduced benefit from, or reduced investment in, symbiosis. 
There is growing evidence of disruption in plant-microbe mutualisms as a consequence of domestication. For example, the diversity of AM fungal communities associated with wild rice is higher than that of domesticated rice. Colonisation by AM fungi is lower in newer cultivars of sunflowers (Turrini et al., 2016) and breadfruit (Xing et al., 2012) than in ancestral cultivars or wild relatives. Cultivars of 14 crops (including cereals and vegetable crops, but not legumes), when fertilised with P, benefit less from mycorrhizae than do their wild relatives (Martín-Robles et al., 2018). Furthermore, cultivars with less robust symbiosis traits often require higher levels of fertilisation. For example the coffee cultivar Caturra supports mycorrhizal fungi with reduced hyphal length compared to other cultivars and has an unusually high requirement for fertilisation (Abruña et al., 1969; Botelho et al., 2011; Lebrón et al., 2012).  
Legumes host mutualistic rhizobia in root nodules, wherein the bacteria fix atmospheric N2 into forms usable by their host, in return for carbohydrates (Venado et al., 2020). While wild plants tends to be N-limited (LeBauer & Treseder, 2008), agricultural legumes, even if not fertilised directly, are often grown in rotation with crops that are fertilised (Pampana et al., 2018), or in agroecosystems that experience high N deposition (Liu et al., 2006). When soil N is abundant however, N limitation for plant growth is alleviated and legumes reduce their investment in initiating or maintaining nodules (Friel & Friesen, 2019; Nishida et al., 2021). Artificial selection in agriculture could select for plants that more readily switch from biological N fixation to foraging nitrates directly from the soil when soil nitrates are freely available. While this change in symbiotic plasticity could be beneficial in the short term, it could also contribute to the evolution of less mutualistic rhizobia as a side-effect of N addition (Weese et al., 2015). However, despite the importance of contrasting levels of fertility for revealing symbiotic disruption in plant-microbe mutualisms (Martín-Robles et al., 2018), the evolution of the legume-rhizobium symbiosis is seldom studied across gradients of N fertilisation. Without observing symbiosis traits across diverse N fertilisation levels, it is  
To investigate whether host-microbial mutualism has been disrupted during domestication, we compare the legume-rhizobium symbiosis in five agriculturally important crops and their wild relatives across a gradient of N fertilisation. We first ask, do any of the domesticated legumes benefit less from the rhizobial mutualism than do their wild relatives? We hypothesize that, some domesticated crops have evolved a disrupted ability to benefit from rhizobia, potentially because of drift, selection relaxation, or adaptation. Second, we ask, do domesticated legumes cease their mutualism with rhizobia at a lower level of fertilisation than their wild relatives? We hypothesise that, due to evolution in more fertile conditions, some domesticated crops more readily limit nodulation if soil nitrate is abundant.

Materials and Methods
We grew five domesticated crop legumes as well as their wild relatives, with or without rhizobial inoculation, at a range of added N levels in the greenhouse. We measured shoot mass, nodule number, and per-nodule colony-forming units (CFU) in response to inoculation and/or fertilisation. Using generalised linear mixed models (GLMMs), we analysed whether domestication, fertilisation, inoculation, and their interactions impacted shoot mass, nodule number, and number of viable bacteria per nodule. In particular, we investigated whether domestication has led to reduced rhizobial benefit and/or an increased tendency to halt the mutualism in response to fertilisation.
Study system and experimental design
[bookmark: _Hlk14767176]	We compared chickpea, lentil, pea, peanut, and soybean to their wild relatives. These crops include representatives of the three main sub-families of domesticated legumes; galegoids (chickpea, lentil, pea), phaseolids (soybean), and dalbergoids (peanut). Table 1 summarizes domestication history and criteria for assigning wild progenitors for these crops. Domesticated crop seeds were sourced from breeders and include two recently bred and commonly grown cultivars of each domesticated legume, except for soybean, for which one cultivar was used (Table 2). Seeds for wild relatives were provided by the U.S. National Plant Germplasm System and include multiple wild accessions per lineage (Table 2). 
	We conducted a greenhouse experiment for each comparison of a crop with its wild relative. Each experiment included the following treatments in a factorial, complete randomised block design: domestication status (domesticated crop vs wild progenitor), presence of rhizobia (inoculated or uninoculated control), and N fertilisation (one of 6-8 ascending levels). Beginning with soybean, we used a design that included 160 pots (each pot containing one plant and constituting an experimental unit) with five replications of each treatment combination. With the subsequent four other experiments, we scaled up to a 360-experimental unit design with 15 replications of each treatment combination. Low germination of wild peanut seeds allowed only for a 240-plant design with 4 replications for the wild peanuts and 9 replications for the domesticated peanuts. All five experiments were carried out between March and September 2018 in the greenhouse facilities at Washington State University, Vancouver, USA (45°43'57.7"N 122°38'08.4"W). 

Plant growth, sampling, and trait measurements
We manually scarified wild seeds. All seeds were surface sterilised with chlorine gas and planted in SC10R Ray Leach ‘Conetainers’ (Stuewe and Sons Inc., Tangent, Oregon, USA), filled with an autoclaved 1:1 mixture of quartz sand and Sungro Sunshine Mix #1 potting soil (Sun Gro Horticulture, Agawam, MA). Each pot contained a volume of approximately 164 ml of this 1:1 mix. We germinated the seeds in the greenhouse with three 10-minute mist watering cycles each day and 12 hours of supplemental greenhouse light per day in addition to natural light. Once enough seeds germinated, we assigned plants randomly to treatment groups. Each block contained one replicate of each treatment combination. Due to uneven germination among accessions/cultivars, we distributed wild accessions at random among the treatment combinations. 
We applied the first fertilisation before inoculation, to acclimate plants to the soil chemical environment prior to nodulation. To compare wild and domesticated legumes at the full range of possible nodulation responses to N, we aimed to expose plants to a range of N spanning zero addition to a level that would cause the cessation of the rhizobial symbiosis. Fertiliser was delivered as a 0.25X Fahraeus solution (Vincent, 1970) . To this basic solution, we added enough ammonium nitrate (NH4NO3) to deliver a total of 0, 0.01 g N, 0.1 g N, 0.2 g N, 0.6 g N, or 1.5 g N per pot over the course of eight 2 mL applications (soybeans received 0, 0.005, 0.01, 0.03, 0.1, 0.2, 0.4, or 0.6 g N, before fewer levels with a broader range were chosen for the other four species)(Table 4). After the initial fertilisation, we fertilised the plants twice a week, for a total of eight applications. 
We selected a rhizobial strain known to be a beneficial partner for each crop. These strains were provided by the United States Department of Agriculture Agricultural Research Service (USDA ARS, Table 3). We inoculated the plants at least two days after the first fertilisation.
We harvested plants after they had received eight bi-weekly fertilisations. There were 7-8 weeks between planting and harvest. We harvested shoots and dried them at 60oC for 72 hours. We washed roots and stored them on ice before refrigerating overnight. 
Within 24 hours of harvest, we inspected the roots to determine the highest N level at which nodules were consistently present for each crop. We used drop plates (Somasegaran & Hoben, 1994) to compare the number of colony-forming units (CFU) per nodule for freshly harvested nodules at this high N level to that of nodules at the 0 g N level. To do this we cut a single nodule from 12 domesticated and 12 wild plants at each N level, for a total of 48 nodules. We surface-sterilised the nodules by vortexing in bleach (7.4% sodium hypochlorite) for 60 seconds, followed by three 60-second rinses in sterilised DI water. We then placed the surface-sterilised nodules in Eppendorf tubes containing 100 µl of liquid Modified Arabinose Gluconate (MAG) media (USDA Agricultural Research Service). Using sterile pestles, we crushed the nodules in the tubes, storing them on ice. We pipetted 40µl of each crushed nodule suspension into 160µl of MAG media in a 96-well plate, performed serial dilution, applied 25µl drops of these dilutions to MAG agar plates. Counting the colonies that formed for appropriate dilutions allowed us to measure viable colony forming units per nodule. Remaining roots and nodules were frozen. 
To estimate plant performance and intensity of symbiosis, we weighed dry shoots and counted the nodules on thawed roots. Of all the uninoculated plants, 11% formed at least one nodule, likely due to cross-contamination among pots. These included 25 out of 80 uninoculated plants from the soybean experiment, 9 out of 120 uninoculated plants from the peanut experiment, 16 out of 180 uninoculated plants from the chickpea experiment, 12 out of 180 uninoculated plants from the lentil experiment, and 99 out of 180 uninoculated plants from the pea experiment. While low levels of cross-contamination occurred, our inference from the experiments should be conservative because all uninoculated plants that formed even a single nodule were removed from the experiment and thus excluded from analyses. All inoculated plants in each experiment received the same rhizobium treatment, so cross-contamination among inoculated pots would not impact our findings. 
Statistical analyses
To test whether domesticated legumes benefit less from the rhizobial mutualism than do their wild relatives, we analysed plant shoot weight using general linear mixed models (GLMMs) with Tweedie error distributions in glmmTMB (Brooks et al., 2017), in R, version 3.6.0 (R Core Team, 2014). The Tweedie distribution is recommended for continuous data with a large number of zeroes (Lecomte et al., 2013; Foster & Bravington, 2013). In a separate GLMM for each crop, the fixed effects were N level (a continuous variable measured as total g N delivered to plants), domestication (crop vs wild), and rhizobial inoculation, the two-way interactions between each pair of these terms, and the three-way interaction between all three. The random effects were experimental block and plant genotype (i.e., domesticated cultivar or wild accession). The three-way interaction between the fixed effects allowed us to test whether wild legumes receive a greater benefit from rhizobia. Wild peanuts had low survival, resulting in an uneven distribution of wild peanut accessions across the treatment combinations. Including genotype as a random effect in the peanut model caused violations of the assumption of equal variance, so we removed genotype to secure a more reliable model. 
To test whether domesticated legumes cease mutualism with rhizobia at a lower level of fertilisation than do wild relatives, we used GLMMs with Tweedie distributions to model nodulation across variation in N fertilisation. To account for the fact that domesticated legumes are much larger than their wild relatives (Milla & Matesanz, 2017), we used the allometric ratio of nodule count per shoot mass to measure nodulation. These models were run with data from the inoculated plants only. The fixed effects were N level and domestication, and their interaction. The random effects were experimental block and plant genotype. We ran a separate model for each crop-wild relative pair. The N level x domestication interaction allowed us to test whether domestication changes the plants’ nodulation response to N. For nodule count/shoot mass models, we removed three outliers with extreme values: 1) For chickpea, we removed the only plant with nodules at N level 0.6 g N, which alleviated convergence problems for the full model (the inclusion of this outlier did not affect the model outcomes when the genotype random effect was removed, and that genotype did not have a significant effect in the full model). 2 & 3) For soybean and pea, we removed the plants with the highest nodule count/shoot mass value at N level 0.6, both of which were more than 2 standard deviations above the mean. Removal of these nodule count/shoot mass outliers caused the domestication x N level interaction term to be insignificant for both soybean and pea, but their removal was appropriate; with their inclusion, the significance of the interaction terms would be dependent upon a single data point. Additionally, the genotype random effect was excluded from the nodule count/shoot mass model for peanut, as it was with the shoot weight model.
 We used similar models to test the hypothesis that domesticated legumes show a greater reduction in the number of CFU/nodule in response to fertilisation than do wild legumes. Here, the fixed effects were N level and domestication, and their interaction. The random effects were block, genotype (including wild accession and domesticated cultivar), and drop plate replicate. Pea nodules at the 0.2 g N level yielded nearly no colonies. We consider it unlikely that these nodules were truly sterile; the lack of colonies likely reflects a number of viable rhizobia below the threshold of detection of our drop plate test. For this reason, we do not report statistical results for pea CFU data.
We used likelihood ratio tests (Lewis et al., 2011) to evaluate the significance of each predictor term for all models. To determine the directionality and magnitude of significant effects, particularly for the domestication x N level x rhizobia shoot mass interaction term and the domestication x N level nodule interaction term, we used the package ‘Effects’ (Fox et al., 2014). We compared the slopes and 95% confidence intervals of the interaction terms. The non-overlapping confidence intervals of inoculated and uninoculated soybean indicated that wild soybeans received a greater benefit from rhizobia (see Results). To confirm this in an a posteriori model, we pooled the data across the first five N levels (0, 0.005, 0.01, 0.03, and 0.1 g N) and the highest three (0.2, 0.4, and 0.6 g N). With these pooled datasets, we ran models excluding the N level predictor and tested the significance of the rhizobia x domestication interaction term. This interaction had a significant effect across the first five N levels, but not the highest three. 

Results
Impact of rhizobia and N fertilisation on shoot mass
Domestication reduces the proportional benefit of rhizobial inoculation for soybeans (Shoot mass model: Domestication x rhizobia x N level interaction term, χ2 = 6.15, P = 0.013, Table 3). Across the 0, 0.005, 0.01, 0.03, and 0.1 g N levels, wild soybeans receive an average shoot mass benefit of 165% from rhizobial inoculation, while domesticated soybeans receive an average benefit of 52% (Fig. 1i). Across all N levels, the shoot mass of inoculated and uninoculated domesticated soybeans are indistinguishable by 95% confidence intervals in model predictions. In contrast, the shoot mass of inoculated and uninoculated wild soybeans have non-overlapping 95% confidence intervals at or below the 0.1 g N level (Fig. 2). Our a posteriori model showed that at low N, domesticated soybeans benefit less from rhizobia than do wild soybeans (Domestication x rhizobia interaction term, χ2: 18.7, P < 0.001), but at high N, domesticated and wild soybeans gain indistinguishable increases to shoot mass from rhizobia (Domestication x rhizobia interaction term, χ2: 0.13, P = 0.71). 
	Rhizobia benefit all wild and domesticated legume taxa at lower levels of N fertilisation (Fig. 3). Across the N levels tested in common on all five legume clades, 0 – 0.1 g N, rhizobial inoculation increased shoot mass (Rhizobial inoculation terms: soybean, χ2: 10.4, P = 0.001, Chickpea: χ2: 8.25, P = 0.004, lentil: χ2: 5.5, P = 0.01, pea: χ2: 18.2, P < 0.001, peanut: χ2: 172, P < 0.001). 
	N fertilisation affects shoot mass in all species. Fertilisation tends to have a positive effect on shoot weight up to the 0.1 g N/plant level (Fig. 3). Above the 0.1 g N/plant level, fertilisation begins to have a negative effect on shoot mass. The plants are often killed by the highest N level, 1.5 g N/plant. For all species, fertilisation reduces the benefit received from rhizobia; the difference in shoot weight between inoculated and uninoculated plants decreases as N increases. This trend is only significant for soybean, however (fertilisation x rhizobia interaction term, χ2: 12.8, P < 0.001, Table 5), and is marginally significant for lentil (fertilisation x rhizobia interaction term, χ2: 7.53, P = 0.08, Table 5). 
Impact of N fertilisation on nodulation
Overall, fertilisation has a negative effect on nodule count per shoot mass for all species pairs. Domesticated chickpea ceases nodulation in response at a lower level of N fertilisation than does wild chickpea (Domestication x N level interaction term, χ2: 30.6, P<0.001, Table 5, Fig. 1b). Between 0 g N/plant addition and 0.2 g N/plant addition, domesticated chickpea reduces its nodulation by 99.3%. Wild chickpea, across the same range, reduces its nodulation by only 81% (Fig. 1b). Most domesticated chickpeas cease nodulation entirely at the 0.2 g N/plant level, while average nodulation is 8 nodules/plant for wild chickpeas at these N levels. Nodulation response to fertilisation does not differ between the wild and domesticated lentil, pea, peanut, or soybean (Table 5). 
	Congruent with the reduction in nodulation caused by fertilisation, the number of viable rhizobia per nodule declines as fertilisation increases. In lentil, pea, and peanut, number of viable bacteria per nodule is reduced by fertilisation (Fig 4). Domesticated chickpea reduces the number of viable bacteria per nodule in response to fertilisation, but wild chickpea does not (Domestication x N level interaction term, χ2: 35.3, P <0.001, Table 5). Fertilisation causes a 94% reduction in number of viable bacteria per nodule for domesticated chickpea, compared to increase of 38% in wild chickpea (Fig 4a). In contrast, fertilisation causes a greater reduction in number of viable bacteria per nodule for wild lentil than for domesticated lentil (Domestication x N level interaction term, χ2: 8.08, P <0.001, Table 5; Fig 4b). 

Discussion
Our findings are consistent with a scenario in which a plant-microbe mutualism is disrupted in some domesticated crop legumes relative to their wild relatives, but that this disruption is not a universal outcome among legume domestication events. We find that responsiveness to mutualism can differ between lineages of domesticated crops and wild relatives: domesticated soybean benefits less from rhizobia at low levels of fertilisation than does wild soybean. We also identify a shift in mutualism plasticity between a domesticated crop and its wild relative: domesticated chickpea reduces both nodulation and per-nodule CFU in response to nitrogen fertilization more than does its wild relative. However, we did not detect symbiotic differences among crop and wild cultivars of lentil, pea, and peanut. Our findings broaden understanding of how a recent divergence in evolutionary history can affect host-microbe interactions, and highlights potential targets for symbiotic improvement in soybean and chickpea.
At low N fertilisation, wild soybeans benefit more from rhizobia than do domesticated soybeans
We find that in soils containing low N levels, wild soybeans are more responsive to rhizobium inoculation than are domesticated soybeans. Specifically, inoculation with rhizobia increases shoot mass by 165% for wild soybean as compared to an 52% increase in domesticated soybean, at fertilisation levels up to 0.1 g N per plant. Our results provide some of the first evidence consistent with a scenario in which rhizobial mutualism benefits can be reduced by domestication (Porter & Sachs, 2020). The rhizobium strain we examine, Bradyrhizobium diazoefficiens (USDA 110), is a commonly used effective inoculant for domesticated soybean (Caldwell, 1969). We find that this strain is beneficial for both wild and domesticated soybean at levels of fertilisation below 0.1 g N per plant. However, at higher levels of N fertilisation, neither domesticated nor wild soybean benefit from this strain, consistent with a scenario in which fertiliser fulfills plant N requirements at higher levels of N fertilisation. The fact that wild soybean receives a greater benefit from USDA 110 than does domesticated soybean at low levels of N fertilisation is consistent with an evolutionary disruption of the ability to benefit from symbiosis during soybean domestication. Previous findings indicate modern soybean cultivars may be lacking in other symbiotic abilities as well: newer cultivars of soybean can have lower fitness when inoculated with a mix of effective and ineffective rhizobia than older cultivars, suggesting that recent crop breeding has reduced soybean’s ability to sanction against ineffective rhizobia (Kiers et al., 2007). 
Our novel finding of disruption of the N-fixing rhizobial mutualism in domesticated soybean are congruent with similar symbiotic disruption due to domestication that occurs for the mycorrhizal mutualism (Xing et al., 2012; Martín-Robles et al., 2018; Zhang et al., 2019). For example, wild plants benefit from AM fungi both with and without P fertilisation, while domesticated plants benefit only in the absence of P fertilisation (Martín-Robles et al., 2018). This is consistent with crops evolving to obtain P directly from the environment when fertiliser is present, potentially as an adaptation to switch to freely available P in the soil rather than P obtained from mycorrhizae. Our results in soybean are similar in that they suggest a symbiotic disruption has occurred under domestication, albeit with a key difference. For domesticated soybeans, rhizobial benefit is reduced compared to that of wild soybeans only at low N fertilisation levels. This is consistent with a scenario in which soybean has evolved under domestication to lose the ability to benefit from N-fixation in low N soils. The contrasting effects of fertilization on mutualism responsiveness between Martin-Robles et al (2018) and our findings in soybean may reflect real biological differences in how mycorrhizal and rhizobial symbiosis can evolve during domestication, or could arise due to methodological differences between the studies. Martin-Robles et al (2018) investigate a high vs low P treatment, while we investigate a continuous range of N treatments. It could be that at higher P levels, mycorrhizal benefit for wild and domesticated plants would begin to equalise, as we saw with our soybean results; further study across a greater range of P levels would be required to test this hypothesis. We note that reduced crop benefit from rhizobia is a possible but not universal consequence of domestication as we find that chickpea, lentil, pea, and peanut do not differ from their wild relatives in the benefit they receive from rhizobia. The results for these species are mirrored by a similar study in cowpea, where no degradation of symbiotic benefit was found (Ortiz-Barbosa et al., 2022).
	The reduction in rhizobial benefit for domesticated soybeans in low-fertility soil we observe could be explained by contrasting non-exclusive hypotheses. The relaxation of selection hypothesis suggests that for traits essential for fitness in wild conditions, but not in an agricultural setting (Lu et al., 2006), selection against the accumulation of deleterious mutations disrupting that trait could be relaxed. In particular, fertilisation could reduce selection on soybean traits that lead to benefit from rhizobia (Griesmann et al., 2018), since legumes tend to limit their investment in rhizobia in response to N fertilisation (Glyan’ko et al., 2009; Nishida & Suzaki, 2018a), possibly leading to degradation of these traits over generations. In our study, wild soybeans receive a greater benefit from rhizobia than domesticated soybeans at our lower levels of fertilisation, where N budgets are only partially satisfied by fixed N (0, 0.005, 0.01, 0.03, and 0.1 g N per plant, or approximately 0, 3, 5, 16, and 55 kg N/ha). It is common practice to fertilise soybeans with 75 kg/ha (Gan et al., 2002). This would correspond to the point at which rhizobial benefit declines in our experiment, and thus soybeans are commonly grown in conditions where selection on maximal rhizobial benefit could be relaxed. Alternatively, it is possible that lower benefit from rhizobia in domesticated soybean than in wild soybean in low N conditions indicate that domesticated soybeans have evolved in response to selection to grow successfully without investing as much in the rhizobial symbiosis. Having greater fitness in the absence of the symbiosis could give the appearance of benefitting less from inoculation than do wild soybean (Sawers et al., 2010; Porter & Sachs, 2020). To investigate mutualism disruption as a potential adaptation or result of relaxed selection in crops, future studies could use selection analysis on a broad range of soybean genotypes to test whether a reduced investment in rhizobial symbiosis benefits yield or other traits important in agricultural conditions (McGoey & Stinchcombe, 2009; Campitelli & Stinchcombe, 2013). 
In contrast to our findings, Muñoz et al (Muñoz et al., 2016) conclude that rhizobial symbiosis traits are superior in domesticated soybean because domesticated soybeans accumulate more biomass and total fixed N than do wild soybeans in the presence of efficient rhizobium strains. Substantial differences between our studies could underlie these conflicting conclusions. Importantly, our study manipulates the presence and absence of rhizobia, in a design fully crossed with domestication status and soil N levels. Including uninoculated wild and domesticated soybean allowed us to account for the fact that domesticated soybean is twice as large as wild soybean, to find a greater marginal biomass gain from symbiosis in wild soybean than in domesticated soybean. Biomass is a composite trait positively correlated with yield that results from the net effects of more granular traits such as C costs of rhizobia and the amount of N fixed; investigating these more granular traits may help elucidate the physiological bases for symbiotic disruption. An additional methodological difference is that our plants were grown for twice as long (8 weeks) as those in Muñoz et al (2016) (four weeks). It is possible that rhizobial benefits increase more dramatically over time for wild soybean than for domesticated soybean. In our study, we compared five genotypes of wild soybean, to one common modern cultivar derived from the popular Jack and Pioneer cultivars. Thus, the cultivar we used, MN1312CN, was released by the University of Minnesota in 2014 as a normal bulk commodity accession selected for high yield, resistance to soybean cyst nematode and phytophthora root rot, and above average protein content and thus is representative of non-roundup-ready modern soybeans. Because we do not include a diversity of domesticated soybean, nor the genotypes examined in Muñoz et al (2016), further research is needed to establish the generality of our findings. Future experiments involving more soybean cultivars that run for a longer duration under field conditions would also be helpful to explore the bases for the conflicting results in the literature.
Domesticated chickpeas show a greater reduction in nodulation in response to N fertilisation than do wild chickpeas
In this study we demonstrate for the first time that soil N-driven divestment from the rhizobial symbiosis is more pronounced in domesticated chickpea than in wild chickpea. This heightened response to N supports the hypothesis that domestication can increase the tendency of legumes to reduce nodulation in response to fertilisation. Multiple levels of nitrate-mediated symbiosis disruption in domesticated chickpea are evident in our results. We find that chickpea limits the number of nodules formed as N-fertilization increases and ceases nodulation entirely at high levels, and that the reduction in nodule number per shoot mass is more sensitive to nitrate-mediated control in domesticated chickpea. Between 0 and 0.2 g of N fertilisation, domesticated chickpea reduces nodulation by 99%, while wild chickpea reduces nodulation by only 81%. At 0.2 g N fertilisation, domesticated chickpea ceases nodulation entirely in many cases, while nodulation continues in wild chickpea. Fertilisation of 0.6 g N is sufficient to stop nodulation for both species of chickpea. Furthermore, we also find that post-nodulation effects are strong. Under N fertilisation the number of viable bacteria per nodule is greatly reduced in domesticated chickpea, while it is not significantly affected in wild chickpea. Nodules on domesticated chickpea plants receiving no N-fertilisation are occupied by more viable rhizobia than nodules exposed to 0.1 g N, suggesting that domesticated chickpea plants limit their investment in existing nodules in response to N fertilisation, possibly by diverting photo-assimilates and/or oxygen (Escuredo et al., 1996; Fujikake et al., 2003). However, between these levels of fertilisation, the number of viable rhizobia in a nodule are indistinguishable for wild chickpeas. These findings corroborate previous findings of the high sensitivity of chickpea to N-fertilisation compared to other legumes, such as faba and field beans (Rose et al., 2016; Pampana et al., 2018) and of the sensitivity of domesticated chickpea rhizobial symbiosis in particular to N fertilisation (D Cook, pers comm). The cultivars we used, Sierra and Sawyer, are both popular and recently bred chickpeas of the Kabuli type released in 2003 and 2007, respectively. Both were selected for high yield and resistance to Ascochyta blight, and are representative of modern chickpea cultivars.
	Greater sensitivity of symbiosis to fertilisation in domesticated chickpeas than in wild chickpeas could be adaptive in more fertile agricultural conditions. The reduction of investment in rhizobial symbiosis in response to N fertilisation can be adaptive if the cost of nodules becomes a poor investment when nitrates are freely available in the soil, and having too many nodules is detrimental to growth (Nishida & Suzaki, 2018b). If domesticated chickpeas have become more sensitive to nitrates to more rapidly decrease their investment in nodules, then this could be adaptive in an environment where they can expect to receive free nitrates. If this were the case, we might expect to see less benefit from rhizobia at lower N levels for domesticated chickpea, and a greater cost of rhizobia at higher N levels for wild chickpea. However, in our findings, the effect of rhizobia on shoot mass across N levels is indistinguishable between wild and domesticated chickpea. Therefore, the greater reduction of nodulation in domesticated chickpeas as soil N increases does not confer a detectable fitness advantage in our experiment, but neither does it reduce fitness. Adaptation to higher nutrient environments has been previously observed in domesticated chickpea (Marques et al., 2020), so it is possible that our finding is part of such adaptation. Future experiments under realistic high and low N conditions in the field will be important to ascertain whether a reduction of investment in rhizobia in response to N fertilisation is adaptive for domesticated chickpea under agricultural conditions.
	 As with the effect of domestication on legume shoot growth response to rhizobia, we find that an increased sensitivity of nodule traits to fertilisation is not a universal consequence of domestication, as we do not observe this pattern in soybean, pea, peanut, or lentil. 

Conclusion
We find that symbiotic disruption is a possible, but not necessary consequence of crop domestication. Of the five legumes we examine, soybean and chickpea show evidence of disruption to the rhizobial mutualism under domestication, while pea, peanut and lentil do not.  Of the lineages we examined, domesticated soybeans benefit less from rhizobia than do wild soybeans at low N levels, and domesticated chickpeas reduce their nodulation in response to N fertilisation to a greater extent than do wild chickpeas. The importance of N availability to these differences may indicate that the agricultural N environment has influenced the evolution of soybean and chickpea. Breeding crops for better relationships with soil microbes is a promising crop improvement strategy (Bennett et al., 2013; Sessitsch & Mitter, 2015). If the ability of legumes to gain N from rhizobia could be improved, then their fertiliser requirements could be reduced. The introgression of wild material into crops has potential for crop improvement (Brozynska et al., 2016; Stalker, 2017), and our findings suggest that soybean and chickpea could provide fruitful systems for examining this potential.
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TABLES
Table 1. Timeline of legume crop domestication. 
[image: ]
Approximate date of domestication for each crop, its region of origin, the number of independent domestication events for each, and the severity of the genetic bottleneck(s) each underwent. Also included is information on assigning wild progenitors for each crop. 


[image: ]Table 2. Cultivars and accessions of legumes used in the experiment.




















Dates of release of domesticated cultivars are shown in brackets next to their names.

[image: ]Table 3: Rhizobium strains in the experiment. Rhizobial partners were chosen to be beneficial for both wild and domesticated legumes.


Table 4: Nitrogen fertilization levels in the experiment. Total g N per pot, NH4NO3 content of fertiliser in g/L, N molarity of fertiliser. Fertiliser was applied in a series of eight 2ml applications.
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Table 5. Generalized mixed-effects models comparing outcomes of symbiosis between crops and wild relatives across levels of nitrogen fertilization. The models test whether shoot mass, nodule count/shoot mass, and CFU/nodule were affected by rhizobial inoculation (Rhiz), domestication (Dom), fertilisation (N), and the two- or three-way interactions between these terms. The table presents the likelihood ratio test, degrees of freedom (D.f.), χ2 values, and p-values. Significant P-values are shown in bold. 
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FIGURE LEGENDS

Fig. 1 The growth benefits of rhizobia, and number of nodules decrease with N fertilisation. Domesticated (solid lines) and wild (dashed lines) legumes across levels of N fertilisation. Shoot mass responsiveness is calculated as (inoculated shoot mass – uninoculated shoot mass) / (uninoculated shoot mass). Means and error bars (± standard error) are calculated from raw data.
Fig. 2 Domesticated soybeans benefit less from rhizobia at low N levels than do wild soybeans Model-based predictions of the reaction of inoculated (solid lines) and uninoculated (dashed lines) wild (a) and domesticated (b) soybean to fertilisation. The predictions and 95% confidence intervals (shown by shaded areas) are based on the mixed-effects model testing the effects of domestication, rhizobia, fertilisation, and the interactions between these terms on soybean shoot mass. The ticks inside the x-axis indicate individual N levels.
Fig. 3 Rhizobia increase the size of legume crops and their wild relatives at low levels of N fertilisation. Inoculated (solid lines) and uninoculated (dashed lines) plants across levels of N fertilisation. Crop legumes shown in blue, wild legumes in red. Means and error bars (± standard error) are calculated from raw data.
Fig. 4 Number of viable bacteria in nodules generally decreases with N fertilisation.  CFU/nodule is a measure of the number of colony-forming units (i.e., viable bacterial cells) per nodule.
Fig. 5 Domesticated chickpeas cease nodulation at a lower level of fertilisation than do wild chickpeas Model-based predictions of the reaction of wild chickpea (dashed line) and domesticated chickpea (solid line) nodulation to fertilisation. The predictions and 95% confidence intervals (shown by shaded areas) are based on the mixed-effects model testing the effects of domestication, fertilisation, and the interactions between these terms on chickpea nodules/shoot mass. The ticks inside the x-axis indicate individual N levels.
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Fixed Effects Shoot mass Nodules/Shoot mass CFU
D.f. X2 p-value D.f. X2 p-value D.f. X2 p-value
Domestication 78 144 <0.001 6,7 207 <0.001 78 0.36 0.54
N 78 277 <0.001 6,7 258  <0.001 78 9.08 0.002
Rhiz 78 141 023 - - - - - -
Domx N 10,11 17.0 <0.001 78 306 <0.001 89 353 <0.001
Dom x Rhiz 10,11 0.86 035 - - - - - -
Chickpea N x Rhiz 10,11 1.68 0.19 - - - - - -
Dom x N x Rhiz 11,12 1.00 0.31 - - - - - -
Random Effects
Block 11,12 0.00 1.00 89 0 1 89 641 0.01
Genotype 11,12 0.00 1.00 89 239 0.12 89 187 <0.001
Rep -- -- - 89 0.00 1.00
Dom 78 126 <0.001 6,7 0.81 0.36 78 0.04 0.82
N 78 175 <0.001 6,7 258  <0.001 78 10.4 0.001
Rhiz 78 035 0.54 - - - - - -
Dom x N 10,11 7.58  0.005 78 064 0.42 89 808  0.004
Lentil Dom x .Rhiz 10,11 0.42 0.51 - - - - - -
N x Rhiz 10,11 7.53 0.08 - - - - - -
Dom x N x Rhiz 11,12 012 072 - - - - - -
Random Effects
Block 11,12 0.00 1 7,8 0.007 0.93 89 9.45 0.002
Genotype 11,12 0.00 1 78 0.07 0.78 8,9 1.24 0.26
Rep -- -- - 89 0.00 1.00
Dom 78 508 0.02 6,7 0.002 0.95
N 78 193 <0.001 6,7 168  <0.001
Rhiz 78 114 028 - - -
Domx N 10,11 0.41 0.52 78 331 0.06
Pea Dom x Rhiz 10,11 0.85 035 - - -
N x Rhiz 10,11 0.29 0.58 - - -
Dom x N x Rhiz 11,12 017 067 - - -
Random Effects
Block 11,12 015 0.69 78 0 1
Genotype 11,12 0.00 1.00 78 1343  <0.001
Dom 6,7 547 0.01 56 0.73 0.39 45 4.7 0.02
N 6,7 193  <0.001 56 145 <0.001 45 53.1  <0.001
Rhiz 6,7 1.00 0.31 - - - - - -
Dom x N 9,10 04 0.52 6,7 3.62 0.056 56 36 0.057
Dom x Rhiz 910 0.98 0.32 - - - - - -
Peanut N x Rhiz 9,10 028 0.59 - - - - - -
Dom x N x Rhiz 10,11 0.18 0.66 - - - - - -
Random Effects
Block 10,11 0.12 0.72 78 0 1 56 15.8 <0.001
Genotype -- -- - --
Rep - - -- - - -
Dom 78 963 <0.001 6,7 0.05 0.81
N 78 297 <0.001 6,7 874  <0.001
Rhiz 78 104 0.001 - - -
Dom x N 10,11 0.95 033 7.8 0.05 0.81
Soyb Dom x Rhiz 10,11 0.009 0.92 - - -
oYPean  x Rhiz 1011 128 <0.001 - - -
Dom x N x Rhiz 11,12 6.15 0.01 - - -
Random Effects
Block 11,12 0 1.00 78 719 0.007
Genotype 11,12 0 1.00 7.8 0 1
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Legume species Rhizobial partner Strain ID
Chickpea Mesorhizobium ciceri USDA 3383
Lentil Rhizobium leguminosarum biovar. viciae USDA 2434
Pea Rhizobium leguminosarum USDA 2370
Peanut Bradyrhizobium USDA 3341
Soybean Bradyrhizobium diazoefficiens USDA 110
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