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ABSTRACT OF THE DISSERTATION  
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Microbes can dramatically alter the fitness of host organisms, ranging in effect 

from mutualistic to antagonistic. Across this spectrum of fitness effects the microbial 

symbiont is predicted to optimize its own fitness benefits either through positive feedback 

(i.e., mutualism) or exploitation (i.e., antagonism). The legume-rhizobium symbiosis has 

emerged as a powerful system to study the control mechanisms of hosts and the 

corresponding subversion of control by symbionts. Rhizobial bacteria are housed in 

legume root nodules where they provide the costly services of nitrogen fixation in return 

for host derived carbon. However, variation in symbiont quality and lifestyle strategies 

can result in fitness conflict between host and symbiont. I used the symbiosis between 

Lotus japonicus and Mesorhizobium loti to investigate host control over symbionts across 

the mutualism-antagonism spectrum. For chapter 1 I investigated the effects of host 

control on symbiont fitness when symbionts vary in their fitness effects. I found that the 

L. japonicus host can adaptively alter the fitness of symbionts dependent on symbiotic 

nitrogen fixation.  For chapter 2 I examined how varying host investment into symbiosis 
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affects the fitness of hosts and symbionts. I found host control was maintained when host 

investment into symbiosis was altered. However, at high levels of host investment in 

symbiosis with a high-quality symbiont I uncovered evidence that host fitness is 

optimized, while symbiont fitness continues to increase. For chapter 3 I tested the effects 

of host control and varying levels of host investment on the evolution of symbiont 

services to hosts. After experimentally evolving rhizobial symbionts of mediocre quality 

in multiple experiments, the phenotypic data was most consistent with a shift towards 

antagonistic phenotypes. Together, these results highlight the intense conflict over 

resources that can lead to the destabilization or breakdown of the mutualism between 

legumes and rhizobia. 
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General Introduction 

Mutualistic interactions with microbes can dramatically improve the fitness of 

eukaryotic hosts. However, these benefits are not guaranteed or fixed and many of these 

interactions shift in fitness outcome from mutualism to antagonism (Bronstein 1994, 

2001; Neuhauser and Fargione 2004; Thompson 1988). Microbes have a profound 

evolutionary advantage over hosts due to a vastly greater effective population size and 

rapid reproduction rates. Thus, rapid evolution of mutant microbes that extract more and 

or give less resources to hosts can rapidly spread through a population (Joel L. Sachs et 

al. 2004; Foster and Wenseleers 2006). Both plant and animals hosts are predicted to 

evolve control mechanisms that decrease the fitness advantage gained by such 

antagonistic symbiont genotypes (Axelrod and Hamilton 1981; Chaparro et al. 2012; 

Denison 2000; Fine 1975; Haney et al. 2015; Joel L. Sachs et al. 2004). For example, 

host plants can influence the microbial ecology around their roots (Busby et al. 2017), 

while the bobtail squid host can alter allele frequencies of their symbionts by creating a 

harsh in vivo environment for non-mutualistic symbionts (McFall-Ngai 2014).  

The legume-rhizobia interaction is a powerful model to study microbial symbionts 

that fall along the mutualism-antagonism spectrum and the corresponding evolutionary 

dynamics that maintain this symbiosis (Denison 2000; Mus et al. 2016; Joel L. Sachs, 

Quides, and Wendlandt 2018; J. I. Sprent et al. 1987). Legumes provide photosynthates 

while rhizobia fix atmospheric nitrogen, and both provide substantial fitness benefits to 

the other. The interaction begins when host roots release flavonoids into the soil whereby 

receptive rhizobia release Nod factors that trigger a cascade of transcriptional changes in 
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host roots (Liu and Murray 2016). Once inside host tissue, the rhizobia colonize 

individual plant cells (Coba de la Peña et al. 2018). As the intracellular rhizobia begin to 

proliferate, the host root tissue grows into a novel organ, a nodule, which can house 

millions of rhizobia that fix atmospheric nitrogen for the host (Quides et al. 2017). As the 

growth season progresses, nodules gradually senesce and resources are diverted away 

from nodule maintenance (and corresponding rhizobia fitness) and towards host seed 

production. Throughout nodule senescence, a subset of rhizobia residing within  the 

nodule are released into the soil where they can infect a future host (Puppo et al. 2004). 

At each step in this process, hosts have evolved control mechanisms that can limit 

harmful interactions with rhizobia (Joel L. Sachs, Quides, and Wendlandt 2018). 

Nonetheless, the host mechanisms that prevent the sweep of antagonistic rhizobial 

symbionts in a population remain unresolved. 

Lotus japonicus is a genomic model for legume research with a diversity of 

mutants available for both host and symbiont (LegumeBase). By using this host I was 

able to ask specific questions using near-isogenic hosts and symbionts. Furthermore, 

there is a large assemblage of established methods to study this interaction (Márquez 

2005). In chapter 1, I inoculated L. japonicus with three near-isogenic symbionts varying 

in their capacity to fix nitrogen. I tested the ability of L. japonicus to bias in planta fitness 

of symbionts based upon the nitrogen fixed by each strain. The prediction is that hosts 

should adjust investment in a way that optimizes host fitness. For chapter 2, I used four 

near-isogenic L. japonicus hosts varying in their investment into nodules. I examined 

variation in the host and symbiont fitness dependent on the degree of host investment into 
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the symbiotic structures. The prediction is that hosts must balance costs and benefits of 

any interaction to invest optimally (Joel L. Sachs, Quides, and Wendlandt 2018). For 

chapter 3, I used in vitro evolution to test the capacity of L. japonicus to select for 

beneficial genotypes of rhizobia. Using the L. japonicus host I examined the effects of 

host control mechanisms across the symbiosis spectrum providing insight into the 

intricate interaction between this eukaryotic host and its microbial symbionts. 

Additionally, I tested how variation in host control affected a rhizobial symbionts 

position on the spectrum and I suggest ways that we can adapt these finding to other 

plant-microbe interactions.  
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Chapter 1 

Lotus japonicus alters in planta fitness of Mesorhizobium loti  

dependent on symbiotic nitrogen fixation 

Abstract 

Rhizobial bacteria are known for their capacity to fix nitrogen for legume hosts. However 

ineffective rhizobial genotypes exist and can trigger the formation of nodules but fix little 

if any nitrogen for hosts. Legumes must employ mechanisms to minimize exploitation by 

the ineffective rhizobial genotypes to limit fitness costs and stabilize the symbiosis. Here 

we address two key questions about these host mechanisms. What stages of the 

interaction are controlled by the host, and can hosts detect subtle differences in nitrogen 

fixation? We provide the first explicit evidence for adaptive host control in the interaction 

between Lotus japonicus and Mesorhizobium loti. In both single inoculation and co-

inoculation experiments, less effective rhizobial strains exhibited reduced in planta 

fitness relative to the wildtype M. loti. We uncovered evidence of host control during 

nodule formation and during post-infection proliferation of symbionts within nodules. 

We found a linear relationship between rhizobial fitness and symbiotic effectiveness. Our 

results suggest that L. japonicus can adaptively modulate the fitness of symbionts as a 

continuous response to symbiotic nitrogen fixation. 
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Introduction 

Rhizobial bacteria instigate the formation of root nodules on legumes where the bacteria 

fix atmospheric nitrogen for the host, a process that can greatly enhance plant growth and 

fitness (Sprent et al. 1987). In exchange for fixed nitrogen the plant provides 

photosynthates that allow rhizobia to proliferate in planta and after nodule senescence, 

replenish the soil (Puppo et al. 2004). However, legumes often encounter ineffective 

rhizobia that trigger the formation of nodules but fix little if any nitrogen (Bromfield et 

al. 2010; Burdon et al. 1999; Chen et al. 2002; Collins, Thies, and Abbott 2002; Denton 

et al. 2000; Ehinger et al. 2014; Fening and Danso 2002; Gaur and Lowther 1980; Gibson 

et al. 1975; Moawad, Badr El-Din, and Abdel-Aziz 1998; Quigley et al. 1997; Rangin et 

al. 2008; Sachs et al. 2009; Sachs, Ehinger, and Simms 2010). By not providing fixed 

nitrogen ineffective rhizobia have the potential to exploit resources from the host without 

paying the high energetic expense of fixing nitrogen (Porter and Simms 2014; Ratcliff 

and Denison 2009; Sachs, Ehinger, and Simms 2010; Trainer and Charles 2006; West et 

al. 2002a). To maximize net fitness benefits of symbiosis, legumes must exhibit ‘host 

control’ traits that constrain the effects of ineffective rhizobial genotypes and select 

against symbiont exploitation (Denison 2000; West et al. 2002a, 2002b). 

 There are two stages of the interaction where legumes have the potential to bias 

investment towards beneficial rhizobia and limit physiological inputs into ineffective 

genotypes. In a ‘partner choice’ model, legumes could discriminate between different 

genotypes of rhizobia during the process of nodule organogenesis  (Cooper 2007; Sachs 

et al. 2004; Simms and Taylor 2002). Evidence suggests legumes restrict certain 
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genotypes of rhizobia at the early stages of nodule development (Djordjevic et al. 1988; 

Kosch et al. 1994; Lotocka et al. 2000; Martin Parniske et al. 1994; Vasse, Billy, and 

Truchet 1993) or block nodulation  caused by toxin-producing rhizobia (Devine, 

Kuykendall, and O’Neill 1990; Devine and Kuykendall 1996). However, it is unclear 

whether nitrogen fixation is expressed early in the process for legumes to discriminate 

between effective and ineffective genotypes (Amarger 1981a, 1981b; de Boer and 

Djordjevic 1995; Champion et al. 1992; Hahn and Studer 1986; Kuykendall and Elkan 

1976; Ling et al. 2013; Noel, Vandenbosch, and Kulpaca 1986; Westhoek et al. 2017; 

Yasuda et al. 2016). In a ‘sanctions’ model, after nodule organogenesis is complete, 

legumes have the potential to selectively target rhizobia that fail to fix sufficient amounts 

of nitrogen within the nodule and reduce their fitness relative to beneficial genotypes 

(Denison 2000; West et al. 2002a, 2002b). Several experiments have demonstrated that 

nodules with nitrogen-fixing rhizobia grow (and the rhizobia within rapidly proliferate) 

whereas nodules with ineffective rhizobia tend to stay small (and the rhizobia within have 

reduced fitness) (Kiers et al. 2003; Oono, Anderson, and Denison 2011; Regus et al. 

2014; Sachs et al. 2010; Simms et al. 2006).  Some experiments have failed to find 

evidence for sanctions but this could be a consequence of challenges in controlling for 

variation in competitive ability and host specificity among rhizobial genotypes (Gubry-

Rangin, Garcia, and Bena 2010; Heath and Tiffin 2009; Ling et al. 2013; Marco et al. 

2009). Experiments have found evidence for partner choice and/or sanctions in diverse 

legumes (Amarger 1981a; Champion et al. 1992; Gubry-Rangin, Garcia, and Bena 2010; 

Heath and Tiffin 2009; Kiers et al. 2003; Kiers, Rousseau, and Denison 2006; Oono, 
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Anderson, and Denison 2011; Regus et al. 2014, 2015; Sachs et al. 2010; Simms et al. 

2006; Singleton and Stockinger 1983; Westhoek et al. 2017). While the molecular 

dialogue that occurs prior to nodule formation has been well characterized (Cooper 2007; 

Limpens, van Zeijl, and Geurts 2015), the triggers for sanctions have received little 

attention (Kiers, Rousseau, and Denison 2006; Regus et al. 2014).  

 Mesorhizobium loti MAFF303099 (MAFF) fixes nitrogen for the host Lotus 

japonicus, a perennial herbaceous diploid, allowing hosts to grow without any other 

source of nitrogen (Jiang and Gresshoff 1997). L. japonicus forms determinate nodules 

that lack a continuous meristem. L. japonicus nodules have a relatively homogenous 

population of differentiated intracellular rhizobia (i.e., bacteroids), cease growth after 

nodule development is complete, and because the bacteroids do not terminally 

differentiate, allow rhizobia to escape back into the soil during nodule senescence. This is 

in contrast to other legumes such as Medicago truncatula that form indeterminate nodules 

that grow throughout the functional association, and have a spatial gradation of 

bacteroids in different developmental stages. The bacteroids of indeterminate nodules 

tend to terminally differentiate and cannot escape the nodule, but nonetheless a subset of 

viable rhizobia can be released upon nodule senescence (Crespo-Rivas et al. 2016; Puppo 

et al. 2004; Oono et al. 2010).  

 In the Lotus-Mesorhizobium symbiosis both symbiotic partners have been 

developed as models for the molecular and cellular basis of nodulation (Kaneko 2000; 

Kawaguchi et al. 2002). Mutants of MAFF have been generated by signature-tagged 

mutagenesis and their insertion sites have been identified (Shimoda et al. 2008). Several 
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mutants affected in nitrogen fixation have been identified. STM30 has a transposon 

inserted in mll0343, encoding glutamine synthetase I (strain ID 10T05g06). The mutant is 

significantly reduced in its ability to fix nitrogen, as measured by acetylene reduction (ca. 

45%, Chungopast et al. 2014). Glutamine synthetase (along with glutamine synthase) is 

responsible for the assimilation of ammonium in legume nodules, which is the main 

product of nitrogen fixation (Chungopast et al. 2014). The MAFF mutant STM6 has a 

transposon inserted in mlr5906, which is the nitrogenase gene nifD (strain ID 17T02d02). 

This mutant is incapable of fixing nitrogen (Shimoda et al. 2008). Nitrogenases are a 

family of metalloenzymes that catalyze the reduction of dinitrogen to ammonia. In 

MAFF, the majority of the genes necessary for nodulation and nitrogen fixation are 

clustered in a symbiosis island (Kaneko 2000).  

 The goals of our experiment were to (i) test whether mildly effective and 

ineffective mutants of M. loti nodulate L. japonicus hosts at reduced rates when 

competing against wildtype MAFF, (ii) examine whether the MAFF mutants are reduced 

in population sizes within singly infected and co-infected host nodules, and (iii) 

investigate the triggering of sanctions in response to varying amounts of nitrogen 

fixation. We inoculated L. japonicus hosts with single and mixed inocula of MAFF, 

STM30, and STM6 in order to estimate symbiotic effectiveness (effects on host growth in 

the absence of other nitrogen sources), host investment in symbionts (nodule biomass), 

and symbiont fitness (viable within-nodule population size). Additionally, we tested 

models of nodulation rates for each strain and host response to rhizobia that differ in 

symbiotic effectiveness.  
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Results  

Host and symbiont growth in a controlled environment 

MAFF, STM30, and STM6 were singly inoculated on  L. japonicus seedlings growing  in 

sterilized growth pouches filled with N-free Jensen’s fertilizer and in an environmentally-

controlled setting (Somasegaran and Hoben 1994). Experimental treatments each began 

with 20 seeds, but after germination the number of surviving plants ranged from 10 to 18 

(Appendix 1.1). Plants were harvested from 3 weeks post infection (wpi) to 8wpi. These 

time points were selected based on data from pilot experiments and visualization of key 

morphological differences, such as observable differences in nodule size, flowering, and 

senescence. At the earliest time point, there were no detectable differences in shoot 

biomass between inoculation treatments (ANOVA, F2,38 = 0.994, P = 0.380; Figure 

1.1A).  By 5wpi, a significant difference was observed, with MAFF-inoculated plants 

having significantly greater shoot biomass than hosts inoculated with STM30 or STM6, 

and this pattern was maintained at 6wpi (5wpi: ANOVA, F2,44 = 19.052, P < 0.001; 6wpi: 

ANOVA, F2,36 = 11.758, P < 0.001; Figure 1.1A). As the experiment progressed, the 

differences in shoot biomass of plants inoculated with MAFF and mutants became 

greater. At 7 and 8wpi MAFF-inoculated plants were significantly larger than hosts 

inoculated with STM30 which were significantly greater larger than hosts inoculated with 

STM6 (7wpi: ANOVA, F2,42 = 30.212, P < 0.001; 8wpi: ANOVA, F2,34 = 20.215, P < 

0.001; Figure 1.1A). 

To quantify fitness effects on the symbiont, we measured characteristics of 

nodules that reflect host investment into in planta rhizobia. We focused on 6 and 8wpi, 
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time points in which variation in symbiotic benefit was detected and natural senescence 

of nodules had not occurred. At 6wpi we did not detect differences in average nodule 

biomass infected with different genotypes (ANOVA, F2,9 = 4.543, P = 0.054; Figure 

1.1B),  At 8wpi, nodules housing MAFF had a greater average biomass than nodules of 

STM30 which were larger than STM6 (ANOVA, F2,11 = 17.156, P < 0.001; Figure 1.1B). 

To examine the possibility that differences in nodule biomass reflected fitness differences 

of the bacteria, we also dissected and successfully cultured 86 out of 115 nodules to 

quantify the viable in planta rhizobia (Appendix 1.2). MAFF population sizes estimated 

from cultured nodules at 6 and 8wpi were significantly greater than STM30 and STM6, 

while no differences were detected between STM30 and STM6 (6wpi: ANOVA, F2,38 = 

4.673, P < 0.05; 8wpi: ANOVA, F2,46 = 11.789, P < 0.001; Figure 1.1C). Thus, under 

controlled conditions, singly inoculated hosts grew smaller with the less effective 

rhizobia which were simultaneously reciprocated fewer resources than the more effective 

genotype. 
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Figure 1.1 Traits of host and symbiont in growth chamber experiment 

L. japonicus hosts were inoculated with near-isogenic M. loti strains MAFF, STM30, and 

STM6  and  host and symbiont phenotypes were measured at times indicated. (A) 

Symbiont effectiveness was measured as dried shoot biomass. (B) Host investment in 

symbionts was measured as average individual biomass of nodules (dry weight). (C) 

Rhizobial fitness was estimated based on CFUs from serially diluted extracts of crushed 

nodules. Error bars indicate one standard error from the mean. Horizontal lines (A) 

represent the mean dried shoot biomass for uninoculated controls at 6 (0.003g) and 8wpi 

(0.002g). Data points demarked with different letters indicate significant differences 

between strains at a given wpi. (one-way ANOVA, post-hoc Student’s  t-test, α=0.05).  
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Host and symbiont growth under ambient conditions 

Results were repeatable with plants grown in the less controlled environment of 

greenhouse. In this experiment plants were harvested only at 4wpi and 7wpi, during 

which plants were rapidly growing and had not flowered. Only two time points were used 

because of the greater challenges in greenhouse experiments. At 4 and 7wpi hosts 

inoculated with MAFF had significantly more shoot biomass than those infected with 

either STM30 or STM6, and plants inoculated with STM30 had significantly greater 

shoot biomass than those inoculated with the ineffective strain STM6 (4wpi: ANOVA, 

F2,35 = 19.334, P < 0.001; 7wpi: ANOVA, F2,35 = 89.744, P < 0.001; Figure 1.2A). We 

also harvested nodules at these times. Again, consistent with results from growth 

chamber experiments, nodules infected with MAFF had the greatest average biomass at 

both 4 and 7wpi, while the average biomass of STM30-infected nodules was significantly 

greater than those from STM6-infected plants at 7wpi (4wpi: ANOVA,  F2,26 = 6.739, P < 

0.005; 7wpi: ANOVA,  F2,29 = 55.839, P < 0.001; Figure 1.2B). Of the 224 nodules 

cultured, rhizobia were successfully cultured from 177 nodules (Appendix 1.2). Of the 

nodules harvested at 4wpi, there were no significant differences in the number of cultured 

rhizobia (ANOVA, F2,36 = 0.852, P = 0.435; Figure 1.2C). At 7wpi, MAFF population 

size was significantly greater than that of STM6, but the population size of STM30 was 

not different relative to the population sizes of either of the other two genotypes 

(ANOVA, F2,40 = 3.782, P < 0.05; Figure 1.2C).  
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Figure 1.2 Traits of host and symbiont in greenhouse experiment 

L. japonicus hosts were grown in sterilized quartzite sand supplemented with N-free 

Jensen’s fertilizer. Hosts were singly inoculated or co-inoculated with the near-isogenic 

M. loti strains MAFF, STM30, and STM6 and mean host and symbiont phenotypes were 

measured. (A) Symbiont effectiveness measured as dried shoot biomass. (B) Host 

investment in symbionts was measured as average individual biomass of nodules (dry 

weight). (C) Rhizobial fitness was estimated based on colony forming units (CFUs) from 

serially diluted extracts of crushed nodules. Error bars indicate one standard error from 

the mean. Data points demarked with different letters indicate significant differences 

between strains at a given wpi (one-way ANOVA, post-hoc Student’s t-test, α=0.05). 
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Testing models of host control over in planta rhizobial fitness 

First, we tested whether STM30 or STM6 are compromised for fitness by measuring in 

vitro growth rate and nodulation rate, as these factors could affect the outcome of our 

experiments. We can reject the possibility that STM30 or STM6 were compromised for 

our tested fitness measures. The mean doubling times ± standard error in minutes for 

MAFF, STM30 and STM6 were 210 ± 32, 175 ± 28 and 220 ± 25, respectively, and there 

were no significant differences in growth rate between the three strains (ANOVA; F2,32 = 

0.6687; P = 0.52). We can also reject the possibility that STM30 or STM6 were 

compromised for nodulation relative to MAFF nodulation relative to MAFF by 

comparing early nodulation rates in a single inoculation scenario (4wpi, greenhouse 

experiment; ANOVA; F2,35 = 2.2326; P = 0.1232).  We co-inoculated 96 greenhouse-

grown plants with MAFF paired with each of the less effective genotypes to test models 

of partner choice and sanctions. The proportion of nodules with MAFF present and the 

proportion of MAFF within nodules were quantified. We tested the null model that ratios 

of recovered rhizobia should approximate the ratios used in the initial inoculations, which 

assumes that nodulation rates and rates of rhizobial in planta growth are equal. Under a 

partner choice model, plants will form more nodules with symbionts that provide greater 

benefits (Sachs et al. 2004; Simms and Taylor 2002). Under a sanctions model, there will 

be greater in planta proliferation of the more effective genotype (Denison 2000).  

We inoculated plants with a 1:1 and 1:9 (MAFF:STM mutant) ratio of genotypes. 

A fraction of the mixtures was plated and each genotype was scored based on colony 

color (the MAFF strain used expressed red fluorescent protein) to retrospectively 
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determine actual proportions used. The proportion of MAFF in MAFF:STM30 mixtures 

were close to the expected proportions: 0.517 ± 0.030 for the planned 1:1 ratio inoculum 

and 0.118 ± 0.001 for the planned 1:9 inoculum. In contrast, the proportion of MAFF for 

the MAFF:STM6 mixtures were more biased towards the mutant than expected and were 

0.289 ± 0.032 for the planned 1:1 inoculum and 0.045 ± 0.005 for the 1:9 inoculum. 

Thus, for the latter combination, the actual ratios of inoculated genotypes were 3:7 and 

1:19. 

In all but one comparison, MAFF was present in significantly more nodules than 

the null expectation (Table 1.1). When MAFF and STM30 were inoculated at equal 

proportions, MAFF was present in significantly more nodules at 4 and 7wpi (4wpi: two-

tailed GoF test, n = 16, P < 0.05; 7wpi: two-tailed GoF test, n = 10, P < 0.01). The same 

pattern was observed at 4 and 7wpi when MAFF was co-inoculated at a 3:7 ratio with 

STM6 (4wpi: two-tailed GoF test, n = 15, P < 0.01; 7wpi: two-tailed GoF test, n = 12, P 

< 0.01). Likewise, at both 4 and 7wpi MAFF was present in significantly more nodules 

than expected when inoculated at a 1:9 ratio with STM30 (4wpi: two-tailed GoF test, n = 

11, P < 0.01; 7wpi: two-tailed GoF test, n = 9, P < 0.01). Additionally, the proportion of 

nodules with MAFF present was significantly greater than expected at 7wpi (two-tailed 

GoF test, n =12, P < 0.05), but not 4wpi (two-tailed GoF test, n = 12, P = 1), when in a 

mixed inoculum of 1:19 with STM6. These data are inconsistent with predictions of the 

null model and suggest that even at the earliest stages of infection L. japonicus can bias 

infections rates towards the more beneficial symbiont. 
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In all but the 1:19 MAFF:STM6 (4wpi) treatment, MAFF achieved a higher in 

planta population size than the paired mutant (Table 1.1). But this pattern was only 

significant in nodules of plants infected with a 3:7 ratio of MAFF:STM6 at 7wpi (one-

sample t-test, t = 4.444, df = 3, P < 0.05). Additionally, at 4wpi in plants inoculated with 

a 1:19 ratio of MAFF:STM6, MAFF was estimated at significantly lower than expected 

proportions (one-sample t-test, t = 499, df = 2, P < 0.01). These results are inconsistent 

with the null model and suggest that the host can efficiently sanction ineffective strains, 

but the efficacy of sanctions may be lower with mediocre strains or when the beneficial 

strain is greatly outnumbered. 

Models assume that sanctions are either triggered when fixed nitrogen is below a 

minimal threshold (e.g., sanctioning only of ineffective strains) or are scaled linearly 

according to the amount of fixed nitrogen (West et al. 2002b). To test these models, we 

investigated the relationship between symbiotic effectiveness and rhizobial fitness in 

planta. There was a significant correlation between shoot biomass and estimated 

rhizobial population size, at 6 and 8wpi of plants grown in the growth chamber (6wpi: R
2
 

= 0.181, F1,38 = 8.197, P < 0.01; 8wpi: R
2
 = 0.226, F1,46 = 13.1525, P < 0.01; Figure 1.3). 

While a similar pattern was observed for plants grown in the greenhouse, we could not 

detect a statistically significant correlation (4wpi: R
2
 = 0.087, F1,37 = 3.4437, P = 0.07; 

7wpi: R
2
 = 0.047, F1,40 = 1.9376, P = 0.17). These results suggest that the host alters in 

planta fitness of symbionts in a continuous fashion dependent on symbiotic effectiveness. 
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Table 1.1 Host control phenotypes when inoculated with two symbionts
 

 

 
Harvest 

Proportion of MAFFa 

when coinoculated with 
near-isogenic mutants 

(STM30 or STM6) 

Proportion of nodules 

with MAFF present on 
co-inoculated hosts 

(partner choice)b 

Proportional population 

size of MAFF in nodules 
of co-inoculated hosts 

(sanctions)c 

Fraction of 

co-infected 
nodulesd 

4wpi 
0.5 (STM30) 0.813e 0.827±0.169 3/16 

0.3 (STM6) 0.867f 0.680±0.231 3/15 

0.1 (STM30) 0.455f 0.509±0.176 4/11 

0.05 (STM6) 0.083 0.0001±0.0001f 1/12 

7wpi 
0.5 (STM30) 1f 0.765±0.214 2/10 

0.3 (STM6) 0.667f 0.840±0.121e 2/12 

0.1 (STM30) 0.556f 0.459±0.154 2/9 

0.05 (STM6) 0.25e 0.161±0.093 2/12 
a 
Proportion of MAFF in inocula were used as null expectations 

b 
Observed proportion of nodules with MAFF present on co-inoculated hosts analyzed 

with a binomial goodness of fit test 
c
 Observed±one standard error from the mean proportion of viable MAFF in nodules of 

co-inoculated hosts analyzed with a one-sample t-test 
d 
Proportion of co-infected nodules pooled by treatment and harvest 

P-values are indicated with 
e
(P < 0.05) and 

f
(P < 0.01) 

 

 

Figure 1.3 Sanctions are triggered continuously with nitrogen fixation 

Linear regression of the natural log of estimated rhizobia per nodule (counting CFUs of 

serially diluted extracts of crushed nodules) against the shoot biomass of the host (dry 

weight) Hosts were singly inoculated with near-isogenic M. loti: MAFF (pink diamond), 

STM30 (yellow square) and STM6 (green triangle). Each symbol represents one nodule. 

(A) Hosts harvested at 6wpi; F1,38 = 8.197. (B) Hosts harvested at 8wpi; F1,46 = 13.1525. 
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Discussion 

Using the L. japonicus-M. loti symbiosis we found support for three key hypotheses 

about host control in legumes: (i) host plants bias nodulation rates against less beneficial 

rhizobia, (ii) hosts bias in planta fitness against less beneficial rhizobia when singly 

infected and co-infected, and (iii) hosts adjust the severity of sanctions based on 

symbiotic effectiveness.  

 Consistent with partner choice theory (Simms and Taylor 2002; Simms et al. 

2006), MAFF was significantly enriched, relative to the less-effective STM30 or STM6 

near-isogenic mutants, in nodules of plants that had received mixed-strain inocula (Table 

1.1). Given that near-isogenic pairs of symbionts were tested, we suggest that L. 

japonicus can detect and respond to differences in symbiotic effectiveness during the 

early stages of nodule formation. These results are similar to those in which mutant 

strains varying in nitrogen fixation led to   biased infection towards the effective strain 

(Amarger 1981a; Champion et al. 1992). However, four other  experiments found, 

regardless of whether hosts formed determinant or independent nodules, no such 

evidence (Amarger 1981a; Hahn and Studer 1986; Kuykendall and Elkan 1976; Ling et 

al. 2013; Westhoek et al. 2017). One possible confounding factor is that the mutations 

introduced in the strains of previous studies had pleiotropic effects on growth and the 

ability to compete for nodulation sites. STM30 and STM6 were not compromised in in 

vitro growth nor in their ability to nodulate plants, when clonally infected. Furthermore, 

the use of a mediocre but a near-isogenic mutant (STM30) allowed us to test sanctions 
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hypotheses in a scenario that is more similar to nature, while limiting confounding 

genetic differences among strains. 

 Our data suggest that L. japonicus has a mechanism to detect symbiotic quality 

before nodule maturation is complete. Histological data of  nodule primordia has 

exhibited phenotypes consistent with a hypersensitive response found in pathogenic 

infections when symbiont exopolysaccharide genes were mutated (Djordjevic et al. 1988; 

Kosch et al. 1994; Parniske et al. 1994), symbionts were maladapted for the inoculated 

host (Ivanova et al. 2015; Noel, Vandenbosch, and Kulpaca 1986; Yasuda et al. 2016), or 

the host was satiated for nitrogen (Lotocka et al. 2000; Vasse, Billy, and Truchet 1993). 

Because nitrogen fixation is not expressed at the time of infection, we hypothesize that 

the hosts are aborting some nodules before we assayed plants. A mechanism of nodule 

abortion could explain why the less beneficial genotypes were consistently present in 

fewer nodules than expected when strains differed in their capacity to fix dinitrogen. 

However more work is needed to understand the capacity for legumes to detect fixed 

nitrogen provided by their symbionts, to uncover the cellular and molecular mechanisms 

for this detection, and to understand how these mechanisms have evolved.  

Consistent with models of sanctions (Denison 2000; West et al. 2002a, 2002b), L. 

japonicus can alter the in planta proliferation of M. loti dependent on the symbiotic 

benefit provided. Given that the host has no method to calibrate the benefit received and 

no alternative choice for receiving fixed nitrogen, it has been debated whether legumes 

can impose host control when inoculated with a single genotype of symbiont (Friesen and 

Heath 2013; Kiers, Ratcliff, and Denison 2013; Regus et al. 2014). Here, evidence of 
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sanctions was derived from both single inoculation and co-inoculation experiments 

(Figure 1.2; Table 1.1). Moreover, data suggested that sanctions in L. japonicus are 

triggered in a continuous fashion and are scaled to the nitrogen fixed by each rhizobial 

genotype. Similar results were obtained from experiments in which Glycine max had 

received variable rhizobial benefit, which was artificially manipulated by adjusting the 

amounts of dinitrogen available for fixation (Kiers, Rousseau, and Denison 2006), and 

Acmispon strigosus (formerly L. strigosus) inoculated with natural strains that varied in 

nitrogen fixation (Regus et al. 2015).  

In both natural and agricultural soils, legumes invariably encounter multiple 

rhizobial genotypes (Bromfield et al. 2010; Burdon et al. 1999; Chen et al. 2002; Collins, 

Thies, and Abbott 2002; Denton et al. 2000; Ehinger et al. 2014; Fening and Danso 2002; 

Gaur and Lowther 1980; Gibson et al. 1975; Moawad, Badr El-Din, and Abdel-Aziz 

1998; Quigley et al. 1997; Rangin et al. 2008; Sachs et al. 2009; Sachs, Ehinger, and 

Simms 2010). Previous models have suggested that legumes impose sanctions at the level 

of the whole nodule (West et al. 2002a, 2002b), and that this is dependent upon the 

production of fixed nitrogen regardless of whether it is a clonal or mixed infection. But 

our data adds to the growing body of literature that suggests hosts can sanction rhizobia 

at a finer scale within individual nodules. In co-inoculated hosts we consistently found 

mixed nodules in which MAFF was present at a greater proportion than expected of the 

null model (Table 1.1) – (15 out of 19 mixed nodules; Appendix 1.2). These data are 

consistent with other studies that have found sanctions to be effective within determinate 

nodules of A. strigosus (Regus et al. 2014, 2017; Sachs et al. 2010).  
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Evidence for whole nodule sanctions has been found in single inoculation 

experiments with Pisum sativa and M. truncatula that inhibited nitrogen fixation with the 

use of argon in place of dinitrogen (Oono, Anderson, and Denison 2011). However, it has 

recently been suggested that indeterminate nodules of P. sativa (Westhoek et al. 2017) 

and M. sativa (Checcucci et al. 2016) can be infected by multiple genotypes and the less 

effective strains have decreased in planta fitness. Unlike determinate nodules studied 

here, indeterminate nodules grow indefinitely and have a spatial gradation of rhizobia in 

different developmental stages (Puppo et al. 2004). This mixture of rhizobia at various 

life stages, including nitrogen fixing bacteroids that are terminally differentiated (in most 

cases; Singleton and Stockinger 1983), makes a within nodule mechanism of sanctions 

more difficult to envision. If an indeterminate nodule is infected by a symbiont that can 

fix nitrogen, it is only the rhizobia that have terminally differentiated that are providing 

benefit, while the undifferentiated rhizobia are not. Under this scenario if nitrogen 

fixation is the trigger for sanctions the host would wrongfully target undifferentiated 

beneficial symbionts, unless the viable bacteria are able to suppress mechanisms of 

sanctions, which has been suggested to involve functional nitrogenase (Berrabah, Ratet, 

and Gourion 2015). Furthermore, if a nodule is mixed the host would be unable to 

distinguish symbiont quality of undifferentiated rhizobia, thus targeting rhizobia based on 

nitrogen fixation would not effectively decrease the relative fitness of less beneficial 

strains. More research is needed on sanctions in hosts that form indeterminate nodules to 

examine whether the mechanisms of sanctions are independent from the patterns we have 

described for species that form determinate nodules. 
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Historically, scientists have tried to leverage this symbiosis to improve 

agronomically important leguminous crops, but native low quality symbionts often 

outcompete elite rhizobial inocula (Beattie, Clayton, and Handelsman 1989; Moawad, 

Badr El-Din, and Abdel-Aziz 1998; Parniske et al. 1990). Co-inoculation experiments are 

important because they model the multistrain competition for infections that occur in 

nature (Zgadzaj et al. 2016), and also because they can enhance our understanding of the 

effects of nodule co-infection(Checcucci et al. 2016; Gano-Cohen et al. 2016; Regus et 

al. 2014; Sachs et al. 2010; Westhoek et al. 2017). Accordingly, researchers that study 

sanctions should not neglect the role mixed nodules could play in this complex symbiosis 

and its evolutionary trajectory. Early models of sanctions focused on a whole nodule 

mechanism, but if sanctions occur at a finer scale many of these models could be adapted 

to the plant cell level, or smaller (West et al. 2002a, 2002b). This study demonstrates the 

utility of combining single inoculation and co-inoculation experimental designs for future 

studies of host control as we continue to unravel this symbiosis and its stabilizing 

mechanisms. 
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Methods 

Biological Materials 

L. japonicus ecotype MG-20 seeds were acquired from LegumeBase (University of 

Miyazaki, Japan). MG-20 hosts were grown for one generation at the University of 

California, Riverside (UCR) to generate seeds for this experiment. Seeds were 

germinated on N-free Jensen’s (Somasegaran and Hoben 1994) agar plates (1.5% w/v) 

prior to planting in one gallon pots filled with a plaster sand and peat moss mixture 

supplemented with nitrogen, phosphorus, potassium, calcium and trace minerals (UCR 

soil mix #3). Plants were grown under ambient light from July to October in an insect 

free greenhouse and watered with a 1:100 dilution of Peters Excel 21-5-20 (Scotts 

Professional, Marysville, Ohio, USA). 

We used a MAFF strain with DsRed integrated into the genome (red fluorescent 

protein visible under natural light; M. Hayashi, personal communication), andtwo near-

isogenic mutants STM30 and STM6, previously generated by signature tagged 

mutagenesis (Shimoda et al. 2008). We acquired the rhizobial strains from LegumeBase. 

Bacteria were grown in a liquid medium of Modified Arabinose Gluconate (MAG, 29˚C, 

180rpm; Sachs et al. 2009). 

 

In vitro MAFF growth assays 

Flasks of MAG were inoculated with MAFF, STM30, or STM6 and grown to log-phase 

growth. Cell density readings were measured optically on a colorimeter and a subset of 

readings were confirmed via quantitative plating. Doubling time was calculated by 
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estimating cell density at sequential time points (Roth 2006) and the three fastest 

doubling times for each flask were averaged. An average doubling time was calculated 

for eleven independent flasks of each strain.  

 

Growth Chamber Experiment 

MG-20 seeds were sterilized in bleach (5.25% sodium hypochlorite) for five minutes, 

followed by seven one-minute rinses in sterile ddH2O. Seeds were nick scarified with a 

sterile razor blade and immediately placed into sterilized CYG germination pouches 

(Mega International; Newport, MN, USA) filled with 13ml of sterile N-

free Jensen’s fertilizer. Bundles of four pouches containing five or ten seeds each were 

wrapped in aluminum foil and placed in clear plastic boxes (Sterilite 18058606; 

13.1”x7.6”x4.5”). The inoculated pouches were maintained in a controlled growth facility 

(14h:10h day:night cycle;  17-27˚C; relative humidity 31%-65%) and plants were 

fertilized weekly with 10ml of N-free Jensen’s per pouch for the duration of the 

experiment. When true leaves formed (ca. two weeks) seedlings were inoculated with 

50ul of rhizobia, which had been washed, resuspended in 50ul of sterile ddH2O at a 

density of 10
9
 cells ml

-1
, and dripped directly on to the roots. Rhizobial treatments 

included MAFF, STM30, and STM6. A negative control, using 50ul sterile ddH2O was 

also included.  

Plants were harvested at 3, 5, 6, 7, and 8wpi. Excess fertilizer was removed from 

pouches and photographs of each plant were taken for reference. Nodules were counted, 

dissected, and photographed. Shoots, roots, and nodules were separated and dried at 60˚C 
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≥3 days prior to weighing biomass. At 6 and 8wpi 15-21 nodules from each treatment 

group were randomly selected for quantitative culturing. Uninoculated controls were also 

harvested at this time. 

 

Greenhouse Experiment 

Seeds were sterilized and nicked as described above and germinated in sterile ddH2O in 

the dark at 20˚C for ca. one week. Germinated seedlings were planted in sterilized 

Conetainers (SC10; Steuwe and Sons, Tangent, OR, USA) filled with autoclaved 

quartzite sand. The sand is inert and offers negligible nutrients for plant growth (Sachs, 

Ehinger, and Simms 2010). Seedlings were initially maintained in a controlled growth 

facility and watered three times a week until true leaves emerged (ca. two weeks). After 

true leaves formed, seedlings were fertilized weekly with 5ml of N-free Jensen’s. One 

day after the second fertilization seedlings were moved to the greenhouse and arranged 

by size which was determined based on the number of leaves. After three days of 

acclimation, groups of eight size-matched plants were randomly assigned to one of the 

following inoculation treatments: sterile ddH2O, MAFF, STM30, STM6, MAFF:STM30 

(1:1), MAFF:STM6 (3:7), MAFF:STM30 (1:9) and, MAFF:STM6 (1:19). Treatments 

within a block were randomly assigned to a location in the greenhouse. For each 

treatment, either 5ml of sterile ddH2O or 5ml of washed rhizobial cells (10
8
 cells ml

-1
) 

were inoculated directly into the sand. The realized ratios were empirically measured by 

serially diluting each inoculum treatment, spread plating (10
-6 

dilution), and CFUs. Plants 

were harvested at 4wpi and 7wpi. At harvest, shoots, roots, and nodules were dried at 
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60˚C, ≥3 days prior to weighing biomass. There were 24 blocks in total, 12 for each 

harvest, with four randomly picked for nodule culturing at each harvest. Four randomly 

selected plants per treatment per harvest were picked to measure proxies of rhizobial 

fitness. Four nodules from each selected plant were randomly selected for quantitative 

culturing. 

 

Nodule Culturing 

Nodules were individually surface sterilized in bleach for a minimum of 45 seconds (ca. 

one minute per mm of nodule diameter), rinsed three times in sterile ddH20, and crushed 

with a sterile pestle in sterile ddH20. The nodule slurry was serially diluted in sterile 

ddH2O, spread plated on MAG (10
-3

, 10
-5

 dilutions; 1.8% agar w/v) and incubated at 29 

˚C for 3 days. Colonies were counted to estimate rhizobial population sizes within a 

nodule. Nodules from co-inoculated plants were cultured as above and were used to 

estimate total rhizobial population size within a nodule and the proportion of MAFF by 

scoring colony color (i.e., red versus white colonies). 

Data Analysis 

Dry shoot biomass was used as a proxy for symbiotic effectiveness of each rhizobial 

strain given that the rhizobia provided the sole external source of nitrogen for growing 

plants in our experiments (Regus et al. 2014, 2015). We used mean individual nodule 

biomass as a proxy for host investment. Rhizobial population size within a nodule was 

used as a proxy for rhizobial fitness. Symbiotic effectiveness, host investment in 

symbionts, symbiont fitness, and number of nodules formed were compared among 
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treatments using analysis of variance (ANOVA) and post-hoc Student’s t-tests (JMP Pro 

12.0.1). At 8wpi in the growth chamber experiment two hosts singly inoculated with 

MAFF were removed from the analysis due to constrained growth within the pouches.  

For each mixed strain treatment we quantified the proportion of cultured nodules 

occupied by MAFF at each harvest and used a binomial goodness of fit test of the 

realized inocula ratios against the observed proportions of nodules containing MAFF. 

Estimated fitness of each strain from nodules of mixed strain treatment hosts was 

measured and proportion of MAFF was calculated per individual host. Hosts from the 

same treatment were analyzed with a one-sample t-test using realized inocula ratios as the 

null expected proportions. To test for a correlation between symbiotic effectiveness and 

symbiont fitness we performed a linear regression (JMP Pro 12.0.1). To normalize 

estimates of rhizobial population size per nodule the natural log of population size was 

used. 
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Chapter 2 

Over-investment by legumes triggers  

antagonistic fitness consequences by their symbionts 

Abstract 

Microbial mutualists provide substantial benefits to hosts which feeds back to enhance 

fitness of the associated microbes. But antagonism is predicted to emerge over the 

magnitude of individual resource expenditures by each species into the mutualism. We 

investigated the scope of antagonism in the association between Lotus japonicus and its 

root-nodulating symbiont, Mesorhizobium loti. We employed experimental inoculations 

with near isogenic host and symbiont variants and analyzed fitness effects on each 

partner over a range of host investment into symbiotic root nodules. M. loti fitness 

increased linearly as the host plant formed additional root nodules. Conversely, L. 

japonicus genotypes exhibited a unimodal fitness function for nodulation, revealing host-

symbiont antagonism over a broad parameter space of host investment into nodules. 

Finally, fitness data from mixed-strain coinoculations revealed that host sanctions of non-

beneficial M. loti genotypes occurs independently of host mechanisms that regulate 

nodulation. 
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Introduction 

Microbial mutualists can dramatically improve the fitness of plants and animals. 

Associations with microbes can accelerate host growth (Sprent et al. 1987), enhance 

immune defense (Gerardo and Parker 2014; Pieterse et al. 2014), increase stress tolerance 

(Rubin, van Groenigen, and Hungate 2017; Schützendübel and Polle 2002), and improve 

host interactions with predators, pathogens, and competitors (Friesen et al. 2011). 

However, the net fitness rewards that define these microbial mutualisms can conceal 

underlying costs that each partner must pay to partake in specific interactions. For 

instance, the reduction of atmospheric nitrogen by rhizobial symbionts requires 16 ATP 

per dinitrogen molecule (Dixon and Kahn 2004), and the synthesis of essential amino 

acids by insect endosymbionts can cost up to 10 ATP (Douglas 2016). These energetic 

costs are ultimately subsidized by the hosts (Ankrah, Luan, and Douglas 2017; White et 

al. 2007), but the exchange of costly services makes each partner vulnerable to being 

exploited by the other. Microbial partners exhibit a substantial evolutionary advantage 

over hosts by having greater population sizes and faster reproduction rates. Thus, 

microbial mutants can rapidly evolve to downregulate or arrest services to hosts  while 

gaining a fitness advantage over beneficial  genotypes (Foster and Wenseleers 2006; 

Sachs et al. 2004). What prevents the invasion of such uncooperative mutants in 

mutualist populations remains a central question in evolutionary biology. 

Two frameworks model the evolutionary maintenance of costly mutualistic traits 

in microbial populations, here termed the partner fidelity feedback (PFF) and host 

sanctions (HS) models. PFF predicts that microbial enhancement of host fitness can feed 
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back to proportionally improve the microbe’s fitness, and vice versa (Axelrod and 

Hamilton 1981; Fine 1975; Sachs et al. 2004). Fitness feedbacks can arise because the 

partners are engaged in intimate or long term association, if partners exist in highly 

structured populations, or because partners have evolved mechanisms that automatically 

facilitate such feedbacks (Foster and Wenseleers 2006). Under PFF, feedbacks occur 

passively, without the need for partner recognition, and the fitness interests of both 

partners are correlated insofar as the fitness feedbacks are maintained. Conversely, HS 

models predict that microbial cooperation is maintained by host mechanisms of selective 

reward and/or punishment that impose selection against uncooperative partners (Denison 

2000; West al. 2002a). Under HS models, the host must detect the level of cooperation 

from its microbial partner, and actively alter the fitness of the microbe accordingly 

(Denison 2000; Koch et al. 2014). Unlike PFF, the HS framework predicts that the fitness 

interests of partners are not correlated (Sachs et al. 2004). 

The mutualism between legumes and rhizobia provides a powerful system to 

study the evolutionary maintenance of costly mutualistic traits and examine fitness 

interactions among partners (Kiers et al. 2003; Porter and Simms 2014; Sachs et al. 2010; 

Sachs, Quides, and Wendlandt 2018; Simms et al. 2006). Diverse legumes form 

symbiotic root nodules in which rhizobia fix nitrogen for the plant host in exchange for 

photosynthates. The interaction is initiated when the host roots attract rhizobia with 

flavonoids, followed by rhizobial secretion of Nod factors, that trigger morphological 

changes in the roots (Liu and Murray 2016). Within root cells, rhizobia are encased in 

organelle-like structures called symbiosomes where they begin fixing atmospheric 
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nitrogen. Each partner takes on substantial costs in the interaction that must be 

reciprocated by the other to generate a net benefit. For legumes, a predominant cost of 

interacting with rhizobia is attributed to the formation and maintenance of root nodules 

(Krusell et al. 2002; Nishimura et al. 2002). For rhizobia, a key cost is the fixation of 

atmospheric nitrogen for the host (White et al. 2007).  

Both the PFF and HS models predict that rhizobia gain fitness rewards from hosts 

dependent on the magnitude of the benefit the rhizobia provides to the host plant. The 

models differ in whether fitness feedbacks are sufficient to align fitness interests between 

partners, and thus resolve conflict (Foster and Wenseleers 2006; Sachs et al. 2004). Two 

data sources can support a model of fitness feedbacks. First, evidence of plant-bacterial 

cycling of amino acids has been hypothesized to automatically link nitrogen fixation by 

rhizobia with the supply of resources provided in return by the host (Lodwig et al. 2003). 

But the molecular details of the coupled exchange of metabolites has been challenged 

(Prell et al. 2009). Second, a meta-analysis of fitness outcomes from diverse legume and 

rhizobia genotypes suggests that fitness interests of both partners are widely aligned 

(Regus et al. 2014). However, this dataset has been questioned due to potential artifacts 

of primarily analyzing clonal inoculation experiments (Friesen and Heath 2013; Kiers, 

Ratcliff, and Denison 2013). Contrary to automatic feedbacks, many researchers argue 

that the population biology of legume-rhizobia interactions is inconsistent with PFF. 

Multiple genotypes of rhizobia infect individual legume hosts and rhizobia are 

transmitted horizontally to unrelated hosts, both of which would make feedbacks difficult 

to maintain (Kiers et al. 2003, 2011; Oono, Anderson, and Denison 2011; Quides et al. 
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2017; Regus et al. 2014, 2017; Westhoek et al. 2017). Instead, HS by legumes is 

predicted to be necessary and sufficient to select for cooperation by rhizobia (Denison 

2000; Kiers et al. 2003). For instance, by inoculating legumes with multiple rhizobia 

strains, experimenters have repeatedly demonstrated that nodules infected with non-

fixing (or poorly-fixing rhizobia) are smaller and house fewer rhizobia compared to 

nodules infected with nitrogen fixing rhizobia (Kiers et al. 2003, 2011; Oono, Anderson, 

and Denison 2011; Quides et al. 2017; Regus et al. 2014, 2017; Simms et al. 2006; 

Westhoek et al. 2017). 

Here, we investigated the scope of antagonism in the association between Lotus 

japonicus and its root-nodulating symbiont, Mesorhizobium loti. We used four L. 

japonicus genotypes that vary genetically in their regulation of nodule formation (i.e., 

investment into rhizobia). L. japonicus ‘Miyakojima’ MG-20 (MG-20) and L. japonicus 

Gifu B-129 (Gifu) are closely related ecotypes with natural variation in the number of 

nodules they form (Kawaguchi 2000). We also used two nearly-isogenic mutants of MG-

20: plenty, a mutant with moderate hyper-nodulation (Yoshida, Funayama-Noguchi, and 

Kawaguchi 2010) and har1, which carries a knockout mutation for autoregulation of 

nodulation (AON) and exhibits extreme hyper-nodulation (Krusell et al. 2002; Nishimura 

et al. 2002). To examine fitness interactions in clonal host-symbiont associations, we 

singly inoculated each of the four hosts with the compatible nitrogen fixing strain M. loti 

MAFF303099 (MAFF) or a near isogenic mutant lacking in nitrogen fixation function 

(STM6; Quides et al. 2017). For host plants we measured fitness effects of nodulation 

using shoot mass, percent nitrogen content, and stable isotope analysis of nitrogen 
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fixation (δ
15

N). For rhizobia, we measured fitness effects of nodulation by estimating in 

planta rhizobial population size (via quantitative culturing) and by examining histological 

features of in planta rhizobia in nodules. In a parallel experiment, we coinoculated each 

of the host genotypes with equal ratios of MAFF and STM6 to test for interactions 

between control over number of nodules formed and host sanctions. The goals of our 

study were to i) investigate variation in host fitness dependent on the magnitude of 

investment into nodules, ii) quantify in planta variation in symbiont fitness dependent on 

the number of nodules formed, iii) integrate plant and bacterial fitness datasets to resolve 

whether hosts and symbionts experience antagonism over nodulation  

 

Methods 

Biological Materials 

L. japonicus ecotypes MG-20 and Gifu seeds were acquired from LegumeBase 

(University of Miyazaki, Japan). Previous work found that MG-20 forms slightly fewer 

nodules compared to Gifu (Kawaguchi 2000). Additionally, the nearly isogenic MG-20 

mutants, plenty and har1, were acquired from Masayoshi Kawaguchi (National Institute 

for Basic Biology, Okazaki, Aichi, Japan). The plenty mutant forms approximately twice 

as many nodules as the wildtype (Yoshida, Funayama-Noguchi, and Kawaguchi 2010) 

and har1 forms six times as many nodules as the MG-20 wildtype (Yoshida, Funayama-

Noguchi, and Kawaguchi 2010). The PLENTY gene is on chromosome 2 and grafting 

experiments demonstrated that it controls nodulation from root tissue (Yoshida, 

Funayama-Noguchi, and Kawaguchi 2010). The HAR1 gene is on chromosome 3 and is 
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part of the AON pathway, a root-shoot-root positive feedback system that controls 

nodulation dependent on the plant’s nitrate demand (Krusell et al. 2002; Nishimura et al. 

2002).  

All L. japonicus lines were grown to generate seeds at the University of 

California, Riverside (UCR) following published protocols (Quides et al. 2017). Briefly, 

seeds were surface sterilized in bleach (5.25% sodium hypochlorite, 5 minutes) and 

rinsed seven times (one minute each) in sterile reverse osmosis purified water (ROH2O). 

Surface-sterilized seeds were then nick scarified with a razor blade and germinated on N-

free Jensens plates (1.5% agar w/v; Somasegaran and Hoben 1994). Seedlings were 

planted in one gallon pots filled with UCR soil mix #3 (plaster sand and peat moss 

supplemented with nitrogen, phosphorus, potassium, calcium and trace minerals). Plants 

were maintained in a greenhouse under natural lighting from July to October and watered 

as needed with a 1:100 dilution of Peters Excel® 21-5-20 (Scotts Professional, 

Marysville, Ohio, USA). To assure that no cross-pollination occurred, the greenhouse 

was fumigated weekly with the insecticide Talstar® (7.9% Bifenthrin, FMC Corporation, 

Philadelphia, Pennsylvania, USA). 

We used MAFF303099 (MAFF) expressing DsRed integrated into the genome (a 

red fluorescent protein visible under natural light; Maekawa et al. 2009), and a near-

isogenic non-nitrogen fixing mutant with a transposon inserted in the NifD gene, mlr5906 

(strain ID 17T02d02; STM6). STM6 is easily distinguished from MAFF on plates by 

colony color (Quides et al. 2017). Bacteria were grown on a solid medium of Modified 

Arabinose Gluconate (MAG, 1.8% agar w/v, 29° C; Sachs et al. 2009) and have 
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previously been shown to have no differences in in vitro growth rate on MAG (Quides et 

al. 2017). 

 

Inoculation experiments 

Seeds were germinated in sterile ROH2O in the dark at 20˚C from 20
th

 March 2017 to 3
rd

 

April 2017. Seedlings were planted in sterilized Conetainers (SC10; Steuwe and Sons, 

Tangent, OR, USA) filled with sterilized, calcined clay that is inert and offers negligible 

nutrients (Turface® Pro League®, Turface Athletics, Buffalo Grove, Illinois, USA). 

Seedlings were grown in a controlled growth facility with daily mist-watering until true 

leaves emerged. After true leaves formed, seedlings were fertilized weekly with 5mL of 

N-free Jensens for the duration of the experiment. After two weeks in the controlled 

growth facility, seedlings were transferred to the greenhouse to harden behind 50% shade 

cloth on 24
th

 April 2017.  

In the greenhouse, plants were arranged into size-matched groups of 16 (four per 

genotype, by leaf count) and were inoculated with one of four treatments: MAFF, STM6, 

MAFF:STM6 (coinoculated; 1:1 ratio), or sterile ROH2O (negative control). Shade cloth 

was removed and inoculation occurred on 27
th

 April 2017. For each treatment, either 

5mL of water or 5mL of washed rhizobial cells were drip inoculated directly into the 

Turface® at a density of 10
8
 cells mL

-1
 (5x10

8
 cells). Inoculum concentrations and ratios 

were empirically confirmed by serial dilutions, spread plating (10
-6 

dilution), and 

counting colonies.  



 

 

36 

Plants were harvested at 3.5 weeks and 5 weeks post inoculation (wpi), time spans 

when nodule formation is mostly complete, and when plant growth from nitrogen fixation 

is near optimum, respectively (Quides et al. 2017). At harvest, the shoots and roots were 

separated and photographed, and nodules were dissected from roots, counted, and 

photographed. Plant shoots, roots, and nodules were dried separately at 60˚C ≥3 days 

prior to weighing dry biomass.  

The experimental plants were organized into a full factorial randomized block 

design with a total of 20 replicates for each host by inoculum combination with one 

replicate per block. There were 20 blocks, 10 for each harvest, with three randomly 

picked for nodule culturing at each harvest and one picked for light microscopy (at 5wpi). 

During an early spring heatwave, 10 plants died within a few days after inoculation (28
th

 

April 2017 – 4
th

 May 2017; Appendix 2.2). 

 

In vitro estimation of rhizobial fitness 

The fitness of rhizobia in nodules was estimated by quantitative culturing. Three nodules 

from singly inoculated hosts and five nodules from coinoculated hosts were randomly 

selected from each of three plants for culturing. Nodules were individually surface 

sterilized in bleach for a minimum of 30 seconds (ca. one minute per mm of nodule 

diameter), rinsed three times in sterile ROH20, and macerated to a slurry with a sterile 

pestle in sterile ROH20. The nodule slurry was serially diluted in sterile ROH2O, spread 

plated on MAG (10
-3

, 10
-5

 dilutions) and incubated at 29˚C for three days. Colonies were 

counted to estimate rhizobial population sizes within a nodule. Nodules from 
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coinoculated plants were cultured as above and were used to estimate total rhizobial 

population size of both symbionts within a nodule (i.e., MAFF formed red colonies). 

 

Light Microscopy 

Nodules were randomly selected for light microscopy from all four host genotypes 

inoculated with MAFF at 5wpi. Nodules were fixed in 4% v/v paraformaldehyde, 2.5% 

v/v glutaraldehyde in 50mM phosphate buffer pH 7.2 for 6-10hrs at 20° C, then 4° C for 

three days, and dehydrated in a graded alcohol series to 100% EtOH at 20° C. The 

nodules were infiltrated with JB-4 Plus methacrylate (Poly-sciences, Warrington, 

Pennsylvania, USA) in catalyzed Solution A and 100% EtOH (1:1 ratio) at 20° C for 6hrs 

followed by a 3:2 ratio at 4° C overnight. Infiltration with 100% catalyzed Solution A 

was performed at 20° C for 6hrs and refreshed for final infiltration at 4° C overnight. 

Finally, nodules were embedded in film caps with polymerized JB-4 plus methacrylate 

and sealed with Parafilm. All steps at 20° C were done with gentle agitation (John U. 

Regus et al. 2017) 

 Individual nodules were removed with a coping saw and polymerized with JB-4 

plus methacrylate on metal stubs for sectioning. Sections of 2-4µm thickness were 

prepared parallel to the long axis of the parent root using a glass knife and H/I Bright 

5030 Microtome (Hacker Instruments Inc.; Fairfield, New Jersey, USA), mounted on 

glass slides, and stained with 0.1% w/v aqueous toluidine Blue O to identify plant cells 

that are infected with rhizobia. Sections were viewed with a Meiji Techo MT4000L 

Biological Microscope (Meiji Techo CO., LTD.; Miyoshi machi, Iruma-gun, Japan) and 
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images were acquired with a Nikon D80 DSLR (Nikon Corporations; Minato, Tokyo, 

Japan) attached to the trinocular tube using Meiji specific adapters and ControlMyNikon 

tethering software (Tetherscript Technology Corporation; Vancouver, British Colombia, 

Canada).  

 An average of 11 sections per nodule were analyzed (range 7-17) from each of 3-

4 nodules per host. Mean infected cell size was estimated by measuring the total area of 

all infected plant cells in a nodule section (via observation of toluidine stained nodule 

cells) divided by the number of infected cells counted. Mean uninfected cortex cell size 

was estimate using a subset of cortex cells since it is difficult to preserved the entire 

cortex (mean = ca. 53; range = 8-110; lack of toluidine staining). The cortex was defined 

as the plant cells one cell layer away from the central infection region. Vascular bundles 

were not measured (Regus et al. 2017). For both cell size measures, means were 

calculated per nodule.  

 

Leaf Tissue Analysis 

We compared %N and δ
15

N for all host by inoculum treatment combinations at 5wpi. 

When plants incorporate symbiotic nitrogen fixed by rhizobia, the leaf tissue exhibited 

δ
15

N relative to uninfected plants because of isotopic fractionation by rhizobia  (Regus et 

al. 2014). Dry leaves were removed from stems and powdered using a bead beater for 10 

seconds at 4ms
-1

 with a 5mm steel bead. Samples were analyzed at UC Santa Cruz Stable 

Isotope Laboratory. In many cases one plant did not provide enough leaf tissue for 
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analysis, thus we pooled leaf tissue from up to four plants in a treatment. Due to pooling 

each treatment has 2-8 replicates. 

 

Data Analysis 

To quantify host investment into rhizobia we counted the number of nodules formed, and 

calculated the ratio of dry nodule biomass to shoot biomass (relative nodule mass). 

Relative nodule mass minimizes the confounding effects of correlations between total 

plant biomass and nodule biomass. We tested for main effects (fixed; host genotype, 

inoculum) and the interaction effect using a Standard Least Squares Fit Model (JMP Pro 

13) with block as a random effect. For significant fixed effects in our model we 

performed a post-hoc LSMeans Tukey HSD test for pairwise comparisons. To investigate 

host investment into rhizobia at the cellular level, we measured the sizes of infected and 

uninfected cells within nodules. We compared mean measures of infected cells and 

uninfected cortex cells using a one-way analysis of variance (ANOVA) with a post-hoc 

Tukey-HSD test for pairwise comparisons (JMP Pro 13). 

We calculated host growth benefits from nodulation as the difference in dry shoot 

biomass between inoculated hosts and uninoculated controls (Host
inoculum

(g) – 

Host
control

(g)), as well as leaf tissue %N content and δ
15

N. To test for main effects of host 

genotype and inoculum (fixed effects) and an interaction effect we used a Standard Least 

Squares Fit Model (JMP Pro 13) with block as a random effect (not applicable for %N or 

δ
15

N due to pooling). We used a post-hoc LSMeans Tukey HSD test for significant fixed 

effects to look for significant pairwise comparisons (JMP Pro 13). 
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 To quantify rhizobial fitness, we estimated the total population size of rhizobia 

per plant. We multiplied average rhizobial population per nodule from an individual plant 

by the number of nodules on that plant. Total rhizobial population per plant was Log10 

transformed to improve normality and analyzed with a Standard Least Squares Fit Model 

to test for main effects of host genotype and inoculum (fixed effects) and an interaction 

effect. Post-hoc comparisons were done with an LSMeans Tukey HSD test for the host 

(multiple pairwise comparisons) and a Student’s t-test for the symbiont (one comparison). 

To analyze symbiont fitness in coinoculated hosts we used a one-way t-test to compare 

our mean observed proportion of MAFF (N-fixing genotype) per plant to an expected 

proportion 0.5 (i.e., inoculated at equal ratios). 

 We combined analyses of host and symbiont fitness functions to test the 

alternative hypotheses of fitness alignment versus antagonism over nodulation. We used 

dry shoot biomass as a proxy of host fitness, rhizobial cells per plant for symbiont fitness 

(dependent variables), and the number of nodules formed was used as the independent 

variable (Table 2.1). For each host and symbiont inoculum combination and for each 

harvest we independently fit each basic fitness function to our measure of host or 

symbiont fitness using Nonlinear Specialized Modeling (JMP Pro 13). Up to 10
7
 

iterations were used to converge on parameter values of our functions that best fit our 

data set. Y-intercepts were set to the mean host or symbiont fitness values of the given 

uninoculated treatment (i.e., without nodules). Functions that we selected among included 

a linear function (i.e., assumes a fixed return with no costs), as well as square root, Log10, 

and negative exponential functions, each of which assumes a fixed cost with diminishing 
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returns. We assessed goodness of fit by calculating the corrected Akaike information 

criterion (AICc) for each function of each data set: 

AICc = 2𝑘 +  𝑛 ∗ log10(𝑀𝑆𝐸) +
2𝑘2+2𝑘

𝑛−𝑘−1
,  

where k is the number of parameters in a given function, n is the number of data points, 

and MSE is the mean squared error calculated for the best fit function of each data set.  

 

Table 2.1 List of functions used for AICc comparisons.  
Function name Equation 

linear 𝑘1 ∗ 𝑥 

square root (𝑘1 ∗ √𝑥) − (𝑘2 ∗ 𝑥) 

Log10 𝑘1 ∗ log10( 𝑥 + 1) − (𝑘2 ∗ 𝑥) 

Negative exponential (𝑘1 ∗ (1 − 𝑒−𝑘2∗𝑥)) − (𝑘3 ∗ 𝑥) 

x = number of nodules 

ki = parameter 

 

Results 

Genotypic variation in nodulation 

The har1 hosts formed the greatest number of nodules per plant, followed by plenty, 

Gifu, and MG-20 at 5wpi (Figure 2.1A). We found a significant effect of host genotype 

on the number of nodules formed at 5wpi (F3, 97.73 = 57.683; P < 0.0001). While we 

uncovered a significant effect of inoculum (F2,93.7 = 3.4383, P = 0.0362), we were unable 

to detect any significant pairwise comparisons among symbiont genotypes. We did not 

find an interaction effects between host and inoculum (F6,93.67 = 1.4737, P = 0.1956). The 

har1 hosts also formed the greatest relative nodule mass at 5wpi followed by plenty, 

Gifu, and MG-20 (Figure 2.1B). We found a significant effect of host genotype on 

relative nodule mass at 5wpi (F3, 78.82 = 32.540; P < 0.0001), but we did not find an effect 
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of inoculum (F2,78.78 = 2.0794, P = 0.1318), or an interaction effect between host and 

inoculum (F6,78.6 = 2.0745, P = 0.0656). Nodulation patterns were similar in the 3.5wpi 

harvest (Appendix 2.1).  

 

 

Figure 2.1 L. japonicus nodulation varied significantly among host genotypes 

Nodulation patterns were assessed at 5wpi for all host and symbiont genotype 

combinations. The mean number of nodules per plant (A), and the mean nodule to shoot 

biomass ratio (B) varied significantly among host genotypes. Error bars represent one 

standard error from the mean. F ratios and P-values are provided for host comparisons. A 

connecting letter report indicates significant differences among hosts (Standard Least 

Squares Fit Model, post-hoc LSMeans Tukey HSD test, α = 0.05). Hosts receiving 

MAFF, STM6, or a mixed-strain coinoculum are represented by solid bars, dotted bars, 

or striped bars, respectively. Green bars = MG-20 host, blue = Gifu, purple = plenty, and 

red = har1. Pairwise comparisons among symbiont genotypes were not statistically 

significant. 
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Genotypic variation in fitness of rhizobia 

For rhizobial population size per plant, we found a significant effect of host genotype 

(F3,16 = 6.580, P = 0.0042) and inoculum (F1,16 = 9.1970, P = 0.0052; post-hoc Student’s 

t-test, t = 2.11991, df = 1, P = 0.0079), but no interaction effect (F3,16 = 1.2241, P = 

0.3333). The hosts har1 and plenty housed the greatest rhizobia population size per plant 

at 5wpi, followed by MG-20 and Gifu (Figure 2.2A). For all host genotypes, the fitness 

within nodules of coinoculated plants appeared higher for MAFF at 5wpi, but this 

difference was only significant with plenty (Table 2.2). Mean size of infected and 

uninfected cells in nodules varied significantly among host genotypes (infected: F3,10 = 

9.562, P = 0.0028; uninfected: F3,10 = 7.556, P = 0.0063). MG-20 nodule cells were the 

largest, followed by Gifu, plenty, and har1 when these hosts were infected with MAFF. 

This pattern was consistent in both infected cells (Figure 2.2B) and cortex cells (Figure 

2.2C). 

  

 

 

Table 2.2 Proportional in planta fitness of the beneficial symbiont MAFF at 5wpi  
Host Genotype Proportion MAFF Fraction of coinfected nodules 

MG-20 0.736ǂ 5/13 

Gifu 0.594 3/13 

plenty 0.689* 3/12 

har1 0.895ǂ 3/14 

one-way t-test of the proportion of MAFF compared to the expected proportion of 0.5 

based on coinoculation ratio 
ǂ
  P < 0.1  

* P < 0.05 
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Figure 2.2 Rhizobia fitness varied significantly among host genotypes 

 Rhizobial fitness was estimated at the plant level and nodule level using culturing data 

and histology data, respectively. Genotypic variation in in planta rhizobial fitness was 

analyzed using rhizobial population size per plant when MAFF and STM6 symbiont 

genotypes were singly inoculated (A), and histological features to assess per nodule 

fitness of MAFF (B,C) at 5wpi. Errors bars represent one standard error from the mean 

(A-C). F ratios and P-values are provided for host comparisons. A connecting letter 

report indicates significant differences among hosts (Standard Least Squares Fit Model, 

post-hoc LSMeans Tukey HSD Test, A; one-way ANOVA, post-host Tukey HSD test, B-

C; α = 0.05). Hosts receiving MAFF or STM6 are represented by solid bars or dotted 

bars, respectively. Green bars = MG-20 host, blue = Gifu, purple = plenty, and red = 

har1. Representative light micrographs of nodules formed by each host genotype infected 

with MAFF are shown (scale bars = 100µm; D-G). Infected cells are darkly stained with 

0.1% Toluidine Blue O (B) whereas uninfected cells remain clear (C). Images (E-F) were 

adjusted to enhance contrast and sharpness for visualization after measurements were 

taken. 
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Host benefits from symbiosis 

For host growth benefits from nodulation (Host
inoculum

(g) – Host
control

(g)) we found a significant 

effect of host genotype (F3,95.12 = 13.566, P < 0.0001; Figure 2.3A), inoculum (F2,95.03 = 

35.9451, P < 0.0001), and the interaction effect (F6,94.97 = 2.356, P = 0.0364). The host 

genotypes that formed more nodules consistently received lower growth benefits from 

nodulation. For leaf %N, we also found a significant effect of host genotype (F3,49 = 

15.006, P < 0.0001), inoculum (F2,49 = 194.955, P < 0.0001), and an interaction effect 

(F6,49 = 2.733, P = 0.0227). The host with the greatest %N in leaf tissue was plenty, 

followed by Gifu, MG-20, and har1 (Figure 2.3B). The low shoot growth but high leaf 

%N for plenty hosts suggests that this host line might gain higher gross benefits from 

nodulation, but that these benefits are outweighed by the large costs to nodule 

maintenance. For isotopic δ
15

N data we also found significant effects for hosts (F3,49 = 

24.1427, P < 0.0001), inoculum (F2,49 = 19.6125, P < 0.0001), and the interaction effect 

(F6,49 = 3.0350, P = 0.0133). δ
15

N data indicates that Gifu received the least amount of 

symbiotic nitrogen with no significant differences for the other three host genotypes 

(Figure 2.3C). Uninoculated controls were not statistically distinguishable from STM6 

and were not included in the %N or δ
15

N analyses (for raw data see table S4). 
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Figure 2.3 Host benefits from nodulation varied significantly among host genotypes 

Host growth benefits from nodulation was compared among host genotypes 

(Host
inoculum

(g) – Host
control

(g)) (A), as well as leaf %N (B) and δ
15

N (C) for all rhizobial 

inoculum at 5wpi. Error bars represent one standard error from the mean. F ratios and P-

values are provided for host comparisons. A connecting letter report indicates significant 

differences among hosts (Standard Least Squares Fit Model, post-hoc LSMeans Tukey 

HSD Test, A; α = 0.05). Hosts receiving MAFF, STM6, or a mixed-strain coinoculum are 

represented by solid bars, dotted bars, or striped bars, respectively. Green bars = MG-20 

host, blue = Gifu, purple = plenty, and red = har1. 

 

Host and symbiont fitness functions 

AICc values indicated that the Log10 and square root unimodal functions for host growth 

dependent on nodulation were the best fit for the host fitness data set (square root visually 

depicted; Figure 2.4A,B). For the rhizobial fitness data set AICc values estimated the 

linear function as the best fit (Figure 2.4A,C). We also calculated AICc values of our four 

functions for host and symbiont fitness at 3.5wpi for all inocula as well as the remaining 

two inocula at 5wpi (Appendix 2.6, 2.7).  
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Figure 2.4 Host and symbiont fitness functions 

Hosts exhibited a unimodal fitness function for nodulation, while symbionts had a linear 

fitness function. Best fit functions for host shoot mass (A) and symbiont population size 

on a plant (B) are provided with AICc values. Functions with the lowest AICc values are 

then graphed along with data points used to generate these functions (C). Host shoot 

mass (g) was used as a proxy for host fitness of the left y-axis (triangle data points) and 

the best fit function is represented with the blue curve. Estimated rhizobial population 

size per plant was used to quantify symbiont fitness on the right y-axis (circle data points) 

and the best fit function is represented by the red line. Green data points = MG-20 host, 

blue = Gifu, purple = plenty, and red = har1. Shading around the function lines represent 

one standard error from the mean for the parameter(s) calculated for each function. 
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Discussion 

The evolutionary stability of microbial mutualisms depends in large part on the 

magnitude of costs of services exchanged between microbes and hosts (Foster and 

Wenseleers 2006; Sachs et al. 2004). At the extreme of little or no costs, microbial 

byproducts can be beneficial to plant or animal growth and/or defense (Sachs, 

Skophammer, and Regus 2011). When microbial services are byproducts there is little 

opportunity for fitness conflict to arise between the partners since the microbial services 

are produced automatically, occur independent of host action, and bear negligible costs to 

express (Foster and Wenseleers 2006; Sachs et al. 2004). However, many microbial 

mutualisms involve the exchange of costly services between partners. The existence of 

costly services can promote fitness conflict as each partner is selected to minimize costs 

and maximize gains. When costly services are exchanged in a mutualism, partner fidelity 

feedback (PFF) and/or host sanctions (HS) are needed to constrain conflict. A 

challenging aspect of PFF is that some degree of fitness feedback is a near universal 

feature of microbial mutualisms. Microbial colonization can alter a host’s fitness in a 

positive or negative way which creates an opportunity for the fitness effects on the host to 

feedback on the microbe’s fitness. For instance, fitness feedbacks play a critical role in 

selecting against the most virulent genotypes of pathogens (Bull 1994) just as PFF can 

favor more cooperative microbial genotypes of mutualists (Kaltenpoth et al. 2014; 

Mueller 2002; Sachs and Wilcox 2006). While PFF can be difficult to quantify, models 

predict that the fitness feedbacks between partners must be strong and consistent for PFF 

alone to stabilize a microbial mutualism, such as when mutualists are vertically 
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transmitted (Foster and Wenseleers 2006). Our current understanding of the routes of 

microbial transmission suggests that most microbial mutualisms lack the repeated or 

long-term interactions required for PFF, suggesting that other stabilizing mechanisms 

must be in place (Sachs, Skophammer, and Regus 2011). 

Host legumes have evolved multiple, independent mechanisms that constrain 

investment into nodules (Sachs, Quides, and Wendlandt 2018). The initiation of nodule 

development is a complex, multistep process controlled by dozens of plant genes that 

minimize non-specific infection (i.e., rhizobia specificity; Liu and Murray 2016). After 

nodule formation, legumes can drastically reduce investment into nodules that house non-

beneficial symbionts and redirect host resources towards beneficial symbionts (i.e., HS; 

Kiers et al. 2003, 2011; Oono, Anderson, and Denison 2011; Quides et al. 2017; Regus et 

al. 2014, 2017; Simms et al. 2006; Westhoek et al. 2017). Finally, even when symbionts 

are both compatible and beneficial, legumes must autoregulate continued nodulation 

dependent on the plant’s nitrogen demand to stop nodulation when the costs outweigh the 

benefits (i.e., AON; Reid et al. 2011). Host genes related to the AON pathway suggest at 

least two independent mechanisms by which legumes can regulate nodule number 

(Yoshida, Funayama-Noguchi, and Kawaguchi 2010).  

 Conversely, rhizobia have evolved multiple mechanisms to gain access to host 

root cells (Masson-Boivin and Sachs 2018), in some cases by subverting host control 

over nodulation. In one extreme example, two genotypes of rhizobia (Ensifer fredii: 

NGR234, USDA257) can produce a cocktail of Nod factors that allow them to nodulate 

scores of host species while providing negligible benefit to the majority of the infected 
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hosts (Pueppke and Broughton 1999). Similarly, a genotype of E. meliloti bears a plasmid 

that makes it hypercompetitive for nodulation on some genotypes of Medicago 

truncatula, but provides minimal benefit to the host (Crook et al. 2012). For this strain, 

the presence of a ‘host range’ plasmid is key to controlling nodulation; the plasmid 

encodes a protein that appears to interfere with host-symbiont communication by 

potentially manipulating type III effector proteins or exopolysaccharides (Crook et al. 

2012). Lastly, Bradyrhizobium elkanii USDA61 nodulates its soybean host and provides 

little benefit when it has a defective type III secretion system (T3SS; Yasuda et al. 2016). 

However if the T3SS is not defective, soybeans with the Rj4 allele can terminate 

nodulation by USDA61 (Yasuda et al. 2016). Interestingly, this soybean defense 

mechanism has been found to be susceptible to seven other USDA61 knockout mutants 

suggesting the potential for an on-going arms race between partners (Faruque et al. 

2015). At a more general level, rapid evolution of symbiosis loci, such as can be observed 

in the genome of M. truncatula (Yoder 2016), is consistent with an ongoing arms-race 

between this host and its rhizobial symbionts (Yoder and Tiffin 2017).  

The various mechanisms that hosts have to restrict nodulation, and the multiple 

pathways that rhizobia have to subvert host control, suggest that legumes and rhizobia 

have conflicting selection regimes for the number of nodules formed. Moreover, the 

results presented here go further by estimating the fitness functions for both legume and 

rhizobium partners dependent on nodulation. Our results suggest that MAFF experiences 

directional selection to increase nodule number, but L. japonicus experiences stabilizing 

selection around an optimal number of nodules. The shape of the fitness functions further 
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suggests that the Lotus-MAFF mutualism may be on a knife’s edge of stability as optimal 

host nodulation occurs right on the edge of the zone of conflict (Figure 2.4; Sachs, 

Quides, and Wendlandt 2018). While wildtype hosts express phenotypes that are near 

their physiological optimum for net benefits from nodulation, natural selection could 

favor rhizobia mutants that increase nodulation rates and would push the host over the 

edge. A unimodal fitness function suggesting mutualistic instability is not limited to host 

legumes interacting with rhizobia. The host dynamics of this model have been suggested 

as a general feature of many mutualisms (Bronstein 1998; Fonseca 1993; Holland, 

DeAngelis, and Bronstein 2002). 

A convenient aspect of the legume-rhizobium symbiosis is the joint phenotype of 

nodule number. Adapting this approach to other symbioses could be a matter of 

quantifying investment into symbionts while integrating measures of symbiont fitness. 

For instance, our measure of investment is the generation of new biomass to house 

rhizobia (nodule formation) which can subsequently be used to compare host and 

symbiont fitness benefits from host investment. A similar approach could be applied to 

hosts such as the Bobtail squid, Euprymna scolopes (McFall-Ngai 2014) or beewolf 

wasps (Kaltenpoth et al. 2014) as they both allocate tissue space to symbionts in a 

measurable way. Alternatively, if metabolic investment (by the host) can be reliably 

measured, it could be possible to measure ‘return on investment’ (host metabolite 

benefits), and ‘profitability’ (symbiont metabolite benefits) by directly measuring ATP 

production and consumption (Dixon and Kahn 2004; Douglas 2016) or tracing shared 

isotopes (Pringle 2016).  
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We uncovered fitness conflict between legumes and rhizobia over host investment 

into nodules. But the parameter space over which we found conflict might not commonly 

persist in nature given the fitness costs to the host. Moreover, our model also suggests 

that fitness would be aligned when hosts underinvest in symbiosis. The data presented 

here and the corresponding models highlight the infrequent, and sometimes hidden, 

conflict in symbioses that are mutualistic. Interactions that are not overwhelmingly 

antagonistic, or that are only antagonistic in some environments, can make antagonism 

difficult to detect. But a firm understanding of the transmission mode and phenology of 

an interaction can lead to novel approaches to study the coevolution of a symbiosis 

(McFall-Ngai 2014; Mueller 2002; Sachs, Quides, and Wendlandt 2018). Just as host-

symbiont antagonism appears to be a largely hidden aspect of interactions between 

legumes and rhizobia, evidence of fitness conflict between male and female Drosophila 

melanogaster heavily influenced how we now think about coevolution (Rice 1996). In a 

parallel way, our data highlights the evolution of symbiont traits in legumes and rhizobia 

and the often overlooked conflict in mutualistic interactions. 
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Chapter 3 

Exposure to static host genotypes leads to  

rapid shifts in symbiotic rhizobia phenotypes 

Abstract 

A major question in plant biology and agronomy is to understand the degree to which 

plants can reshape their microbiome to improve host fitness. Legumes have multiple 

traits to optimize their interactions with root nodulating rhizobia, but the effects of these 

traits on rhizobial evolution remain poorly understood. Host legumes can limit infection 

by rhizobia that provide low levels of benefit, and bias in planta fitness if rhizobia 

provide low levels of benefit. Host legumes also can control the number of nodules they 

form dependent on nitrogen demand, as forming excessive nodules can have negative 

fitness consequences for a legume. In this study we mimic agricultural conditions 

whereby symbionts repeatedly interact with the same plant genotype and evolve while the 

plant host does not. We experimentally evolved two mediocre rhizobial symbionts 

through a series of in vitro-in planta passages on two host genotypes of Lotus japonicus 

that vary in symbiont investment. Rhizobium etli CE3 forms nodules on L. japonicus that 

prematurely senesce, and Ensifer fredii NGR234 forms nodules that mature slowly. After 

a series of symbiont passaging, we tested symbiont phenotypes for evidence of enhanced 

mutualistic, antagonistic, or free-living evolution. Additionally, we resequenced the 

genomes of the symbionts to link phenotypes to genotypes. We uncovered positive and 

negative shifts in host and symbiont fitness, but our data suggest this occurred 

independent of nitrogen fixation. Our most consistent phenotypic data suggest evolution 



 

 

54 

of antagonism, and the corresponding genomic data suggest communication via 

polysaccharides might play a role in this phenotypic evolution. 
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Introduction 

Plants interact with diverse soil microbes that can enhance the host plant’s health and 

fitness (Bakker et al. 2012; Busby et al. 2017; Kroll, Agler, and Kemen 2017; Friesen et 

al. 2011). The benefits provided by a plant’s microbiome can include increased growth 

rate and seed production (Sprent et al. 1987), protection against drought (Rubin, van 

Groenigen, and Hungate 2017) and other stressors (Schützendübel and Polle 2002), as 

well as host immune system priming to more efficiently defend against pathogens 

(Pieterse et al. 2014), but these benefits are not guaranteed or fixed. Fitness outcomes for 

a plant can range from mutualistic (i.e., net fitness benefits from microbes) to 

antagonistic (i.e., net fitness cost) depending upon the host and microbe genotypes as 

well as environmental parameters that influence the interactions (Bronstein 1994, 2001; 

Neuhauser and Fargione 2004; Thompson 1988). To deal with this variation, plants hosts 

have also evolved “host control traits” that selectively acquire and provision cooperative 

microbial genotypes while limiting interactions with harmful strains (Denison 2000; 

Kiers et al. 2003; Sachs et al. 2010).  

An emerging set of methods, described as microbiome engineering seek to 

leverage host control by plants to artificially select for soil microbial communities that 

promote desirable effects on hosts (Bakker et al. 2012; Busby et al. 2017; Foo et al. 2017; 

U.G. Mueller and Sachs 2015). In a typical protocol axenic plants are exposed to diverse 

microbial soil communities which are then artificially selected on the basis of desired 

plant traits, such as rapid growth, early flowering, drought tolerance, or disease resistance 

(Swenson, Wilson, and Elias 2000; Mendes et al. 2011; Lau and Lennon 2011, 2012; 
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Panke-Buisse et al. 2015). The soil that yields plants with desired traits is passaged onto a 

new generation of axenic plants, thus imposing a degree of artificial selection on the soil 

microbial community based on the effect it has on the plant hosts. Other sources of 

variance can be limited through the use of clonal or inbred plants as well as controlled 

environmental conditions (U.G. Mueller and Sachs 2015; Swenson, Wilson, and Elias 

2000; Williams and Lenton 2007). Microbiome engineering is hypothesized to alter soil 

microbial communities via ecological processes and evolutionary processes (U.G. 

Mueller and Sachs 2015). Plants release metabolites that attract beneficial microbes 

(Chaparro et al. 2012), or that inhibit antagonistic ones (Haney et al. 2015), which can 

alter the relative abundance of different microbial taxa in bulk soil, the rhizosphere, and 

the root endosphere (Miranda-Sánchez, Rivera, and Vinuesa 2016; Zgadzaj et al. 2016). 

Host traits also have the capacity to alter allele frequencies within a species directly 

affecting their evolution (U.G. Mueller and Sachs 2015). An important aspect of this 

approach is that it allows for change in the microbial community without the opportunity 

for plants to coevolve.  

Microbiome engineering has received increased attention in recent years, but key 

assumptions of its predictive models remain untested (Busby et al. 2017; Foo et al. 2017; 

U.G. Mueller and Sachs 2015; Pineda, Kaplan, and Bezemer 2017; Rillig, Tsang, and 

Roy 2016; Trivedi et al. 2017). One tacit assumption is that the host is the dominant 

driver of ecological and evolutionary shifts in microbial function. However, most plant-

associated microbes also experience a free-living phase in the soil wherein the microbes 

can experience a different set of selection pressures (Busby et al. 2017; Mapelli et al. 
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2018; Sachs, Russell, and Hollowell 2011; Sachs, Skophammer, and Regus 2011; Tkacz 

et al. 2015). Second is the assumption that plant traits invariably impose strong selection 

for microbes that increase symbiotic benefit towards the host (Bakker et al. 2014; 

Burghardt et al. 2018; Panke-Buisse et al. 2015; Sachs, Russell, and Hollowell 2011; 

Tkacz et al. 2015). This might be unlikely though as microbes have a massive 

evolutionary advantage over their plant hosts in terms of generation time and population 

size leaving the host vulnerable to microbes that evolve exploitative phenotypes (Heath 

2010; Porter and Simms 2014; Sachs, Ehinger, and Simms 2010). Based on these 

assumptions, we predict three broad evolutionary outcomes for microbiome engineering. 

Microbes could evolve enhanced benefit provided to the host, phenotypes that exploit the 

host, and traits that improve life in the soil. To test these predictions, an experimental 

system needs to simulate the biphasic life cycle of many plant microbial symbionts, and 

there must be robust fitness phenotypes for host and symbiont to investigate the relative 

importance of host control traits, symbiont traits that exploit the host, and traits 

independent of symbiosis. 

The symbiosis between legumes and root nodulating rhizobia is one of the best-

studied models of a beneficial plant-microbe interaction (Sprent, Ardley, and James 

2017). The interaction is initiated when host roots release flavonoids into the soil and 

rhizobia respond with the release of Nod factors which induce transcriptional and 

morphological changes in host roots (Liu and Murray 2016). Upon infection, rhizobia 

colonize intracellularly wherein they fix atmospheric nitrogen for the host (Coba de la 

Peña et al. 2018), and ongoing communication limits persistence in host tissue by non-
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beneficial rhizobia (Acosta-Jurado et al. 2016; Kawaharada et al. 2017). When the 

interaction between plant and bacteria is cooperative, both partners gain substantial 

fitness benefits from this exchange (Denison 2000; Mus et al. 2016; Sachs, Quides, and 

Wendlandt 2018). The whole nodule eventually senesces as host resources are redirected 

to seed production and a subset of rhizobia are released back into the soil (Puppo et al. 

2004).  

The fixation of atmospheric nitrogen by rhizobial symbionts has historically been 

a dominant source of biologically available nitrogen, but industrialization has made 

nitrogen more readily available in many terrestrial ecosystems (Cleveland et al. 1999). In 

agriculture, increased use of nitrogen fertilizer has often led to rapid and devastating 

changes to ecosystems. Even in legume fields, which represent 25% of global crop 

production, chemical fertilizers are used heavily (Ferguson et al. 2010). For decades there 

has been an attempt to inoculate rhizobia on legume crops to reduce or replace the use of 

expensive and polluting nitrogen fertilizer (Ferguson et al. 2010; Tilman et al. 2002), but 

it has been difficult to create rhizobial inoculum that provide high levels of benefit under 

field conditions. Although, the genetic basis for rhizobial success on field crops in 

unknown, the outcome is clear, non-beneficial rhizobial symbionts tend to dominate in 

agricultural soil and in nodules (Yates et al. 2011).  Thus, in many agricultural fields the 

benefit provided by rhizobia is largely mediocre leaving room for selection of mutualistic 

traits.  

Here, we used an experimental evolution system inspired by microbiome 

engineering techniques to test the capacity of host plants to impose selection on simple 
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microbial populations. By initiating our experiments with clonal populations of rhizobia 

we focus on the microevolutionary processes of microbiome engineering, as opposed to 

ecological shifts in the soil microbial communities. The design simulates agricultural 

conditions where microbes repeatedly interact with consistent plant genotypes with which 

they share little or no evolutionary history of interaction (Busby et al. 2017). We used a 

replicated factorial design in which two genotypes of Lotus japonicus were each 

independently paired with rhizobial populations initiated with one of two ancestral clones 

(four independent experiments, each replicated). Hosts included the L. japonicus ecotype 

MG-20 (Kawaguchi 2000) and a near isogenic mutant with a hypernodulating phenotype 

(har1; produces 6x nodules; Yoshida, Funayama-Noguchi, and Kawaguchi 2010). 

Rhizobial populations were initiated with either Rhizobium etli CE3 or Ensifer fredii 

NGR234, both of which provide low levels of benefit to L. japonicus. Rhizobium etli CE3 

forms nodules on L. japonicus that exhibit poor nitrogen fixation and premature 

senescence (Banba et al. 2001). Ensifer fredii NGR234, on the other hand, exhibits poor 

nitrogen fixation early in the interaction because of delayed nodule development 

(Schumpp et al. 2009). Each experiment involved an alternating series of in planta and in 

vitro passages that simulate the natural cycle of host infection and free-living phases of 

life that most plant associated symbionts experience (Sachs, Skophammer, and Regus 

2011). At the end of the experiment we compared ancestral clones with the derived 

populations, using inoculation and in vitro experiments, nodule histology analysis, and 

whole genome resequencing. Our design differs in three key ways from previous 

experimental evolution of rhizobia. First, we initiated the evolution with two nodule 
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forming, marginally beneficial symbionts allowing ample opportunity for positive 

selection to improve nitrogen fixation (Guan et al. 2013; Marchetti et al. 2010, 2014). 

Second, we used host genotypes that vary their input into nodulation, thus we varied the 

structure and proportion of the rhizobial population that is affected by host selection 

(Marchetti et al. 2017). Finally, although we included an ex planta growth phase which 

allowed for rhizobia to evolved under free-living conditions (Sachs, Russell, and 

Hollowell 2011), we alternated free-living phases with symbiosis with legumes. The 

goals of our experiment were i) to investigate what subset of microbial phenotypes would 

be selected for during our experimental evolution (i.e., enhancement of mutualism, 

antagonism, or free-living traits) ii) to identify genes or genomic regions under selection 

during interactions with the host and in the environment, and iii) to link phenotype to 

genotype. 

 

Methods 

Biological materials 

L. japonicus MG-20 seeds were acquired from LegumeBase (University of 

Miyazaki, Japan). MG-20 is an early flowering ecotype that is amenable to growth under 

artificial light (Kawaguchi 2000). The near-isogenic MG-20 mutant, har1 (Yoshida, 

Funayama-Noguchi, and Kawaguchi 2010) was received from Masayoshi Kawaguchi. 

The gene HAR1 is on chromosome 3 and mutations to this gene result in a shoot-derived 

hypernodulator (Krusell et al. 2002; Nishimura et al. 2002) that forms approximately six 

times as many nodules as MG-20 under tested conditions (Yoshida, Funayama-Noguchi, 
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and Kawaguchi 2010). MG-20 and har1 hosts were grown to generate seeds at the 

University of California, Riverside (UCR) following published protocols (Quides et al. 

2017). Briefly, seeds were surface sterilized in bleach (5.25% sodium hypochlorite, 5 

minutes) and rinsed seven times (one minute each) in sterile reverse osmosis purified 

water (ROH2O). Surface-sterilized seeds were nick scarified and germinated on agar 

plates with micronutrients (1.5% agar w/v, nitrogen-free Jensens solution; Somasegaran 

and Hoben 1994). Seedlings were planted in one gallon pots filled with UCR soil mix #3 

(plaster sand and peat moss supplemented with nitrogen, phosphorus, potassium, calcium 

and trace minerals). Plants were maintained in a greenhouse under natural lighting from 

July to October and watered as needed with a 1:100 dilution of Peters Excel® 21-5-20 

(Scotts Professional, Marysville, Ohio, USA). Greenhouses were fumigated weekly with 

the insecticide Talstar® (7.9% Bifenthrin, FMC Corporation, Philadelphia, Pennsylvania, 

USA) to assure no cross-pollination occurred. 

Rhizobium etli strain CE3 (hereafter CE3) is a beneficial symbiont of Phaseolus 

vulgaris (Gonzalez et al. 2006; Noel et al. 1984). When CE3 infects L. japonicus the 

nodules prematurely senesce starting as early as 3 weeks post inoculation (wpi; Banba et 

al. 2001). The genome of CE3 includes a 4.38Mb chromosome and six plasmids ranging 

from 194kb to 643kb (total is 6.53Mb; Gonzalez et al. 2006). CE3 was provided by Dale 

Noel (Marquette University, Milwaukee, WI, USA). 

Ensifer fredii strain NGR234 (hereafter NGR) can nodulate a large diversity of 

legumes (Pueppke and Broughton 1999) including L. japonicus. When NGR infects L. 

japonicus MG-20 the nodules can take up to 20 weeks to fix nitrogen and produce 
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leghemoglobin, an oxygen carrier vital to nitrogen fixation (Schumpp et al. 2009). The 

genome of NGR included a 3.926Mb chromosome and two plasmids that are 2.43Mb and 

536kb (Schmeisser et al. 2009). NGR was provided by Jeff Chang (Oregon State 

University, Corvallis, OR, USA).  

 

Experimental Evolution protocol 

Plant preparation and inoculation: Seeds were surface sterilized, nick scarified, and 

immediately placed into sterilized CYG germination pouches (Mega International; 

Newport, Minnesota, USA) filled with 20mL of sterile nitrogen-free Jensens fertilizer. 

Bundles of four pouches containing five seeds each were wrapped in aluminum foil and 

placed in clear plastic boxes with holes for ventilation. Plants were grown for ~2.5 weeks 

prior to inoculation. Plants were maintained in a growth chamber with a light dark cycle 

of 14:10 hours at ~600 Lux, 18-27.5˚C, and relative humidity of 40-65% for the duration 

of the experiment (Conviron® A1000 with a CMP6010 control system; Winnipeg, 

Manitoba, Canada). 

When seedlings had at least two true leaves they were inoculated following 

published protocol (Quides et al. 2017). Briefly, liquid cultures of rhizobia were grown to 

log-phase, cells were separated from spent media and resuspended in sterile ROH2O at a 

density of 10
9 

cells mL
-1

.
 
A volume of 50µL (5 x 10

7
cells) was dripped directly on host 

roots. For the initial round of host infection (passage 0) we infected hosts with clonal 

liquid cultures of CE3 or NGR (ancestors). Subsequent rounds of inoculation were 

initiated from rhizobia extracted from the nodules of the previous passage (descendant 
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passages). Plants were fertilized weekly with 10mL of nitrogen-free Jensens per pouch. 

Each of the four host and symbiont combinations were passaged in two replicated 

lineages for a total of eight independent experiments (Table 1).  

Plants were harvested for passaging of symbionts at 4wpi (Figure 1). In 

experiments with CE3 we predict 4wpi will select for symbionts that do not initiate 

premature senescence at 3wpi (Banba et al. 2001). For NGR experiments, we predict that 

4wpi will select for symbionts that fix nitrogen given that leghemoglobin is already 

present in nodules (Schumpp et al. 2009). Excess fertilizer was removed from pouches 

and photographs of each plant were taken for reference. Nodules were counted, dissected, 

and photographed. Shoots were dried at 60˚C for three days prior to weighing dry 

biomass. All nodules from a host and symbiont replicate passage were pooled and surface 

sterilized (bleach; three min.), rinsed in sterile ROH2O (7 times, 1 min. each), crushed 

with a sterile glass rod, and resuspended in 5mL of liquid MAG. From the 5mL of nodule 

extract, 200µL was mixed with 200µL of MAG:glycerol (1:1) to archive viable cells, 

100µL was serially diluted and spread plated (10
6
) to quantify rhizobia population size 

within nodules, and 3.2mL was used to inoculate a flask of MAG to grow cells for the 

next passage. This phase of in vitro growth simulates the free-living state rhizobia 

experience between host infections and allowed us to inoculate the next round of hosts 

with a consistent number of cells every passage. All nodules were surface sterilized 

within 24 hours of harvesting and crushed within 24 hours of sterilization. Each 

experiment was named after the symbiont (CE3 or NGR), host (MG-20 or har1), and 

replicate (‘a’ or ‘b’; Table 1).  
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The CE3 strain was evolved for a total of 15 passages on each host (Table 1). The 

NGR passage lines became contaminated at passage 3 (har1 hosts) and passage 13 (MG-

20 hosts), and a new round of passaging was initiated from archived stocks pre-

contamination. As a result of contamination, NGR was only passaged for ten cycles on 

har1. There were a total of ~490 and ~380 estimated generations symbionts passaged 15 

times and 10 times, respectively (~3x as many generations in planta compared to in vitro, 

Table 1). To try to make up for this reduction, both replicates of the NGR:har1 

combination were exposed to ~450 plants compared to ~260 in the other passage lines 

(~70% more plants in total) and formed >50% more total nodules than the other har1 

experiments resulting in about twice as many within nodule generations (Table 1).  

We estimated rhizobial generations in planta and in vitro to gather information 

about the fitness of our symbionts throughout experimental evolution. The data used to 

generate fitness information was also used to identify the severity of the bottleneck effect 

in our protocol; only a very small proportion of the rhizobia inocula get inside a nodule 

and have the chance to be passaged. The number of in planta generations for rhizobia 

was estimated using the number of nodules to infer initial population size and estimated 

rhizobial population size as the final population size. More than one rhizobia can initiate 

one nodule, but it is unclear how common this is. One study has estimated that with our 

inoculation density of 5 x 10
7
cells we should expect 6% of nodules to be dually infected 

(Gage 2002), therefore we estimate a range of 1-2 rhizobia initiate one nodule. At a 6% 

coinfection rate all coinfected nodules would have to have ~16 independent rhizobia 

initiate one nodules to reach an average of two rhizobia starting a nodule.  
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100µL of nodule extract (see above) was used to estimate the entire population 

size of rhizobia after the in planta growth portion of a passage cycle for a given 

experiment. The entire population size was divided by the number of nodules formed 

during this passage to estimate the mean nodule population size. The mean nodule 

population size was used as a final population size to calculate the number of in planta 

generations using either one or two as the initial population size. The number of 

generations within nodules was calculated as the product of in planta generations and the 

number of nodules formed during that passage. We also used the entire population size to 

estimate the starting population size when calculating number of in vitro generations 

using the final estimated cell density within the flask at inoculation as the final population 

size. 

Table 3.1 Metadata for symbiont passaging 

Symbiont:Host 

_replicate 

Number 

of 

passages 

Total 

number of 

plants 

exposed to 

rhizobia 

Total 

number of 

nodules 

formed by 

rhizobia 

Estimated 

total # of 

rhizobia cells 

extracted 

from nodules 

Estimated 

number of 

in planta 
generations  

Estimated 

number of 

generations 

within 

nodules  

Estimated 

number of 

in vitro 
generations 

CE3:MG-20_a 15 253 559 2.69E+09 326-341 13,979-14,503 128 

CE3:MG-20_b 15 245 660 2.41E+09 355-370 17,432-18,074 137 

CE3:har1_a 15 255 1895 4.47E+09 368-382 51,041-52,861 121 

CE3:har1_b 15 260 2258 3.72E+09 359-374 60,666-62,882 130 

NGR:MG-20_a 15 278 1208 5.99E+09 341-356 30,792-31,862 109 

NGR:MG-20_b 15 289 1464 3.36E+09 353-368 34,840-36,085 126 

NGR:har1_a 10 448 4381 1.92E+09 268-278 120,057-124,438 95 

NGR:har1_b 10 454 3622 2.89E+09 283-293 111,354-114,976 94 
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Plants were harvested for passaging of symbionts at 4wpi (Figure 3.1). Excess 

fertilizer was removed from pouches and photographs of each plant were taken for 

reference. Nodules were counted, dissected, and photographed. Shoots were dried at 60˚C 

for three days prior to weighing dry biomass. All nodules from a host and symbiont 

replicate passage were pooled and surface sterilized (bleach; three min.), rinsed in sterile 

ROH2O (7 times, 1 min. each), crushed with a sterile glass rod, and resuspended in 5mL 

of liquid MAG. From the 5mL of nodule extract, 200µL was mixed with 200µL of 

MAG:glycerol (1:1) to archive viable cells, 100µL was serially diluted and spread plated 

(10
6
) to quantify rhizobia population size within nodules, and 3.2mL was used to 

inoculate a flask of MAG to grow cells for the next passage. The number of in planta 

generations for rhizobia was estimated using the number of nodules to infer initial 

population size and estimated rhizobial population size as the final population size. We 

assume an average of 1-2 rhizobia initiate one nodule (estimated to be 1.06; Gage 2002). 

We also calculated the number generations within a nodule calculated as the product of in 

planta generations and number of nodules formed during that passage. The final 

population size was then scaled to estimate the starting population size for in vitro 

growth. The number of in vitro generation times was then calculated using the final 

estimated cell density within the flask at inoculation. This phase of in vitro growth 

simulates the free-living state rhizobia experience between host infections and allowed us 

to inoculate the next round of hosts with a consistent number of cells every passage. All 

nodules were surface sterilized within 24 hours of harvesting and crushed within 24 hours 

of sterilization. 
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The CE3 strain was evolved for a total of 15 passages on each host (Table 3.1). 

The NGR passage lines became contaminated at passage 3 (har1 hosts) and passage 13 

(MG-20 hosts), and a new round of passaging was initiated from archived stocks pre-

contamination. As a result of contamination, NGR was only passaged for ten cycles on 

har1. There were ~490 and ~380 estimated generations for symbionts passaged 15 times 

and 10 times, respectively. To try to make up for this reduction, both replicates of the 

NGR:har1 combination were exposed to ~450 plants compared to ~260 in the other 

passage lines (~70% more plants in total) and formed >50% more nodules than the other 

har1 experiments resulting in about twice as many within nodule generations. It is 

important to note that our design is not a coevolution experiment which is consistent with 

microbiome engineering and many agricultural practices. 
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Figure 3.1 Symbiont passaging protocol  

It is important to note that our design is not a coevolution experiment which is consistent 

with microbiome engineering and many agricultural practices. Rhizobia are grown in 

vitro in the absence of host (Step 1). A known density of rhizobia is inoculated on axenic 

plants and rhizobia begin to experience selection in the presence of the host (Step 2). 

Plants are grown for ~4wpi. Nodules form and rhizobia continue to experience selection 

in the presence of the host (Step 3). Nodules are removed (Step 4) so that rhizobia can be 

extracted (Step 5) to start a new round of in vitro growth (Step 1). A portion of the 

extracted rhizobia were archived in a 1:1 solution of MAG:glycerol for future 

experiments (Step 6). Another portion of the extracted rhizobia were serially diluted to 

quantify in planta population sizes to estimate growth rate in planta and in vitro. 
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Phenotypic Analysis 

In vitro growth rate and estimating cell density: Ancestral and derived clones were 

inoculated from individual colonies into flasks of liquid MAG and grown to log-phase 

(12-36 hours, 29˚C, 180rpm). Optical density (OD) was measured multiple times over the 

course of one day. At each OD measurement cell density was estimated by diluting the 

cultures, spread plating, and counting colony forming units. Growth rate (doubling time) 

was estimated between sequential time points which were treated as one data point. 

Differences in growth rate for individual derived symbionts were compared to ancestral 

symbionts with Welch’s two sample t-test for unequal variance. Cell density was plotted 

against OD to create a cell density linear regression used to quickly estimate cell density 

from OD. A total of 12-28 independent flasks were inoculated for each strain to compare 

in vitro growth rate and correlate OD to cell density.  

 

Greenhouse experiment to measure symbiont fitness and fitness effects: Seeds of 

each host type were sterilized and scarified as above and germinated at 20˚C in sterile 

ROH2O in the dark for at least two weeks (25
th

 September 2017 – 13
th
 October 2017). 

Germinated seedlings were planted in sterilized Conetainers (SC10; Steuwe and Sons, 

Tangent, OR, USA) filled with autoclaved inert calcined clay that offers negligible 

nutrients (Turface® Pro League®, Turface Athletics, Buffalo Grove, Illinois, USA). 

Seedlings were grown in a controlled facility with daily mist-watering until true leaves 

emerged and thereafter were fertilized weekly with 5mL of N-free Jensens solution. 
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Seedlings were transferred to the greenhouse and were hardened behind 50% shade cloth 

for four days. 

After hardening, seedlings of each host genotype were arranged into size matched 

groups using leaf counts, and were randomly assigned to inoculation treatments. MG-20 

hosts received the following inoculum: sterile ROH2O (negative control), NGR, 

NGR:MG-20_a, NGR:MG-20_b, CE3, CE3:MG-20_a, CE3:MG-20_b and har1 hosts 

received sterile ROH2O, NGR, NGR:har1_a, NGR:har1_b, CE3, CE3:har1_a, 

CE3:har1_b. Inoculation occurred on 30
th

 October 2017. For each treatment, either 5mL 

of water or 5mL of washed rhizobial cells were drip inoculated directly into the sterile 

clay soil at a density of 10
8
 cells mL

-1
 (5x10

8
 cells). Inoculum concentrations were 

estimated to be ~10
8
 cells mL

-1
 via optical density as above and confirmed by counting 

colony forming units. The 14 host and inoculum treatment combinations were randomly 

distributed in the greenhouse with one treatment combination replicate in one of 20 

blocks (280 plants total). 10 blocks were removed from the greenhouse for each harvest.  

We performed two harvests. The ‘early-development harvest’ occurred at 4wpi. 

This is the same timing as passaging and thus matched the time point that was under 

selection. At 4wpi in pouches (growth during passaging) it can be difficult to detect 

phenotypic differences even when comparing hosts inoculated with a nitrogen fixing 

symbiont or a non-fixing symbiont, but by 6wpi there are stark differences as hosts 

prepare to flower (Quides et al. 2017). We therefore harvested the other half of the plants 

at 6wpi (‘maturity harvest’) before hosts would begin to flower and nodules naturally 

senesce (Puppo et al. 2004). If there was selection for enhanced mutualism we would 
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expect to see phenotypic evidence of this by 6wpi. Alternatively, if symbionts evolved to 

become more antagonistic we would not expect our plants to survive much longer than 

6wpi (especially CE3, premature senescence phenotype). 

Upon harvest, shoots, roots and nodules were separated, photographed, and dried 

at 60˚C for 3 days prior to weighing dry biomass. True leaves and nodules were counted. 

We measured shoot biomass, shoot biomass per true leaf, change in true leaves, number 

of nodules formed, total nodule biomass, and mean nodule biomass. Shoot biomass per 

true leaf was calculated as the shoot biomass divided by the number of true leaves at 

harvest to assess leaf size. Change in true leaves was calculated as the difference between 

the number of true leaves at inoculation and harvest as an indicator of growth potential. 

Mean nodule biomass was calculated as the total biomass of all nodules on a plant 

divided by the number of nodules formed on that plant which was used as a proxy for 

rhizobial fitness. These measures were compared between plants inoculated with derived 

symbionts versus those inoculated with ancestral symbiont using a Welch’s two sample t-

test. 

 

Nodule Culturing: In planta fitness of rhizobia was quantified by culturing nodules at 

both harvests. Three blocks of plants were randomly selected to culture nodules from all 

treatments. From each of the three treatment replicates, four randomly picked nodules per 

plant were cultured (144 total nodules per harvest). Nodules were individually surface 

sterilized in bleach for a minimum of 30 seconds (ca. one minute per mm of nodule 

diameter), rinsed three times in sterile ROH20, and crushed with a sterile pestle in sterile 



 

 

72 

ROH20. The nodule slurry was serially diluted in sterile ROH2O, spread plated on MAG 

(10
-3

, 10
-5

 dilutions) and incubated at 29˚C. For CE3, cultures were incubated overnight, 

and for NGR, cultures were incubated for three days. Colonies were counted to estimate 

rhizobial population sizes per nodule. Estimated nodule population size per nodule was 

log-transformed to improve normality and analyzed with Welch’s two sample t-test for 

unequal variance to compare individual derived symbionts to ancestral symbionts. 

 

Light Microscopy: At each harvest we randomly designated one block of plants to be 

used for light microscopy. At the early-development harvest we had an insufficient 

number of nodules formed by MG-20 hosts in our designated block. To ensure an 

adequate number of nodules for these treatments we also set aside all the nodules from 

one nodule culturing block that were not randomly picked for culturing. By the second 

harvest the number of nodules produced by MG-20 hosts was sufficient to collect 

microscopy data, thus we only had to use the nodules from the one block originally 

selected for light microscopy. 

Nodules were fixed in 4% v/v paraformaldehyde, 2.5% v/v glutaraldehyde in 

50mM phosphate buffer pH 7.2 for 6-10 hours at 20° C, then 4° C for three days, and 

dehydrated in a graded alcohol series to 100% EtOH at 20° C. The nodules were 

infiltrated with JB-4 Plus methacrylate (Poly-sciences, Warrington, Pennsylvania, USA) 

in catalyzed Solution A and 100% EtOH (1:1 ratio) at 20° C for 6 hours followed by a 

3:2 ratio at 4° C overnight. Infiltration with 100% catalyzed Solution A was performed at 

20° C for 6 hours and refreshed for final infiltration at 4° C overnight. Finally, nodules 
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were embedded in film caps with polymerized JB-4 plus methacrylate and sealed with 

Parafilm. All steps at 20° C were done with gentle agitation (Regus et al. 2017). 

 Individual nodules were removed from film caps with a coping saw and 

polymerized with JB-4 Plus methacrylate on metal stubs for sectioning. Sections of 4µm 

thickness were prepared parallel to the long axis of the parent root using a glass knife and 

an H/I Bright 5030 Microtome (Hacker Instruments Inc.; Fairfield, New Jersey, USA). 

Sections were mounted on glass slides, and stained with 0.1% w/v aqueous toluidine Blue 

O to identify infected plant cells (dark blue stain). Sections were viewed with a Meiji 

Techo MT4000L Biological Microscope (Meiji Techo CO., LTD.; Miyoshi machi, 

Iruma-gun, Japan) and images were acquired with a Nikon D80 DSLR (Nikon 

Corporations; Minato, Tokyo, Japan) attached to the trinocular tube using Meiji specific 

adapters and ‘ControlMyNikon’ tethering software (Tetherscript Technology 

Corporation; Vancouver, British Colombia, Canada).  

 An average of 16 sections per nodule were analyzed (range 4-30) from each of 3-

4 nodules per host. We calculated the percentage of infected plant cells showing signs of 

senescence for each section (ruptured or compromised cell wall, blotchy appearance, low 

density of rhizobia; Regus et al. 2017). To control for variation in cell structure 

throughout the nodule (Puppo et al. 2004), the mean percentage of senescent plant cells in 

a section was calculated for all sections from one nodule. The mean percentage of nodule 

cells infected with the derived symbiont showing signs of senescence was compared to 

nodules infected with the derived symbiont using Welch’s two sample t-test for unequal 

variance with mean values for each nodule as a data point. 
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Isotopic Analysis: We quantified %N and δ
15

N from dried leaf samples for all host and 

treatment combinations at both harvests. Dry leaves were removed from stems and 

powdered using a bead beater for 10 seconds at 4ms
-1

 with a 5mm steel bead. When 

plants incorporate symbiotically fixed nitrogen, the leaf tissue exhibit reduced δ
15

N 

relative to uninfected plants because of isotopic fractionation (Regus et al. 2014). 

Samples were analyzed at UC Santa Cruz Stable Isotope Laboratory. In many cases one 

plant did not provide sufficient leaf tissue for analysis, thus we pooled leaf tissue from up 

to four plants in a treatment. Due to pooling each treatment has a range of 2-5 replicates. 

Mean %N and δ
15

N was compared between hosts inoculated with one of the derived 

symbionts and corresponding ancestral symbiont using Welch’s two sample t-test for 

unequal variance. 

 

Genome Analysis 

Isolation and extraction: CE3 ancestral clones and archived nodule slurries from the 

CE3 experiments were plated on 25ug/mL cyclohexamide MAG to prevent fungal 

growth and limit the extraction of plant DNA. We sampled 20 individual colonies from 

the passage 15 populations of CE3:har1_a and CE3:har1_b and one CE3 colony. 

Individual colonies were picked and washed in 500uL of sterile ROH2O via vortexing 

and centrifugation (14,000g, 3min). From passages 5 and 10 we sampled CE3:har1_a and 

CE3:har1_b. From passage 15 we sampled CE3:har1_a, CE3:har1_b, CE3:MG-20_a, 

and CE3:MG-20_b. Plates from these eight populations were scraped and washed in 
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10mL of sterile ROH2O. 25uL of washed population cell culture was used for DNA 

extraction. Genomic DNA was extracted using a Qiagen DNeasy blood & tissue kit. 

 

Genome re-sequencing and mutation identification: Genomic DNA (from clonal 

isolates) or metagenomics DNA (from derived population samples) were processed as 

Nextera XT libraries and sequenced (2x 150 bp) on one lane of an Illumina HiSeq 3000 

at the Center for Genome Research and Biocomputing (CGRB), Oregon State University. 

Sequencing reads were checked for quality and/or contamination using FastQC (Andrews 

2014). Sequencing adapters and poor-quality reads were trimmed using BBduk v. 35.82 

with the options “ktrim = r k = 23 mink = 9 hdist = 1 minlength = 100 tpe tbo” (Bushnell 

2014). The CE3 genome was de novo assembled using SPAdes v. 3.1.1 with the options 

“--careful -k 21,33,55,77,99”; and the assembled contigs were aligned to the R. etli CFN 

42 reference genome (NCBI: GCF_000092045.1) using progressiveMauve with the 

default options (Bankevich et al. 2012; Darling, Mau, and Perna 2010).  

Single nucleotide polymorphisms (SNPs) and indels were called for all samples 

together as follows. Reads were mapped to the R. etli CFN 42 reference genome using 

bowtie2 v. 2.2.3 with the option “--local” (Langmead et al. 2009). Alignments were 

converted to bam format using Samtools v. 0.1.18, and sample read groups were added to 

alignments using Picard tools v. 2.0.1 (Li et al. 2009; Picard Tools, 20015). Mapped read 

coverage for each sample was calculated using bedtools v2.25.0 “genomecov”, and 

regions with no coverage were identified as putative deletions in each sample (Quinlan 

and Hall 2010). Per-sample read depth was plotted using the R package Sushi (Phanstiel 
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et al. 2014). Read depth was normalized to the chromosome mean read depth for each 

sample. GATK v. 3.7 HaplotypeCaller and the options ‘-ERC GVCF -ploidy 1’ were 

used to call variants for each sample, and the data were then combined using 

GenotypeGVCFs (McKenna et al. 2010). Variants were annotated for predicted 

functional effect using snpEff v. 4.3t and the CFN 42 reference genome annotation 

(Cingolani et al. 2012). One sequenced isolate (CE3:har1_b_20) is predicted to have lost 

the p42f plasmid due to lack of read coverage on this replicon. Predicted variants 

resulting from reads that misaligned to this replicon were removed for this sample. 

Variants were converted into a fasta alignment using bcftools v. 1.3–14-ge0890a1 vcf-to-

tab and the perl script vcftab-to-fasta (Li et al. 2009; J. Chen 2012).  

 

Results 

Symbiotic effectiveness  

CE3:har1: We uncovered conflicting data among the harvests for these experiments. At 

the early-development harvest we detected evolution of enhanced effectiveness 

(increased shoot biomass; CE3:har1_a: t = 3.15, df = 14.1, P = 0.007; CE3:har1_b: t = 

2.81, df = 11.5, P = 0.016; Figure 2A). By the maturity harvest this pattern was not 

maintained and we found that hosts inoculated with the derived symbionts had less shoot 

biomass, on average, than the hosts inoculated with the ancestral symbiont (Figure 2B). 

For shoot biomass per true leaf, a measure of leaf size, we also found evidence of 

enhanced benefit at the early-development harvest (Figure 2C) and reduced benefit by the 

maturity harvest (Figure 2D). Hosts receiving the derived CE3:har1_b symbiont formed 
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significantly heavier leaves than the ancestral CE3 (t = 3.08, df = 15, P = 0.008; Figure 

2B), and a similar trend was observed for CE3:har1_a. We found no difference in percent 

nitrogen in leaf tissue or isotopic signature of nitrogen fixation (δ
15

N). At the early-

development harvest we found a trend of decreased percent nitrogen, but a trend of 

increased nitrogen fixation for both replicates compared to the ancestral CE3. At the 

maturity harvest we detected a negative trend for CE3:har1_a for percent nitrogen, but a 

positive trend for CE3:har1_b. For δ
15

N there was a positive trend for CE3:har1_a, but a 

negative trend for CE3:har1_b. 

 

CE3:MG-20: For both replicates we found almost no evidence of phenotypic evolution. 

We found evidence for increased shoot biomass with CE3:MG-20_a at the maturity 

harvest (t = 2.33, df = 17.4, P = 0.0319), but only a positive trend for CE3:MG-20_b. For 

both shoot biomass measures at the early-development harvest the trends were positive 

for both replicates, or there was no difference in the mean value (CE3:MG-20_b: t = 0). 

For this harvest there was a negative trend for CE3:MG-20_a for both measures of 

nitrogen, and positive trends with CE3:MG-20_b for both. At the maturity harvest shoot 

biomass per true leaf, percent nitrogen, and δ
15

N increased for CE3:MG-20_a. For 

replicate ‘b’ percent nitrogen displayed a positive increase, while shoot biomass per true 

leaf and δ
15

N had negative trends. 

 

NGR:har1: In these experiments we found scant evidence for a phenotypic shifts in 

symbiotic effectiveness at the early-development harvest, and no evidence at the maturity 
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harvest. For both replicates percent nitrogen in leaf tissue increased, but it was only 

significant for NGR:har1_a (t = 4.58, df = 2.88; P = 0.0213). Nitrogen fixation, however, 

was diminished for both replicates, and shoot biomass measures exhibited decreases or 

nearly identical means compared to the ancestral NGR on har1 (NGR:har1_a shoot 

biomass: t = 0; shoot biomass per true leaf: t = 0.003). At the maturity harvest none of the 

trends were consistent for enhanced or reduced symbiotic effectiveness. Shoot biomass 

and percent nitrogen in leaf tissue increased for both replicates, while shoot biomass per 

true leaf and δ
15

N decreased for both replicates. 

 

NGR:MG-20: Similar to the other NGR experiment, we only found evidence of 

increased symbiotic effectiveness at the early-development harvest. Both replicates fixed 

more nitrogen than their ancestor, but this was only significant for NGR:MG-20_a (t = 

3.55, df = 3.44, P = 0.0305). While this resulted in a minor increase in percent nitrogen in 

leaf tissue, it slightly decreased both shoot biomass traits. For NGR_MG-20_b, all three 

measures were reduced compared to the ancestor. Data collected during the maturity 

harvest displayed consistent trends for each replicate. NGR:MG-20_a had subtle 

increases in all four symbiotic effectiveness measures, while NGR:MG-20_b had small 

decreases.  

 

For all experiments we found no evidence for a change in the number of true leaves 

developed between inoculation and harvests 
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Symbiont fitness 

CE3:har1: In these experiments we found some evidence for the evolution of increased 

symbiont fitness. In all cases the derived symbionts attained a greater mean population 

size within nodules (Figure 2E,F), but this was only significant for CE3:har1_a at the 

maturity harvest (t = 3.02, df = 16, P = 0.008). Mean total nodule mass, a proxy for 

rhizobia fitness, was increased at the early-development harvest, but decreased at the 

maturity harvest for both replicates. 

 

CE3:MG-20: We found no evidence of symbiont fitness evolution in these experiments. 

At the early-development harvest CE3:MG-20_a had an increased nodule population 

size, while replicate ‘b’ a decreasing trend for nodule population size, and both had 

decreased total nodule mass. By the maturity harvest both were trending towards 

increased population sizes and total nodule mass. 

 

NGR:har1: Evidence for evolution of symbiont fitness was limited, but consistent 

among replicates. At the early-development harvest both replicates had increased nodule 

population sizes, but decreased total nodule mass and for NGR:har1_a this was 

significantly reduced (t = -2.36, df = 15.4, P = 0.0318). For the maturity harvest both 

population sizes were decreased compared to the ancestral NGR, but the mean total 

nodule masses were increased, and significantly so for NGR:har1_b (t = 2.5, df = 15.1, P 

= 0.0242) 
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NGR:MG-20: The derived strains from these experiments provided some evidence of 

evolved symbiont fitness, but it was not enhanced. At the early-development harvest both 

derived replicates had significantly decreased mean population sizes within nodules 

(NGR:MG-20_a: t = -2.59, df = 13.2, P = 0.0222; NGR:MG-20_b: t = -2.53, df = 10.9, P 

= 0.028). However this pattern changed for NGR:MG-20_a at the maturity harvest, and 

nodule population size was trending higher. NGR:MG-20_b continued to have a 

decreased nodule population size, but the trend was no long significant. For both 

replicates at the early-development harvest there was a trend of decreased total nodule 

mass, but at the maturity harvest the trend switched to increasing.  

 

For all experiments we found no significant differences in the number of nodules formed, 

mean nodule mass, or in vitro growth rate. 
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Table 3.2 Phenotypic comparison of ancestral and final derived symbionts 

 

 

 

 

 

 

 

 

 

Phenotype 
Early-development Harvest a_har1:CE3 b_har1:CE3 a_MG-20:CE3 b_MG-20:CE3 a_har1:NGR b_har1:NGR a_MG-20:NGR b_MG-20:NGR 

Shoot biomass 
t = 3.15 ǂ 
df = 14.1 

t = 2.81 ǂ 

df = 11.5 
t = 0.429 
df = 16 

t = 0 
df = 14.3 

t = 0 
df = 16.7 

t = -1 
df = 17.5 

t = -1.32 
df = 16.6 

t = -0.845 
df = 16.7  

Shoot biomass per true leaf 
t = 1.6 
df  = 17.3 

t = 3.08 ǂ 

df = 15 
t = 0.092 
df = 18 

t = 0.497 
df  = 18 

t = 0.003 
df = 17.7 

t = -0.73 
df = 16.2 

t = -1.92 
df = 13.6 

t = -1.58 
df = 17.8 

Change in true leaf count 
t = 0.447 
df = 16.6 

t = -0.896 
df= 12.3 

t = -0.249 
df = 13.2 

t = -0.973 
df = 14.1 

t = 0.976 
df = 13 

t = 0.802 
df = 15.2 

t = 0.305 
df = 17.6 

t = 1.26 
df = 17.9 

Percent nitrogen in leaf 
tissue 

t = -0.277 
df = 1.9 

t = -3 
df = 1 

t = -0.632 
df = 2.44 

t = 0.655 
df = 3.92 

t = 4.58 ǂ 

df = 2.88 
 t = 2.4 
df = 1.17 

t = 1 
df = 2 

t = -1 
df = 2 

δ
15

N 
t = 0.975 
df = 1.31 

t = 1.45 
df = 3 

t = -0.204 
df = 3.87 

t = 0.35 
df = 3.4 

t = -0.16 
df = 2.91 

t = -4.11 
df = 2.07 

t = 3.55 ǂ 

df = 3.44 
t = 3.07 
df = 2.56 

Number of nodules formed 
t = 0.476 
df = 18 

t = 0.56 
df = 17.8 

t = -0.988 
df = 16.9 

t = -0.676 
df = 14.4 

t = -1.83 
df = 17.4 

 t = -0.457 
df = 17.3 

t = -0.549 
df = 16 

t = 1.99 
df  = 14.7 

Total nodule mass 
t = 0.67 
df = 13.2 

t = 0.114 
df = 13.9 

t = -0.679 
df = 7.2 

t = -0.216 
df = 11.1 

t = -2.36 ǂ 

df = 15.4 
t = -0.946 
df = 13.8 

t = -0.362 
df = 13.6 

t = -0.405 
df = 12.9 

Average nodule mass 
t = 0.515 
df = 13.3 

t = -1.81 
df = 14.7 

t = 1.16 
df = 9.85 

t = 1.45 
df = 7.62 

t = 0.006 
df = 13.2 

t = -0.169 
df = 15.2 

t = 0.614 
df = 12.6 

t = -2.12 
df = 11.6 

Log(estimated nodule 
population size) 

t = 0.163 
df = 16.7 

t = 0.481 
df = 16.6 

t = 0.226 
df = 20 

t = -0.382 
df = 17.9 

t = 0.797 
df = 17.2 

t = 0.639 
df  = 14.1 

t = -2.59 ǂ 

df = 13.2 

t = -2.53 ǂ 

df = 10.9 

Percent of nodule cells 
undergoing senescence NA NA NA NA NA NA NA NA 

in vitro growth rate 
(doubling time) 

t = -0.984 
df = 65.2 

t = -1.07 
df = 59.2 

t = -1.19 
df  = 60.7 

t = -0.046 
df = 75.4 

t = 0.305 
df = 177 

t = 0.176 
df = 174 

t = 0.099 
df = 146 

t = 0.539 
df = 128 

8
1
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Table 3.2 Phenotypic comparison of ancestral and final derived symbionts cont. 
Phenotype 
Maturity Harvest a_har1:CE3 b_har1:CE3 a_MG-20:CE3 b_MG-20:CE3 a_har1:NGR b_har1:NGR a_MG-20:NGR b_MG-20:NGR 

Shoot biomass 
t = -1.77 
df 13.4 

t = -1.03 
df = 12.3 

t = 2.33 ǂ 

df = 17.4 
t = 0.384 
df = 18 

t = 0.177 
df = 17.2 

t = 0.186 
df = 17.9 

t = 0.12 
df = 14 

t = -0.538 
df = 17.3 

Shoot biomass per true leaf 
t = -2.45 ǂ 

df = 16 
t = -1.03 
df = 13 t = 1.16df = 15.1 

t = -0.301 
df = 14 

t = -0.314 
df = 17.4 

t = -0.26 
df = 17.9 

t = 1.37 
df = 11.3 

t = -0.060 
df = 15.4 

Change in true leaf count 
t = 0.246 
df = 17.6 

t = -0.497 
df = 17.5 

t = 0.606 
df = 18 

t = 1.56 
df = 17.9 

t = 1.28 
df = 17.8 

t = 1.28 
df = 17.8 

t = -1.57 
df = 17.6 

t = 0 
df = 13.8 

Percent nitrogen in leaf 
tissue 

t = -0.2 
df = 1 

t = 1 
df = 2 

t = 1.1 
df = 4.41  

t = 1.42 
df = 4.54 

t = 0.459 
df = 3.74 

t = 0.894 
df = 3.67 

t = 0.454 
df = 2.68 

t = -1.26 
df = 5.6 

δ
15

N 
t = 0.439 
df - 1.25 

t = -0.222 
df = 2.79 

t = 0.492 
df = 4.03 

t = -0.191 
df = 5.68 

t = -0.792 
df = 2.84 

t = -2.56 
df = 3.57 

t = 1.86 
df = 3.56 

t = -0.257 
df = 4.72 

Number of nodules formed 
t = -0.715 
df = 13.9 

t = -0.187 
df = 16.5 

t = 0.741 
df = 17.2 

t = 0 
df = 18 

t = 1.24 
df = 17.8 

t = 1.64 
df = 17.3 

t = 0.253 
df = 16.5 

t = 0.219 
df = 18 

Total nodule mass 
t = -1.24 
df = 10.9 

t = -0.448 
df = 16 

t = 0.669 
df = 16 

t = 0.574 
df = 15.8 

t = 2.13 
df = 14.1 

t = 2.5 ǂ 

df = 15.1 
t = 0.594 
df = 15.5 

t = 0.208 
df = 16 

Average nodule mass 
t = -0.366 
df = 15.9 

t = -0.575 
df = 16 

t = -0.641 
df = 12.2 

t = -0.174 
df = 15.6 

t = 0.055 
df = 12.2 

t = -0.327 
df = 15.4 

t = 0.779 
df = 14.1 

t = 0.196 
df = 13.7 

Log(estimated nodule 
population size) 

t = 3.02 ǂ 

df = 16 
t = 1.48 
df = 21 

t = 0.238 
df = 18.9 

t = 0.161 
df = 21.6 

t = -0.207 
df = 18 

t = -1.83 
df = 18.2 

t = 0.734 
df = 21  

t = -0.453 
df = 20.9 

Percent of nodule cells 
undergoing senescence 

t = 4.23 ǂ 

df = 5.57 
t = 1.44 
df = 2.99 

t = 0.128 
df = 5.71 

t = 0.804 
df = 4.06 NA NA NA NA 

in vitro growth rate 
(doubling time) see above see above see above see above see above see above see above see above 

Ancestral and derived phenotypes compared with Welch’s two sample t-test 
t-value compares derived relative to ancestral (ex., t  < 1 indicates derived < ancestral) 

ǂ indicates P < 0.05 
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Figure 3.2 Phenotypic evolution of CE3 symbionts on har1 hosts 

We compared ancestral and derived CE3 symbionts on har1 hosts for measures of 

symbiotic effectiveness and symbiont fitness at the early-development harvest (A, C, E) 

and the maturity harvest (B, D, F). Symbiotic effectiveness was measured as shoot 

biomass (A, B) and shoot biomass per true leaf (C, D). Symbiont fitness was estimated 

using the mean population size of rhizobia within a nodule (E, F). Blue boxplots 

represent data of the ancestral symbiont, and orange boxplots correspond to derived 

symbionts. The following abbreviations are used CE3 = ancestral CE3, Rep. a = 

CE3:har1_a, and Rep. b = CE3:har1_b. Asterisks indicate significant differences 

between the denoted derived symbiont and the ancestral symbiont determined using 

Welch’s two sample t-test.  
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Nodule Histology 

Out of all eight experiments, the data for CE3:har1_a at the maturity harvest was most 

suggestive of phenotypic evolution (Figure2B, D, F). Because of this we chose to focus 

our light microscopy efforts on the CE3 experiments at the maturity harvest using 

CE3:MG-20 experiments as a control for passaged symbionts showing limited 

phenotypic evolution. In both CE3:har1 experiments we found an increase the percent of 

cells showing signs of senescence (Figure 3). Strain CE3:har1_a exhibited a significantly 

greater percentage of cells undergoing senescence compared to the ancestral CE3 (t = 

4.228, df = 5.567; P = 0.007), while the pattern was similar for CE3:har1_b, it was not 

significant. In both CE3:MG-20 experiments there were an increased number of nodule 

cells showing signs of senescence, but the differences were not significant (Table 2). 

 

 

 
Figure 3.3 Nodule structure of ancestral and derived CE3 infected nodules 

The mean number of nodule cells showing signs of senescence (A) was determined using 

visual appearance of Toluidine Blue O staining for the ancestral CE3 symbiont (B) and 

derived CE3:har1_a (C) and CE3:har1_b (D) symbionts. Scale bars are 100µm (E-G). 

The asterisk indicates a significant difference between the denoted derived symbiont and 

the ancestral symbiont determined using Welch’s two sample t-test.  
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Mutations in derived CE3 symbionts 

As above, we chose to focus our genomic analyses on the CE3:har1 experiments because 

we uncovered complimentary evidence of phenotypic evolution. Because we sampled 

three time points for CE3:har1_a and CE3:har1_b we were also able to identify the 

number of mutations that persisted for at least five passages. Across our three time points 

the total number of mutations were 34 for CE3:har1_a and 38 for CE3:har1_b with a per 

time point mean of ~11 and ~13 mutations, respectively (Figure 4). We did not identify 

any non-synonymous mutations with a known gene product that fixed in either 

population 

We detected six mutations from our 40 clonal isolates (20 from each population) 

that persisted at low frequency and were thus difficult to detect when re-sequencing the 

populatin (Table 4). For CE3:har1_a we found eight out of the 20 isolates had a SNP in a 

gene coding for sorbosone dehydrogenase and three out of 20 in a region coding for 

alpha-L-fucosidase. We also identified deletions in nifD and a polymerase, in four and 

seven out of 20 isolates, respectively. Of the 20 CE3:har1_b isolates we found three with 

a SNP in an aldo/keto reductase gene, 7 with a deletion in nifD, 11 with a deletion in a 

polymerase, and one that lost the entire p42f plasmid. We investigated the loss of plasmid 

p42f and found this genotype to be at low frequency at passage 5, high frequency at 

passage 10, and back to low frequency at passage 15 (Figure S1). We did not include 

mutations that were detected in one out of 20 isolates (5%), with the exception of the loss 

of plasmid p42f, as these could have been a result of sequencing error. 
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Figure 3.4 Number of mutations identified with whole genome resequencing 

Stacked bar graphs indicate the number of mutations detected for our symbiont 

populations at various passaging time points when compared to the corresponding 

previous time point. There were a maximum of 15 mutations when comparing a given 

population to a population five passages earlier. Purple segments of the bar represent 

missense mutations, blue are frameshift deletions, green are intergenic, and red are 

synonymous. The following abbreviations are used CHa = CE3:har1_a and CHb = 

CE3:har1_b; numbers represent the passage DNA was sampled from. 

 

 

Table 3.3 Fraction of 20 clonal isolates from final derived population with mutation 
Gene or Genome region (mutation) Replicon CE3:har1_a CE3:har1_b 

Sorbosone dehydrogenase (SNP) 
RHE_CH02735 (T > C; 2848592) 

Chromosome 8/20 0/20 

Alpha-L-fucosidase (SNP) 
RHE_PF00304 (C > G; 343028)  

p42f 3/20 0/20 

aldo/keto reductase (SNP) 

RHE_PE00404 (G > A; 447009) 

p42e 0/20 3/20 

nitrogenase molybdenum-iron protein alpha chain (deletion) 

RHE_RS30400 (218784  -218792) 

p42d 4/20 7/20 

Polymerase (deletion) 
RHE_RS22005 (36509-36510) 

p42b 7/20 11/20 

p42f (loss of plasmid) p42f 0/20 1/20 
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Discussion 

Using experimental evolution we simulated a natural life cycle for plant 

associated microbes. We exposed rhizobial symbionts to selection pressures in both the 

presence and absence of their host through a series of in planta and in vitro growth 

cycles. While there are many outcomes that we could have observed, we predicted the 

evolved symbionts would fall into one of three categories, each based on the efficiency of 

selection at different stages of the rhizobia life cycle. One possibility is the evolution of 

improved symbiotic effectiveness driven by the host’s capacity to impose strong selection 

on in planta rhizobia (Kiers et al. 2003; Quides et al. 2017; Regus et al. 2017; Sachs et al. 

2010). A second outcome would be decreased symbiotic effectiveness driven by selection 

for rhizobia that exploit their host (Porter and Simms 2014). Lastly, rhizobia could have 

evolved increased fitness during the free-living phase which would likely favor tradeoff 

with symbiosis-related traits (Gano-Cohen et al. 2016; Hollowell et al. 2015, 2016). We 

found some evidence for the evolution of symbiosis related traits, but the observed 

endpoints of our experimental evolution were more complex than the three outcomes we 

predicted.  

Of our four host-symbiont combinations, CE3 passaged on har1 had the most 

evidence to support one of our three predictions. While we found some evidence for 

increased benefit provided by the derived CE3 strains on har1 at the early-development 

harvest, the data were more consistent with antagonism at the maturity harvest. If 

enhanced symbiotic effectiveness had evolved, we would also expect to see a 

reciprocated increase in symbiont fitness (Denison 2000; West, Kiers, Pen, et al. 2002; 
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West, Kiers, Simms, et al. 2002). L. japonicus nodules formed by the ancestral CE3 have 

been observed to prematurely senesce as early as 3wpi (Banba et al. 2001) so another 

possibility is that our symbionts evolved to delay this premature senescence. It has 

previously been reported that nodules can prematurely senesce when insufficient amounts 

of fixed nitrogen are provided (Regus et al. 2017), but this mechanisms is not supported 

by our data as we did not find any changes in nitrogen fixation at either harvest. 

Alternatively, miscommunication between host and symbiont could lead to fewer 

resources being allocated to symbionts, and more towards shoot growth early in 

development, with the trade-off for the symbiont being increased persistence and 

scavenging of resources in intercellular space before release into the soil (Timmers et al. 

2000). Moreover, derived CE3 symbionts may be attaining higher density within a nodule 

such that the within nodule population size is greater than their ancestor’s after nodules 

have senesced (strain 2; Sachs et al. 2010). In our other three host-symbiont combinations 

we found little support for any of our three predictions. CE3:MG-20_a, NGR:har1_a, and 

NGR:MG-20_a had some indication of increased symbiotic effectiveness based on 

aboveground data, but we found no support for this being translated into increased 

symbiont fitness. In fact, we found evidence for decreased symbiont fitness for the two 

derived NGR symbionts. This might be a sign of evolved vulnerability by the symbiont, 

but it would require additional research to determine what host-symbiont mechanisms are 

involved, and what trade-offs might exist for the symbionts to evolve decreased in planta 

fitness. In addition to the aforementioned CE3:har1 experiment, NGR:har1_b was the 

only other experiment that hinted at the potential evolution of antagonism (increased total 
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nodule mass). Lastly, we found no evidence of a change in in vitro (free-living) growth 

rate in any of our experiments. 

We were unable to directly test different effects of host and symbiont genotype on 

the evolutionary trajectory of the symbionts, but our phenotypic data provides us with 

some preliminary data for future experiments. We observed more phenotypic shifts in 

har1 hosts, but most of these occurred in the CE3:har1 experiments. One explanation is 

that har1 hosts formed 3-4x more nodules, thus exposing a greater proportion of the 

symbiont population to host selection, resulting increased symbiotic effectiveness, or 

granting a greater proportion direct access to host resources potentially increasing 

selection pressure for antagonistic traits. We also found slightly more evidence of a 

phenotypic shift in the CE3 experiments compared to NGR, but again this was primarily 

due to the CE3:har1 experiments. It is possible that the length of the in planta passaging 

(nodule development and nitrogen fixation delayed up to 8wpi, Schumpp et al. 2009) was 

not sufficient for subtle changes in nitrogen fixation to be selected for by the host. 

Alternatively, the host may have been able to detect subtle changes in nitrogen fixation, 

but our greenhouse experiment was not long enough to observe any corresponding 

phenotypic changes in the derived NGR symbionts.  

 Focusing on the CE3 symbionts passaged on har1 we attempted to link phenotype 

to genotype with genome. The mutations we identified might have a role in 

communication with the host. Three mutations in the CE3:har1_a line represent possible 

candidates to explore further. Alpha-L-fucosidase is associated with nod factor 

production by rhizobia (Ihara et al. 2013), so it might also be associated with 
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communication at other points during the interaction. For instance, signal exchange with 

polysaccharides has previously been demonstrated to halt the interaction between host 

and symbiont, butsubsequent mutations by rhizobia have also allowed increased 

persistence in intercellular space (Acosta-Jurado et al. 2016; Kawaharada et al. 2017). 

Sorbosone dehydrogenase might also play a similar role in communication between 

legumes and rhizobia by altering polysaccharides, but this enzyme has not been 

investigated for a specific function in the symbiosis. A similar evolution experiment also 

uncovered mutations in genes related to communication with their legume host (Guan et 

al. 2013; Marchetti et al. 2010, 2014). In these studies a chimeric pathogen carrying a 

rhizobial symbiotic plasmid had mutations to the virulence regulator hrpG and a type 

three secretion system which allowed for nodulation and persistence within the nodule, 

but no nitrogen fixation. Resequencing of our samples also identified some isolates with 

deletions in the one of the core nitrogen fixation genes, nifD, but there was no evidence to 

suggest this had a phenotypic effect on nitrogen fixation. One drastic change that we 

observed in the CE3:har1_b line is the loss of plasmid p42f from some isolates in this 

population. Population analysis suggests there could be frequency dependent selection 

based on the alternating proportion of p42f detected at our three sampled time points, but 

this requires a more robust investigation. It has previously been reported that the loss of 

p42f reduces nodulation competitiveness, but it is unclear if the loss of this plasmid 

results in decreased nitrogen fixation (Brom et al. 1992). This could represent a trade-off 

where the reduced ability to nodulate would decrease the chance of a major fitness boost 

from nodulation, but if this genotype does nodulate it could experience a superior growth 
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rate advantage due to the loss of a ~650kb plasmid (~10% of the genome; González et al. 

2006). Future experiments could examine population dynamics of the Δp42f genotype 

across all time points to more accurately assess any selection mechanisms associated with 

this plasmid. 

Our CE3:har1 experiments are consistent with the broad predictions of virulence 

theory under horizontal transmission of microbes (Bull 1994). The varying selection 

pressures experienced by horizontally transmitted microbes are predicted to favor 

antagonistic evolution in the absence of strong host control due to the large population 

size and rapid generation time relative to hosts provides rhizobia with an evolutionary 

advantage (Denison 2000; West, Kiers, Pen, et al. 2002; West, Kiers, Simms, et al. 2002). 

Maintenance of nodules is also a large energetic cost a host must pay to receive the 

benefits of nitrogen fixation which can leave the host susceptible to the evolution of 

symbionts that use more resources than what they provide back to the host (Sachs, 

Quides, and Wendlandt 2018). For example, rhizobial genotypes have been identified in 

natural populations that increase their own fitness at the expense of the host fitness 

(Porter and Simms 2014). The issue of horizontally transmitted rhizobia has been an 

ongoing struggle in agriculture as non-beneficial rhizobia are often found in high 

proportions in agricultural soil and in the nodules of leguminous crops (Yates et al. 

2011). Our experimental designed attempted to replicate agricultural conditions whereby 

a constant host genotype was used which only allowed rhizobial symbionts to evolve 

while hosts were unable to coevolve traits that may aid in enhanced symbiont 

effectiveness or prevent antagonistic evolution (Sachs, Quides, and Wendlandt 2018). 
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The evidence most consistent with a shift towards antagonism occurred in our 

hypernodulating har1 host (with the CE3 symbiont). Although this host is not an 

agricultural crop, it does simulate the greater number of nodules formed by some 

cultivated soybean genotypes compared to wild genotypes (Muñoz et al. 2016). Thus, our 

results serve as a caution to agronomic approaches where the same host genotypes are 

replanted in soils for multiple years. New genomic technologies and resources make it 

increasingly more feasible to dissect microbial communities and determine the drivers of 

microbial symbiont evolution. As microbiome engineering begins to take hold as a 

supplement to artificial selection of crops, we have the potential to mitigate the 

antagonistic evolution of microbes through stringent artificial selection on host plants, 

and further our understanding of the evolutionary dynamics of microbial symbioses. 

 

 

 

 

 

 

 

 

 

 

 



93 

 

General Conclusions 

While studies of mutualism tend to focus on the exchange of beneficial resources, 

it is imperative to understand the energetic cost to produce these resources, and the 

source of this energy, to accurately predict how interactions may shift along the 

symbiosis spectrum in our constantly changing world. Legumes acquire their rhizobial 

symbionts via the soil, as opposed to direct transfer from parent to offspring (Denison 

2000). In the soil there is a large diversity of rhizobia that range from beneficial to 

harmful, but many legumes have evolved host control mechanisms that limit the spread 

of harmful rhizobial genotypes (Sachs, Quides, and Wendlandt 2018). I found support for 

host control in Lotus japonicus with evidence for biased in planta fitness dependent on 

nitrogen fixation by rhizobial symbionts. Symbionts that fixed more nitrogen received 

greater fitness benefits from their legume host, and this was maintained even when host 

investment in symbiosis varied. Despite efficient mechanisms to bias rhizobial fitness at 

various levels of host investment, the data presented here suggest hosts experience strong 

balancing selection on host investment into symbiosis, while symbionts experience 

positive directional selection. This difference in fitness interests between host and 

symbiont was further addressed using experimental evolution which suggested selection 

may favor antagonistic symbiont phenotypes in the absence of host coevolution. 

The results I have uncovered throughout my dissertation highlight the complex 

nature of microbial symbioses. While I used the elegant legume-rhizobium system to 

study intimate plant-microbe interactions, many of these conclusions can be adapted to 

other microbial symbioses (Sachs, Quides, and Wendlandt 2018). Microbial mutualisms 
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are largely beneficial, but the exchange of costly fitness benefits can leave the host 

susceptible to their microbial symbionts. Natural selection on symbionts can vary greatly 

in the presence and absence of their host which can lead to opposing selection dynamics. 

Furthermore, the evolutionary advantage that microbes have over their eukaryotic hosts 

can further intensify these conflicting selection regimes. As microbial symbioses 

continue to garner increased attention and microbiome engineering begins to establish 

itself as a new wave of artificial selection, it will be of great interest to further dissect the 

mechanisms that maintain microbial mutualisms. Microbial symbioses represent an 

exciting new frontier of research with a wealth of possibilities, but we must continue 

research with a thorough and biologically realistic pursuit of knowledge. 
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Appendix 2.1 Host and symbiont data collected for the 3.5wpi harvest 

 

The patterns observed here are similar to the 5wpi data set, but with smaller differences 

among treatments. Nodulation patterns were assessed as the mean number of nodules per 

plant (A), and the mean nodule to shoot biomass ratio (B). Rhizobial fitness was 

estimated at the plant level alone (C), and the proportion of MAFF in coinoculated hosts 

was also estimated at the plant level (D). Host benefits from nodulation was only 

analyzed as shoot mass of inoculated plant minus shoot mass of uninoculated size-

matched control (E). Error bars represent one standard error from the mean. A connecting 

letter report indicates significant differences among hosts (Standard Least Squares Fit 

Model, post-hoc LSMeans Tukey HSD test, α = 0.05). Asterisks indicate greater 

proportions of MAFF than expected based on proportion within the inoculum. Hosts 

receiving MAFF, STM6, or a mixed-strain coinoculum are represented by solid bars, 

dotted bars, or striped bars, respectively. Green bars = MG-20 host, blue = Gifu, purple = 

plenty, and red = har1. 

 



116 

 

Appendix 2.2 see attached 

 

Appendix 2.3 see attached 

 

Appendix 2.4 see attached 

 

Appendix 2.5 see attached



 

 

Appendix 2.6 Fitness functions and corresponding AICc values for host shoot mass dependent on number of nodules formed 
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Appendix 2.7 Fitness functions and corresponding AICc values for estimated rhizobia population size per plant dependent on 

number of nodules formed 

 
 

 

 

 

1
1
8
 



 

 

Appendix 3.1 Relative read depth of each sample  

Replicon read depth was standardized by chromosome read depth for each sample. Blue boxplots represent experiment 

CE3:har1_a, red is CE3:har1_b, green is CE3:MG-20_a, purple is CE3:MG-20_b, and orange is the CE3 ancestor 
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