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Thesis Summary 

 

Microbial inoculants offer a more sustainable approach to providing crops with essential 

nutrients than conventional inorganic fertilisers, however the ecological and evolutionary 

impacts of introducing inoculants to soil microbiomes are not well understood. One group of 

bacteria, collectively known as rhizobia, enter into symbiotic interactions with legumes and 

fix atmospheric N2 into plant-available nitrogen in exchange for carbon compounds. 

Inoculating legumes with compatible rhizobia can result in biological nitrogen fixation, 

however, in an environment where compatible rhizobia are absent from the soil microbiome, 

introduction may have various impacts on the receiving microbial community. The relatively 

recent expansion of soybean (Glycine max L. Merr) growth in UK agriculture, where seed 

inoculation with exotic rhizobia is common, offers an opportunity to study the impact of 

introducing non-native rhizobia to soil microbiomes. Understanding interactions between 

inoculant and resident communities could improve the efficacy of soybean inoculant 

products, leading to increased crop yields and soybean production in the UK. Utilising a 

combination of greenhouse experiments, fieldwork and bioinformatics approaches, this 

thesis explores the ecological and evolutionary impacts of introducing soya-nodulating 

rhizobia (SNR) to UK soil communities. Further, the impacts of inoculating a diverse 

consortium, with multiple compatible rhizobia species or in combination with plant growth-

promoting rhizobacteria (PGPR) on temperate-adapted soybean plant productivity was 

explored. Results highlighted that inoculation with non-native rhizobia altered soil bacterial 

community dynamics transiently, however the inoculant strains persist within the community. 

Investigating multi-species rhizobia inoculants for temperate soybean showed that 

Bradyrhizobium symbionts performed better than Sinorhizobium symbionts and co-

inoculation with PGPR uncovered a beneficial association between Bradyrhizobium 

inoculants and Rhizobium languerre PEPV16. Finally, evidence of inoculant evolution was 

discovered during the first season of soybean and SNR introduction into UK agricultural field 
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sites. This research contributes to our understanding of inoculation impact for their safer 

utilisation in cropping systems.  
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Chapter 1: Introduction 

 
1.1 Microbial inoculants for more sustainable agriculture  

The soil microbiome is one of the most diverse environments on Earth, where inhabiting 

microorganisms possess a range of beneficial functions that can aid plant growth and 

contribute to ecosystem functioning (Wagg et al., 2014). One specialised polyphyletic group 

of bacteria, collectively known as rhizobia, converts atmospheric nitrogen (N2) into 

nitrogenous compounds that legume (Fabaceae) plants can utilise, in exchange for carbon 

compounds in a tightly regulated symbiosis that is of global economic and ecological 

importance (Sprent, Ardley and James, 2017). Inoculating legume seeds and/ or soil with 

rhizobia can increase or introduce biological nitrogen fixation (BNF) to an area, potentially 

reducing the need to apply nitrogen (N) fertilisers to legume crops (Araujo, Urbano and 

González-Andrés, 2020). The application of N fertilisers in agriculture is one of the biggest 

causes of nitrous oxide (N2O) greenhouse gas emissions globally (Liu, Guo and Xiao, 2019) 

and can result in pollution of other environments via N losses from agricultural systems  

(Robertson and Vitousek, 2009). For this reason, inoculating crops with beneficial 

microorganisms is a more sustainable agricultural practice which can reduce detrimental 

environmental consequences (Araujo, Urbano and González-Andrés, 2020; Mendoza 

Beltran et al., 2021). Rhizobia are chemotactically attracted to legume flavonoids exuded 

from roots, and in response, they produce lipochitooligosaccharides known as nodulation 

(nod) factors (Long, 2001). Both of these plant- and bacteria-associated signals, along with 

other genetic factors, contribute to the compatibility of the symbiotic relationship (Roche et 

al., 1996; Liu and Murray, 2016; Wang, Liu and Zhu, 2018). If compatible rhizobia are 

present in a soil microbiome, legumes will form specialised root structures called nodules, 

which house the bacteria as they differentiate into cells capable of expressing the 

nitrogenase enzyme (now termed bacteroids), which is essential for performing symbiotic 

BNF (Poole, Ramachandran and Terpolilli, 2018). The symbiosis is tightly regulated, with the 
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legume host able to impose multiple compatibility checkpoints (Zgadzaj et al., 2015; 

Kusakabe et al., 2020) and sanction nodules that are inefficient at providing N (Kiers et al., 

2003; Westhoek et al., 2017, 2021), reducing the potential for nodules to be colonised by 

“cheating” rhizobia. Some legume- rhizobia symbioses can be promiscuous, with hosts able 

to enter interactions with a range of rhizobial symbionts (Shamseldin and Velázquez, 2020), 

whereas others, such as soybean (Glycine max L. Merr), require specific partners (Bellato et 

al., 1997; Wang, Liu and Zhu, 2018). Although inoculation is not always essential when 

growing legumes in a native or now naturalised range (Maluk et al., 2022), a high degree of 

partner specificity means that when introducing a legume crop to a new area, inoculation 

with compatible rhizobia is essential to result in nodulation and efficient BNF (Parker, 2001; 

Le Roux et al., 2017; Maluk et al., 2023). However, little research has investigated the 

impact of inoculating non-native rhizobia into indigenous soil microbiomes. 

 
1.2 Ecological and evolutionary impacts of rhizobia inoculation  

Inoculation requires introducing a large population of bacteria to the soil microbiome (~1 

billion colony forming units per seed), which, when scaled up to an agricultural field, 

becomes a mass species introduction. There can be ecological and evolutionary impacts of 

microbial introduction, which can form eco-evolutionary feedback loops (terHorst and Zee, 

2016). For example, inoculation can lead to transient or long-lasting perturbations on soil 

microbial communities, which may have knock-on effects for the functional diversity of those 

communities (Trabelsi and Mhamdi, 2013; Ambrosini, de Souza and Passaglia, 2016; 

Mawarda et al., 2020). Even inoculations that result in unsuccessful bacterial colonisation 

can alter the microbial communities niche structure (Mallon et al., 2018). With regards to 

non- native legume introduction to a new environment, inoculation with compatible rhizobia 

adds a novel niche to the soil microbiome, nodulation and BNF with the novel legume 

species. Introducing compatible rhizobia alongside non-native legumes provides the 

introduced rhizobia with a specific niche in an otherwise competitive, locally adapted soil 
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microbial community, which can contribute to their successful establishment (Litchman, 

2010; Ambrosini, de Souza and Passaglia, 2016). Repeated growth of host legume species 

can boost symbiont populations as rhizobia can proliferate a million fold within nodules 

(Denison and Kiers, 2011), with large populations returned to the soil microbiome, forming 

positive plant-soil feedback loops. The introduction of exotic inoculant strains also introduces 

novel genetic material to the microbial community. Rhizobia have diverse lifestyles, as soil-

dwelling saprophytes and as plant-associated endosymbionts (Poole, Ramachandran and 

Terpolilli, 2018). This is reflected in their adaptable genomes, where the symbiosis genes 

are harboured on mobilisable DNA, including accessory plasmids or integrative conjugative 

elements (ICE); regions of DNA that can integrate into and excise from bacterial 

chromosomes (Maclean, Finan and Sadowsky, 2007; Ding and Hynes, 2009; Haskett et al., 

2016; Colombi et al., 2021; Weisberg et al., 2022). Horizontal gene transfer (HGT) of the 

symbiosis genes can occur, resulting in inoculant symbiosis genes entering native rhizobia 

genetic backgrounds (Sullivan et al., 1995; Barcellos et al., 2007; Hill et al., 2021). 

Additionally, inoculant strains can evolve due to the nature of inoculant production, strains 

are grown to high population densities in a nutrient rich environment followed by different 

selection pressures when introduced to novel soil environments (Takors, 2012; Kaminsky et 

al., 2019). Varying outcomes of these evolutionary processes may lead to different outcomes 

on the symbiosis, for example, the creation of locally adapted symbionts with superior or 

similar nodulation and N2 fixation abilities as the inoculant strains (Batista et al., 2007; Hill et 

al., 2021; Colombi et al., 2023), ranging to symbionts that can nodulate the host, but are 

ineffective at N2 fixation (Nandasena et al., 2006, 2007), resulting in suboptimal crop yields. 

Thus, the ecological and evolutionary effects of inoculation can have substantial impacts on 

important legume crop yields, warranting further investigation into interactions between 

inoculants and native populations.  
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1.3 Soybean production in the UK  

The introduction of soybean into UK agriculture provides a good opportunity to study the 

impacts of inoculating exotic rhizobia into a microbiome that lacks this function (soya- 

symbiosis). As one of the most globally valuable crops, soybean demand is predicted to 

increase and is now becoming a commercial reality in the UK, with around 10,000 ha grown 

currently (UK Roundtable and EFECA, 2018; Soya UK, 2019; Coleman et al., 2021; NIAB, 

2021). Originating from East Asia, soybean and its rhizobia partners have now been co-

introduced to large parts of the world, with the largest production areas today being Brazil, 

USA and Argentina (Thilakarathna and Raizada, 2017; Santos, Nogueira and Hungria, 

2019). Soybean’s predominant rhizobial symbionts are from the genera Bradyrhizobium and 

Sinorhizobium (formerly Ensifer), but current commercial soybean inoculants only contain 

Bradyrhizobium species (Hungria et al., 2006; Santos, Nogueira and Hungria, 2019). There 

is an opportunity to explore the potential use of Sinorhizobium symbionts as inoculants due 

to their adaptation to more alkaline soils (Tian et al., 2012), which overlap with soils within 

the suggested soya suitability range in the UK (Figure 1). UK soils possess native 

Bradyrhizobium species that nodulate native legumes, such as gorse (Ulex europeaus L.) 

and broom (Cytisus scoparius L.) (Rogel, Ormeño-Orrillo and Martinez Romero, 2011; 

Sprent, Ardley and James, 2017; Stępkowski et al., 2018) and Sinorhizobium species that 

nodulate Lucerne/Alfalfa (Medicago sativa L.), other Medics and Melilotus species (Roberts 

et al., 2017). However, these are incompatible as soybean symbionts. As soybean growth 

and inoculation is still in its infancy in the UK, there is an opportunity to improve inoculant 

efficacy by investigating the potential for inoculating a diverse consortia containing multiple 

compatible rhizobia (Fields et al., 2021), and the combination with other beneficial plant 

growth-promoting rhizobacteria (PGPR) to improve plant yields (Zeffa et al., 2020). 

Research in this area can have valuable contributions to the applicability of inoculant 

products.  
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Figure 1. Left; suggested suitability map for growing soybean in the UK (Soya UK, 2019). 

Right; topsoil pH across UK soils (UKSO, 2023).  

1.4 Rationale and Overview 

The introduction of soya-nodulating rhizobia (SNR) to the UK soil microbiome could lead to 

improved soybean crop yields with reduced N fertiliser inputs, but the potential impacts on 

the soil microbiome are not well understood. Additionally, improving inoculant formulations, 

either through the addition of multiple compatible rhizobia or PGPR could lead to an 

improvement in crop yields for this underutilised, emerging crop in the UK (DEFRA, 2022). 

The research presented in this thesis aims to increase our knowledge about inoculum impact 

on native microbial communities and the potential for inoculant improvement for soybean in 

the UK. Figure 2 is a schematic overview of the themes investigated in this thesis, where the 

numbers correspond to the following sections: 

1. Chapter 2 investigates the ecological impacts of exotic rhizobia inoculation on the 

native soil microbial community, and by extension the native rhizobia community.  
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2. Chapter 3 follows up findings from Chapter 2 investigating the impact of multiple 

compatible rhizobia inoculant strains on soybean plant biomass yields.  

3. Chapter 4 assesses the combination of rhizobia and PGPR inoculation on soybean 

biomass for potential future inocula formulations.  

4. Chapter 5 explores inoculant evolution in the first season of SNR introduction to UK 

farm sites.  

5. Appendix: ‘Why are rhizobial symbiosis genes mobile?’ (Phil Trans B) review delves 

into the widespread occurrence of symbiosis element HGT and its impact on rhizobial 

ecology and evolution.  

 

 
 
Figure 2. Schematic overview of the themes explored in this thesis. Created with Biorender.  
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2.1 Background: Inoculating legumes with compatible rhizobia is common practice in 

agriculture. The growth of novel legumes outside of their native range necessitates 

inoculation with non-native rhizobia to provide biological N2 fixation, reducing the need for N 

fertilisers. However, there is a gap in research on how these exotic inoculants may affect the 

soil microbiome, including how it impacts soil bacterial community dynamics and more 

specifically, the indigenous rhizobial community.  Soybean production is increasing in the UK 

yet compatible symbiotic partners are absent from the soil microbiome, offering an 

opportunity to study the effects of exotic bacterial inoculation. This study examines the 

impact of soybean inoculation in two soils, with and without a history of exposure to soybean 

inoculants. Two different rhizobia species were used as inoculants, including one previously 

introduced in the field, Bradyrhizobium diazoefficiens, and one novel, Sinorhizobium fredii. 

 

Results: Using amplicon sequencing and qPCR to track the inoculant strains in the 

microbiome, high persistence of the original inoculant strains was observed; which provided 

yield benefits to a temperate soybean variety, but negated the impacts of new inoculation. 

Inoculation resulted in transient effects on soil communities throughout the soybean growing 

period. An inoculant species-specific effect on the indigenous rhizobia community, was 

observed with B. diazoefficiens inoculation significantly affecting Alphaproteobacteria 

communities two days post inoculation. Inoculation altered total bacterial community 

dynamics during peak nitrogen fixation, however soil type and temporal effects were 

greater.  

 

Conclusions: Inoculation results in transient effects on soil bacterial communities, 

however the inoculants and function (soya- symbiosis) persists in the microbiome. 

Understanding interactions between non-native inoculants and indigenous microbial 

communities can inform the development of more efficient microbial inoculant technologies, 

for their safer utilisation for more-sustainable cropping systems. 

 
Keywords: soybean, rhizobia, inoculants, soil, microbiome. 
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2.2 Background 

 

Microbial inoculants are emerging as a key strategy for sustainable agriculture and N2 fixing 

inoculants make up 80% of the global biofertiliser market (Basu et al., 2021). Inoculation of 

legume crops with their N2- fixing symbionts (rhizobia) is a long-standing practice (Santos, 

Nogueira and Hungria, 2019).  When introducing a legume crop to a new range, inoculation 

with compatible rhizobia is necessary for the establishment of a root-nodulating symbiosis 

capable of biological nitrogen fixation (BNF), minimising the need for N fertilisers and 

ensuring optimal yields. In recent years, temperate adapted soybean (Glycine max L. Merr) 

varieties are being grown at higher latitudes and their compatible rhizobial symbionts 

introduced (Kühling et al., 2018). Soybean is currently shortlisted as an underutilised crop in 

the UK (DEFRA, 2022). The UK imports an estimated 3.8 million tonnes of soya annually 

(UK Roundtable and EFECA, 2018), but the development of early maturing varieties 

(Zimmer et al., 2016) and changing climatic conditions means soya cultivation in the UK is 

predicted to increase in suitable agricultural areas (Coleman et al., 2021), which could 

reduce reliance on imports. Evidence from the widespread introduction of soybean to 

continents outside its native East Asian origin has highlighted the need to co-introduce 

compatible symbionts; since the indigenous rhizobial communities cannot nodulate soybean 

(Mendes, Hungria and Vargas, 2004; Satya Prakash and Annapurna, 2006; Zimmer et al., 

2016; Kühling et al., 2018; Maluk et al., 2023). The main soybean rhizobial symbionts reside 

within the alphaproteobacterial genera Bradyrhizobium and Sinorhizobium, of which UK soils 

naturally possess native Bradyrhizobium and Sinorhizobium species, but these do not 

possess the symbiosis genes required to nodulate soybean (Rogel, Ormeño-Orrillo and 

Martinez Romero, 2011; Roberts et al., 2017; Sprent, Ardley and James, 2017; Stępkowski 

et al., 2018; Maluk et al., 2023). Most soybean inoculants globally (and in the UK) are 

composed of two Bradyrhizobium strains that enable good crop performance (so called ‘elite’ 

strains), Bradyrhizobium japonicum SEMIA 5079 and Bradyrhizobium diazoefficiens SEMIA 
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5080, and are the result of rhizobial strain selection programmes from the World-leading 

inoculation industry in Brazil (Hungria and Vargas, 2000; Siqueira et al., 2014; Santos, 

Nogueira and Hungria, 2019).  

 
Introduction of a large population of bacteria can alter the native microbiome’s 

community composition and diversity (Zhang et al., 2011; Trabelsi and Mhamdi, 2013; 

Ambrosini, de Souza and Passaglia, 2016; Zhong et al., 2019; Mawarda et al., 2020; Xu et 

al., 2020). For inoculant strains to efficiently establish and supply a beneficial function to the 

soil microbiome, they are applied in large doses. For example, inoculation with SNR in Brazil 

requires use of liquid inoculant concentrations of 1 x 109 viable cells per seed (Santos, 

Nogueira and Hungria, 2019). Recipient microbiomes can either be resistant to the 

introduced inoculant, remaining unchanged, or experience transient or lasting impacts on 

community structure (Mawarda et al., 2020). Ecological mechanisms such as resource 

competition, synergistic or antagonistic interactions between inoculant and resident 

populations and indirect effects such as stimulation of plant root exudates, can result in 

changes in community composition which can have knock-on effects on the function of that 

microbiome (Bell et al., 2005; Mawarda et al., 2020). In addition, microorganisms that 

possess an affinity for certain plants and strongly affect plant growth, such as host specific 

rhizobia, are more likely to impact plant-soil feedbacks (terHorst and Zee, 2016) and thus 

may have a greater impact on the recipient soil microbiome than the addition of free-living 

PGPRs (Ambrosini, de Souza and Passaglia, 2016). The coupled introduction of a protective 

niche (root-nodules) alongside inoculant rhizobia can be advantageous for establishment, 

when such inoculants are introduced to an already diverse microbial community with limited 

niche availability and high resource competition (Mallon et al., 2015). Although there is some 

research investigating the impacts of rhizobial inoculation on soil communities, this has 

primarily been conducted either in regions where the host and compatible symbionts are 

native, e.g. in China for soybean (Zhang et al., 2011; Zhong et al., 2019; Xu et al., 2020) or 

where symbiont populations have been introduced and have become naturalised e.g., in the 
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Americas (Souza et al., 2016; Leggett et al., 2017; Bender et al., 2022). No research has 

focused on assessing impacts of exotic rhizobial inoculation on microbial communities in 

non-native areas. 

 
The introduction of exotic, elite inoculant strains may affect the indigenous rhizobial 

community. Inoculation with rhizobia can increase (Trabelsi et al., 2011), or decrease (Zhang 

et al., 2010) the diversity of this functional group. Novel bacteria can also introduce novel 

traits, in this case, the soya specific symbiosis genes, which can be readily mobilised as they 

are harboured on mobile elements (Remigi et al., 2016; Wardell et al., 2022; Weisberg et al., 

2022). Such transfer events are more likely to occur between closely related strains 

(Andrews et al., 2018). Transfer of novel soya-specific symbiosis genes into native 

communities has been observed in other non-native regions of soya production (Satya 

Prakash and Annapurna, 2006; Barcellos et al., 2007; Batista et al., 2007). Transfer of this 

trait can lead to a pool of symbionts with varying symbiotic capabilities (Nandasena et al., 

2006, 2007; Heath et al., 2022; Weisberg et al., 2022), which can feedback into ecological 

processes between symbiont populations (Rahman et al., 2023), such as increased 

competition for resources in the soil microbiome or plant colonisation. Understanding 

interactions between inoculant strains and related communities in particular may therefore 

serve to better predict potential eco-evolutionary feedbacks in the long term. Additionally, the 

impacts of inoculation on a microbial community may differ depending on whether it has 

received the exotic rhizobia before. Often rhizobia inoculants are found to remain in the soil 

microbiome after the season it has been inoculated (Narozna et al., 2015; Giongo et al., 

2020). This persistence can sometimes affect the impacts of (re)-inoculation (Ambrosini et 

al., 2019; Halwani et al., 2021; Zilli et al., 2021).  

 
Here we investigate the impact of inoculating soybean with exotic rhizobia on soil 

microbiomes from different fields on a single UK farm; one field having no history of soybean 

cultivation or inoculation and the second with previous cultivation of soybean including 
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inoculation with a commercial inoculant (containing B. japonicum SEMIA 5079 and B. 

diazoefficiens SEMIA 5080). In a mesocosm experiment, we inoculated soybean with a 

single Bradyrhizobium diazoefficiens strain, one of the inoculant strains widely used across 

the UK, or with a Sinorhizobium fredii strain, representing a soybean inoculant entirely novel 

to the UK. We report on the abundance of inoculant strains in the soil microbiome and 

monitor community composition and diversity of total bacterial- and rhizobial-populations 

throughout the soybean growth period. 

 

2.3 Methods 

 
Soil sampling 

Agricultural topsoil for the experiment was sampled in December 2019 from two agricultural 

fields on a single farm in Kent, UK. Field 1 (51.31 lat, 0.76 long) had no previous history of 

soybean crop and its associated rhizobia (hereon defined as no-soya soil), while field 2 

(51.32 lat, 0.77 long) had seed inoculated (Legume Technology, East Bridgford, UK) 

soybean (cv. Siverka, SoyaUK, Hampshire, UK) grown in the spring/summer growth season 

of 2019 (hereon defined as soya soil; Table S1). This was the third year that soybean had 

been grown and inoculated on this farm, but all in different fields. Soils were sampled at least 

10 m from the margin of the fields, along a 500 m transect, six 10 L topsoil samples were 

taken to a depth of 20 cm. Due to the COVID-19 pandemic, soils were stored separately 

outside over winter in aerated tubs until the experiment could be resumed in June 2020.  

 
Plant and bacterial strain information 

The early maturing soybean variety, ESG152 (“000” very early maturity group, Euralis, 

France) was chosen as only temperate adapted, short lifecycle varieties can be successfully 

grown in the UK. Plants were grown in greenhouse conditions with a 16 h day at 25 °C, 15 

°C at night. The two soya-nodulating rhizobia strains used as inocula were Bradyrhizobium 

diazoefficiens strain (R1-9) with 99.99% average nucleotide identity (ANI) to B. 
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diazoefficiens SEMIA 5080 and Sinorhizobium fredii strain (495) with 98.26% ANI to S. fredii 

HH103 (and S. fredii CCBAU 45436). The B. diazoefficiens strain was isolated from soybean 

nodules from a field trial at The James Hutton Institute (Dundee, Scotland) inoculated with 

Rhizoliq, Liquifix and Euralis soybean inoculant products (Maluk et al., 2023). The S. fredii 

strain was isolated from soybean nodules in a greenhouse-trapping experiment at the James 

Hutton Institute using alkaline (Karst limestone) soil from soybean-growing areas in China. 

These strains were selected as the best performing symbionts from their species based on a 

preliminary experiment assessing the plant benefits provided by a panel of Bradyrhizobium 

and Sinorhizobium symbionts in a sterile pot experiment, genomes can be found on NCBI 

(R1-9; SAMN39830709, 495; SAMN39830710 BioSample accessions). For inoculation, 

rhizobia were grown in tryptone yeast broth (Howieson and Dilworth, 2016) for 7 and 3 days 

for B. diazoefficiens and S. fredii, respectively, and standardised to ~107 CFU mL-1. Cultures 

were pelleted and resuspended in sterile buffer solution (10 mM MgSO4 and 0.01% Tween-

40) for plant inoculation. Control treatments were mock inoculated with sterile buffer.  

 

Experimental design  

Soil from each field was homogenised separately, combined with twice autoclaved sand at a 

ratio of 4:1 and passed through a 5 mm sieve to fill 9 L pots. Each soil (soya and no-soya) 

was split into 4 inoculation treatments (Figure 1): a control mock-inoculated treatment (C), a 

control supplemented with N fertiliser (N), NH4NO3 equivalent to 100 kg N ha-1 applied at 0 

and 30 d (Argaw, 2014), a B. diazoefficiens (B) and a S. fredii (S) inoculant treatment, each 

with 5 replicates. Initial starting microbiome samples of each bulk soil were taken on the day 

of planting (T0). Seeds were surface-sterilised, by shaking in 2.5% (active chlorine) NaOCl 

for 10 minutes, then washed with sterile dH2O six times. Three seeds per pot were planted 

and inoculated (1 mL of standardised bacterial- or control inoculum). Seedlings were thinned 

to one plant per pot 9 d after establishment. Soil was sampled from pots at 2, 22, 63 and 84 

days post treatment (dpt). The soil coring strategy reflected plant size, with the first close to 

the plant (1 cm), then spiralling out (by 4 cm) clockwise at each time point, as the plant root 

https://www.zotero.org/google-docs/?N57cvs
https://www.zotero.org/google-docs/?28vCOD
https://www.zotero.org/google-docs/?bbB3hx
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systems grew. Soil was sampled to the full depth of the pot (20 cm), homogenised, and 

samples taken for DNA extraction (0.5 g stored at -80 °C) and soil physicochemical analysis. 

The first time point was at seedling emergence (VE), the remaining time points 

corresponded to the following growth stages: 22 dpt = vegetative growth stages (V2 -V3), 63 

dpt = pod formation (R3- R5), 84 dpt = pod fill (R6) (Purcell, Salmeron and Ashlock, 2014). 

At 84 dpt, plants were harvested, nodules removed, counted and seven root nodules per 

plant surface-sterilised (1 min. in 70% EtOH, 3 min. 10 % bleach, 6 sterile H2O washes) and 

crushed in 750 µL of sterilised 10 mM MgSO4 and 0.01 % tween solution (Howieson and 

Dilworth, 2016). A 100 µL aliquot was combined with 100 µL of 30% glycerol and stored for 

DNA extractions at -80 °C, while 5 µL was also streaked onto yeast mannitol agar plates 

containing 0.025 % congo red (Howieson and Dilworth, 2016). These plates grew at 28°C for 

5 d, after which different colony morphologies were repeatedly streaked until single isolates 

were obtained. Plant biomass was partitioned and dried at 80 °C for 48 h until a stable dry 

weight was achieved to characterise plant growth and symbiotic traits. Three pots per soil 

type were established for trapping rhizobial symbionts using the same cultivar. Nodules were 

harvested 5 weeks after sowing and rhizobia extracted using the methods above.  

 

 

https://www.zotero.org/google-docs/?1tdSfd
https://www.zotero.org/google-docs/?W5xJBA
https://www.zotero.org/google-docs/?W5xJBA
https://www.zotero.org/google-docs/?bWChKY
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Figure 1. Experimental design and methods employed to track inoculant abundance and microbiome 

dynamics throughout a soybean growing season. Treatments correspond to; C = control, N = Nitrogen 

fertilised control, B = Bradyrhizobium diazoefficiens inoculant, S = Sinorhizobium fredii 

inoculant. Created with Biorender.com 

 
Soil physicochemical analysis 

At each time point, soil pH, moisture content, ammonium and nitrate levels were measured 

(Table S1). Soil pH and moisture content was determined by standard methods listed in 

(Klute, 2018). For ammonium and nitrate, 10 g of soil was combined with 40 mL 2M KCL, 

shaken for 1 h at 200 rpm, 25°C (230VAC Incubated Shaker, Korea), filtered through 

Whatman filter paper No. 42 and filtrates stored at -20 °C. Soil ammonium (Baethgen and 

Alley, 1989) and nitrate (Miranda, Espey and Wink, 2001) concentrations were determined 

by colorimetric methods adjusted for a microtitreplate format (Tecan, SparkControl) and 

incubated at room temperature for 30 minutes (ammonium) and 2 hours (nitrate).  

 
DNA extraction 

DNA was extracted with the Machery-Nagel Nucleospin Soil kit following kit protocol 

(Machery-Nagel, Düren, Germany). To standardise copy number variation due to DNA 

extraction, 109 copies of a mutated E. coli 16S rRNA fragment per reaction was added to the 

starting buffer (SL2) (Daniell et al., 2012). Quantity and quality of the soil DNA samples were 

checked on a Nanodrop 8000 (Nanodrop™), while nodule DNA samples were checked on a 

Qubit 4 fluorometer (Qubit™).  

 
Primer design  

Primers were designed to target Alphaproteobacteria RNA polymerase subunit B (rpoB) to 

gain insight into changes in Alphaproteobacteria rhizobial community dynamics (Table S2) 

and in particular Bradyrhizobium species as the 16S rRNA gene is highly conserved in this 

group (Joglekar et al., 2020) and rpoB is one of the most diverse core genes (Ogier et al., 

2019). The rpoB gene was extracted from 138 soil-dwelling bacteria from the NCBI gene 

https://www.zotero.org/google-docs/?KqYbv9
https://www.zotero.org/google-docs/?oMzlDw
https://www.zotero.org/google-docs/?oMzlDw
https://www.zotero.org/google-docs/?adE7yx
https://www.zotero.org/google-docs/?JojYJD
https://www.zotero.org/google-docs/?j8o8Mp
https://www.zotero.org/google-docs/?6JYKZL
https://www.zotero.org/google-docs/?6JYKZL
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database (O’Leary et al., 2016), 82 residing within the Alphaproteobacteria, 56 spanning 

Betaproteobacteria and other major bacterial phyla such as Actinobacteria, Bacteroidetes 

and Firmicutes (Saha et al., 2019) and the inoculant genomes. Genes were aligned using 

MUSCLE (Edgar, 2004) and a NJ phylogenetic tree with the evolutionary model F84 + G 

was run (100 bootstraps) on Topali (Milne et al., 2004). Primers were designed by eye and 

using Primers4Clades (Contreras-Moreira et al., 2009). Primers were optimised and to 

confirm primer specificity, tested on a panel of bacterial DNA extracts including the inoculant 

strains and other rhizobial and non-rhizobial strains (B. diazoefficiens USDA110T, B. 

japonicum USDA6T, B. elkanii USDA76T, B. ottowaense HAMBI3284T, B. yuanmingense 

LMG21827T, S. fredii HH103, S. melilotiT LMG6133, S. medicaeT LMG6133, Rhizobium 

leguminosarum sbv. viciae genospecies B, Rhizobium leguminosarum sv. viciae 

genospecies C, R. etliT CFN42, Mesorhizobium ciceriT, Pseudomonas flurorescens SWB25, 

P. putida F1, Sphingobacterium sp. and Flavobacterium johnsoniae). Separate primer sets 

for the B. diazoefficiens and S. fredii symbiotic gene nodZ were designed, as it has been 

suggested to be one of the most diverse symbiosis genes (Tian et al., 2012; Ormeño-Orrillo 

et al., 2013). The nodZ gene was extracted from 45 Alphaproteobacteria rhizobia genomes 

from NCBI and the inoculant genomes, aligned with the above algorithms, then primers were 

designed by eye. The nodZ gene of the Bradyrhizobium soybean inoculant strains, B. 

japonicum SEMIA 5079 and B. diazoefficiens SEMIA 5080 is 100% identical, allowing for it 

to be used as a proxy to track the soya-nodulation function across these species, however 

the designed rpoB primers targets a region that delineates the two. The nodZ primer sets 

were tested on the panel of rhizobial DNA mentioned above and showed specificity only to 

the B. diazoefficiens/ B. japonicum and S. fredii strains respectively.  

 
Nodule isolate strain identification 

Colony BOX-PCR was conducted on the nodule isolates at the end of the experiment (Table 

S2). The BOX primer amplifies palindromic regions of DNA, allowing discrimination between 

https://www.zotero.org/google-docs/?yiZgLX
https://www.zotero.org/google-docs/?N3zdJI
https://www.zotero.org/google-docs/?vQULPi
https://www.zotero.org/google-docs/?7WsBDb
https://www.zotero.org/google-docs/?BdDrTm
https://www.zotero.org/google-docs/?TRmZrd
https://www.zotero.org/google-docs/?TRmZrd
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isolates (Versalovic et al., 1994). DNA products were visualised on a 2% Agarose gel in Tris-

borate-EDTA (TBE) buffer stained with SYBRsafe dye, run at 90 V for 110 min. 

 
Temporal tracking of inoculant rhizobia  

Relative gene copy numbers of 16S rRNA (Muyzer, de Waal and Uitterlinden, 1993), 

Alphaproteobacteria rpoB, Bradyrhizobium soya-nodulating nodZ and S. fredii nodZ were 

estimated via quantitative PCR. Primers targeting the E. coli spike DNA was used to 

estimate relative copy numbers of each target (Table S2). Standards for each target were 

created by cloning PCR product into pGEMT-easy vector following the manufacturer's 

instructions (Promega, UK). Serial dilutions were made in the concentrations ranging from 

108 to 102 copies µL-1 and run in triplicates alongside DNA samples on the Lightcycler 480 

(Roche Diagnostic Systems, UK). As nodZ was in low abundance and PCR becomes more 

prone to errors with increasing cycles, samples that had a nonspecific melt curve and came 

up later than a set threshold (cp 45) were removed. The Sinorhizobium nodZ target was also 

run on a gel after qPCR to ensure presence of a single 186 bp product. Relative 

quantification compares the levels of two different target sequences within a single sample 

(e.g. spike vs nodZ) and expresses the result as a ratio. Relative gene copy numbers per 

gram dry weight soil were then calculated by:  

1. (spike added per gram soil; 109) x (reference:target ratio) / dry weight of soil sample  

 
Tracking community dynamics following inoculation  

PCRs for amplicon sequencing were conducted on soil DNA (16S rRNA (Caporaso et al., 

2012) and rpoB) and nodule DNA (rpoB) using the primers and cycling conditions listed in 

Table S2. Amplicons were cleaned, indexed and sequenced at the Centre for Genomics 

Research (University of Liverpool), on Illumina Miseq (2x250 bp). Raw Fastq files were 

trimmed for the presence of Illumina adapter sequences using Cutadapt v1.2.1 (Martin, 

2011) and quality checked. Paired-end reads were joined using QIIME2 (v2021.11; Bolyen 

et al., 2019) with the DADA2 pipeline (Callahan et al., 2016) to de-noise reads and create 

https://www.zotero.org/google-docs/?0u4E7V
https://www.zotero.org/google-docs/?elrq1U
https://www.zotero.org/google-docs/?9pReD8
https://www.zotero.org/google-docs/?9pReD8
https://www.zotero.org/google-docs/?gUhVbN
https://www.zotero.org/google-docs/?gUhVbN
https://www.zotero.org/google-docs/?ckUld8
https://www.zotero.org/google-docs/?ckUld8
https://www.zotero.org/google-docs/?K6D4lJ
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amplicon sequencing variants (ASVs). Sequencing depth varied per sample, therefore 

rarefaction to 33,175 sequences for 16S rRNA and 1,567 sequences per sample for the 

rpoB dataset resulted in minimal sample losses and gave good representation (Figure S1). 

After initial assessment of the Greengenes, Silva and NCBI 16S RefSeq databases, the 

NCBI taxonomy database classified more 16S rRNA reads to the genus level for the focal 

genera of this study (Bradyrhizobium and Sinorhizobium). Therefore, the 16S rRNA dataset 

was trained on the NCBI 16S rRNA gene RefSeq dataset (O’Leary et al., 2016), 

downloaded, and assigned taxonomy using RESCRIPt (Li et al., 2021) in QIIME2 (Bolyen et 

al., 2019).  

 
A rpoB dataset was curated by downloading 20,000 rpoB sequences spanning 

bacterial taxonomic groups from the JGI IMG database (Chen et al., 2021). This dataset was 

converted into a nucleotide NCBI database against which the rpoB ASVs generated in this 

study were Blasted, to return output format 6, max E-value 0.0001 and the top 5 Blast hits. 

All the top Blast hits were classified within Alphaproteobacteria, and hence a new dataset 

was created with all available Alphaproteobacteria rpoB sequences to increase chances of 

better classification (7,491 rpoB sequences 12/04/2022). The Alphaproteobacteria rpoB 

database was imported into QIIME2, a taxonomy classifier was trained using the rpoB primer 

extracted reads, and taxonomy was assigned to ASVs with confidence values. For tracking 

the inoculants in the soil microbiome, extracted rpoB amplicons from the inoculant genomes 

R1-9 (B. diazoefficiens), 495 (S. fredii), B. diazoefficiens SEMIA 5080 (RefSeq: 

NZ_ADOU00000000.2), B. japonicum SEMIA 5079 (Refseq: NZ_CP007569.1) were Blasted 

against the rpoB representative sequences to find their corresponding ASV in the ASV 

abundance table.  

 
Data analyses  

Data were analysed on R (v4.1.3) with Rstudio (R Studio Team, 2020). Biomass, symbiotic 

traits and qPCR data were analysed using packages in tidyverse (Wickham et al., 2019). For 

https://www.zotero.org/google-docs/?aaWYSo
https://www.zotero.org/google-docs/?kJoI5W
https://www.zotero.org/google-docs/?1mIaR2
https://www.zotero.org/google-docs/?1mIaR2
https://www.zotero.org/google-docs/?wp8LFO
https://www.zotero.org/google-docs/?WanEXS
https://www.zotero.org/google-docs/?ZcKGlI
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plant biomass and symbiotic traits, two- way ANOVAs assessing the impact of soil type and 

inoculation treatment were performed after checking the models conformed to the test 

assumptions. Nodule investment was calculated as (nodule biomass / aboveground 

biomass) to give a proportion of how much plants invested into the symbiosis and was 

arcsine square root transformed before statistical analysis. Tukey post-hoc comparison tests 

were employed to find groups that significantly differed. Coefficients (t and p- values) within 

the linear models are compared to the control (-N) unless stated otherwise and are provided 

to support specific treatment effects. Linear mixed effects models investigating the fixed 

effects soil, treatment, dpt and their three-way interactions, accounting for repeated 

measures (1| pot.id), were constructed for tracking the symbiosis gene nodZ (log 

transformed) and alpha diversity over time in the soil microbiome (estimated using REML 

and nloptwrap optimizer). Linear mixed effects models were made with package lme4 (Bates 

et al., 2015) and assessed using the ‘anova’ function (base R) for model comparisons and 

the ‘Anova’ function in the car package (Fox and Weisberg, 2019) for assessing the effect of 

independent variables and p-value generation.  

 
16S rRNA and rpoB amplicon datasets were assessed using the phyloseq (McMurdie 

and Holmes, 2013) and vegan  (Oksanen et al., 2020) R packages. As diversity levels 

differed between soils, one-way ANOVAs within soil types were performed to assess the 

effect of inoculation treatment within time points and Tukey post-hoc comparisons used to 

determine significantly different groups. Weighted Unifrac and Bray-Curtis distance matrices 

were assessed for beta- diversity measures, with only Bray- Curtis presented as results were 

similar. A permutation test for the homogeneity of multivariate dispersion was run prior to 

testing for the impacts of soil, treatment and their interaction on distance matrices by 

PERMANOVA with 999 permutations. Where the assumption of multivariate dispersion 

homogeneity was not met, the non-parametric statistical test ANOSIM was used. A 

constrained analysis of principal coordinates (CAP) was conducted to assess the impacts of 

https://www.zotero.org/google-docs/?8ZNVYX
https://www.zotero.org/google-docs/?8ZNVYX
https://www.zotero.org/google-docs/?dpmODa
https://www.zotero.org/google-docs/?oBDxDu
https://www.zotero.org/google-docs/?oBDxDu
https://www.zotero.org/google-docs/?H6gZVs
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soil traits, pH, soil moisture content, NH4+ and NO3- and dpt on distance matrices of bacterial 

communities.  

 

2.4 Results 

 
Soil history and inoculation influences plant growth and symbiotic traits 

 
Plant biomass and symbiotic traits varied depending on the soil history and inoculation 

treatment (Figure 2). Surprisingly, the control in the soya history soil yielded the largest total 

(Figure 2A; ANOVA, treatment:soil, F3,32 = 5.8, p < 0.01) and seed biomass (Figure 1B; 

ANOVA, treatment:soil, F3,32 = 6.3, p < 0.01), which was significantly larger than the no-soya 

soil control and the Sinorhizobium treatment in the soya soil (Tukey test, p < 0.05). The 

Sinorhizobium treatment in the no-soya soil and the Bradyrhizobium treatment in the soya 

soil yielded similar seed biomass to the soya soil control (Tukey test p < 0.05).  

 
 Exotic rhizobia induced different nodulation phenotypes depending on the soil to 

which they were introduced (Figure 2C and Figure 2D). All plants were nodulated in this 

study, which was unexpected in the no-soya control treatments, as no SNR were expected 

to be present in this soil microbiome. In the no-soya soil, Sinorhizobium inoculation induced 

significantly higher nodule investment compared to all other treatments (ANOVA: treatment, 

F3, 29 = 61.5, p < 0.0001), but in the soya soil this was reduced to similar levels as all other 

treatments (ANOVA: treatment:soil, F3, 29 = 37.1, 13, p < 0.0001, Tukey test p < 0.05). 

Bradyrhizobium inoculation in the no-soya soil increased nodule investment compared to the 

nitrogen control (t = 3.7, p < 0.001), however did not significantly change nodule investment 

in the soya soil. There is a clear inoculation legacy effect in the soya-soil, as nodule numbers 

were significantly higher in all treatments than the no-soya soil (ANOVA: soil F1, 32= 14, p < 

0.001), except for the Sinorhizobium treatment (ANOVA: treatment F3, 32 = 37, p < 0.001), 

which drove a significant treatment: soil interaction (ANOVA: F3, 32 = 18.2, p < 0.001). 

Average percentage increase of nodules in the soya soil treatments compared to the no- 
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soya soil control, nitrogen and Bradyrhizobium treatment were 575%, 1078% and 550%, 

respectively. 

 

Figure 2. Plant biomass and symbiotic traits are affected by a combination of soil inoculation history 

and exotic rhizobial inoculation. (A) total biomass, (B) seed biomass, (C) nodule investment and (D) 

nodule numbers under different inoculation treatments in the soils with no- soya inoculation history or 

soya inoculation history (n = 5). Letters denote statistical significance from Tukey HSD tests where p 

< 0.05.  

 
Tracking inoculant abundance in the soil microbiome revealed the widespread prevalence of 

previous Bradyrhizobium japonicum inoculant 

 
Soya-nodulating symbionts were tracked in the microbiome by qPCR of the symbiosis gene 

nodZ and amplicon sequencing of the core gene rpoB (Figure 3). Bradyrhizobium nodZ was 

detected in both bulk soil microbiomes at the start of the experiment (T0). Relative gene 

copy counts of Bradyrhizobium nodZ in the no-soya soil indicated a starting population of 
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1.42 x 104, compared to 2.25 x 105 in the soya soil, which was 15.7-fold higher (Welch two 

sample T-test, t4.26 = -5.6, p = < 0.01). This suggests that the presence of nodules found in 

the no-soya control treatments came from pre-existing populations. Evidence from the rpoB 

amplicon sequencing data suggests this is due to the presence of B. japonicum (Figure 3), 

which formed part of the previous inoculant introduced to the soya soil on farm, which 

appears to have spread onsite to the uninoculated no-soya soil. B. japonicum increased over 

time in both soil microbiomes but reached a larger population in the soya soil and dominated 

nodule occupancy in all treatments, bar the Sinorhizobium treatment in the no- soya soil, 

despite not being directly inoculated in this trial (Figure 3). Furthermore, 32 out of 34 nodule 

isolates obtained at harvest were B. japonicum SEMIA 5079, with only 2 isolates identified 

as B. diazoefficiens SEMIA 5080 (Figure S2). Isolates from trap plants grown in parallel to 

the experiment also highlighted the sole presence of the B. japonicum strain SEMIA 5079 in 

the no-soya soil, whereas both symbionts (B. japonicum SEMIA 5079 and B. diazoefficiens 

SEMIA 5080) were isolated from trap plants in the soya soil (Figure S2).  

 

Fluctuations in nodZ mirror patterns in inoculant rpoB relative abundance in the soil 

microbiome (Figure 3). Bradyrhizobium nodZ remained higher in the soya soil throughout the 

experiment (ANOVA, type II: soil 𝛘2 = 59.1, d.f. = 1, p < 0.0001), but was elevated at 2 dpt 

after B. diazoefficiens inoculation in both soil microbiomes and at 63 dpt during a peak in B. 

japonicum abundance in the soya soil control treatment (ANOVA, type II: treatment:dpt 𝛘2 = 

25.95, d.f. = 3, p < 0.0001). No Sinorhizobium nodZ was detected in either soil prior to 

inoculation, and by the end of the experiment was only observed in the Sinorhizobium- 

inoculated soil microbiomes. Similarly, inoculation induced a large increase in S. fredii nodZ 

at 2 dpt, which then decreased by 22 dpt, but remained at stable levels in the soil throughout 

the experiment (ANOVA, type II: treatment:dpt 𝛘2 = 15.31, d.f. = 3, p < 0.01), which was 

reflected by S. fredii rpoB counts. When inoculated into the no-soya soil S. fredii was the 

most abundant symbiont in the nodules (76% relative abundance) but was far less abundant 

in the soya-soil root nodules (3.9% relative abundance), despite it being at a similar 
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population size in both soil microbiomes. In the soya-soil, B. diazoefficiens was found in the 

nodules of all treatments (as it formed part of the previous inoculant) and (re)inoculation in 

the soya soil Bradyrhizobium treatment, didn’t increase its abundance in nodules. Reads that 

were assigned to B. elkanii rpoB were found within one replicate of the nitrogen control 

treatment nodules in the no-soya soil (1.6% relative abundance). To our knowledge, B. 

elkanii was not a component of the previous inoculant applied on farm (Legume Technology 

Ltd), nor in this study.  

 

Apart from immediately after inoculation (2 dpt), the inoculant species (B. 

diazoefficiens and S. fredii) were rare in the soil microbiomes. Total bacterial (16S rRNA) 

and a-proteobacteria (rpoB) populations quantified by qPCR, revealed similar population 

sizes between the two soils and were unaffected by exotic inoculation treatments (data not 

shown). Taken together, this highlights how previous soya cropping and inoculation has 

established a SNR population in the soya-soil field, from which the symbiont B. japonicum 

has spread and persisted in the no-soya soil field and dominated nodule communities when 

soybean was grown and inoculated with different strains. Exotic rhizobia fluctuated in the soil 

microbiomes and remained in the soil by the end of the experiment.  
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Figure 3. Widespread presence of previous inoculant B. japonicum in the soil microbiome and in 

nodules at harvest. Fluctuations in nodZ mirror patterns in inoculants rpoB. Coloured areas relate to 

average log rpoB counts from rarefied ASV table (left y-axis, dark blue = B. japonicum, light blue = B. 

diazoefficiens, pink = S. fredii, n = 5). Blue circles are average relative copies of Bradyrhizobium (B. 

japonicum and B. diazoefficiens) nodZ g-1 dry weight soil, error bars are +/- standard error, pink circles 

are average relative copies of S. fredii nodZ g-1 dry weight soil, +/- standard error, (right y-axis, n = 5).  

Stacked bar charts to the right of treatment panels are the respective proportion of symbionts found in 

root nodules at harvest, averaged across 5 replicates, with the same colour scheme as above, plus 

orange = Bradyrhizobium elkanii rpoB. Top panels = no- soya soil microbiome, bottom panels = soya 

soil microbiome. 

 
Inoculation induces transient impacts on soil bacterial communities 

 
Overall, soil bacterial diversity and composition was mostly influenced by soil type and 

temporal effects (dpt), but exotic rhizobial inoculation did alter soil communities immediately 

after inoculation, in a species-specific manner (2 dpt), and during peak nitrogen fixation (63 

dpt). Soil inoculation history had an impact on Bradyrhizobium and Alphaproteobacteria 
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Shannon’s diversity, which was significantly higher in the soya bulk soil for both the 

Bradyrhizobium community (Wilcoxon Rank Sum test, w = 0, p < 0.01) and 

Alphaproteobacteria community (Wilcoxon Rank Sum test, w = 0, p < 0.001), and remained 

higher over the course of the experiment (Figure 4A, Bradyrhizobium community, ANOVA 

type II: soil, 𝛘2 = 26.19, d.f. = 1, p < 0.001, Alphaproteobacteria community, ANOVA type II: 

soil 𝛘2 = 34.88, d.f. = 1, p < 0.001). Whereas for the whole bacterial community, the two soils 

had similar starting Shannon’s diversity, but over the course of the experiment, diversity 

declined in all treatments in the no-soya soil but not in the soya- soil (Figure 4A; ANOVA, 

type II: soil:dpt interaction, 𝛘2 = 5.03, d.f. = 1, p < 0.05).  

 
As diversity levels differed between soils, the impact of inoculation treatment was 

assessed within soil types at timepoints of interest. In the soya soil, inoculation with B. 

diazoefficiens caused a large decline in diversity at 2 dpt in the Bradyrhizobium community 

(ANOVA; treatment, F3 = 18, p < 0.001; t = -6.4, p < 0.001) which was also observed at the 

Alphaproteobacteria class level (ANOVA; treatment, F3 = 10.9, p < 0.001; t = -5.7, p < 0.001) 

highlighting how inoculant interactions within Bradyrhizobium were driving diversity 

fluctuations seen at the class level. (Figure 4A). A smaller decline in diversity was also seen 

in the no-soya soil at 2 dpt in the Bradyrhizobium community (ANOVA; treatment, F3 = 3.3, p 

< 0.05;  t = -3, p < 0.01), which was not significant at the Alphaproteobacteria level (ANOVA; 

treatment, F3 = 2.7, p = 0.08), but coefficients within the linear model highlighted that the 

Bradyrhizobium treatment was significantly less diverse than the control treatment in this soil 

(t = -2.53, p < 0.05). The drop in diversity in the Bradyrhizobium treatment at 2 dpt was not 

seen at the whole bacterial community level (Figure 4A). At 2 dpt, both B. diazoefficiens and 

S. fredii were significantly enriched within their inoculated treatments, but the effect (F- 

statistic and p- value) of B. diazoefficiens was larger (Figure S3). Significant enrichment of 

the inoculant species at 2 dpt corresponds with the spikes in abundance observed in Figure 

3, the relative abundance of B. diazoefficiens in Figure 4C and Bradyrhizobium and 

Sinorhizobium genera in Figure 4D. Despite S. fredii’s abundance at this time point, the 
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Sinorhizobium treatment did not induce a decline in diversity in the Alphaproteobacteria 

communities like the Bradyrhizobium treatment. Bradyrhizobium was the most abundant 

genus within Alphaproteobacteria (Figure 4D), whereas Sinorhizobium were rare, with S. 

fredii the only species detected.  

 
B. diazoefficiens inoculation shifted Bradyrhizobium and alphaproteobacterial 

community composition in both soil microbiomes at 2 dpt (Figure 4B). Communities from the 

same soil were significantly more similar (Alphaproteobacteria community ANOSIM; R = 

0.95, p < 0.001, Bradyrhizobium community ANOSIM; R = 0.68, p < 0.001) but inoculation 

treatment also significantly impacted the Bray- Curtis dissimilarity matrix 

(Alphaproteobacteria community, ANOSIM, R = 0.14, p < 0.05, Bradyrhizobium community 

ANOSIM; R = 0.26, p < 0.001). No such change was observed for S. fredii treatments. 

Differences in community composition at 2 dpt were not evident in later time points, where 

only a significant influence of soil type on beta-diversity remained (data not shown). The 

rarefaction level (1,597 sequences per sample) removed 3 out of 5 replicates within the 

soya-soil, Bradyrhizobium, 2 dpt time point. As this treatment and time point highlighted 

interesting changes in the microbiome, analyses were repeated to a lower sequencing depth 

to retain a third replicate (Figure S4). All reported findings were upheld and inoculation 

treatment had a significant impact on Alphaproteobacteria Shannon’s diversity at 2 dpt in the 

no-soya soil (Figure S4, ANOVA; F3 = 5.3, p < 0.01), where B. diazoefficiens inoculation 

significantly reduced Shannon’s diversity in the no- soya soil microbiome (t = -3.1,  p < 0.01)  

as well as in the soya soil microbiome (Figure S4, ANOVA; F3 = 7.4, p < 0.01, t = -4.1, p < 

0.01).  

 

The time point 63 dpt corresponded with the early pod-fill plant growth stage (R3-R5), 

when soybeans were undergoing peak N2 fixation (Ciampitti et al., 2021). At 63 dpt, there 

was a significant effect of inoculation treatment on whole bacterial Shannon’s diversity in the 

no- soya microbiome (ANOVA, F3 = 5, p < 0.05), where the Bradyrhizobium treatment was 

significantly lower compared to the controls (control: t = -2.9, p < 0.05, nitrogen: t = -3.3, p < 

https://www.zotero.org/google-docs/?xc3s8T
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0.01) and the Sinorhizobium treatment significantly reduced diversity compared to the 

nitrogen control (t = -2.4, p < 0.01; Figure 4A). Differences between treatments were not 

evident in the soya-soil microbiome (Figure 4A). Soil type explained the largest amount of 

variation for Bray- Curtis distances (Figure 4B, PERMANOVA; soil, F1 = 18.1, R2 = 0.31, p < 

0.001), but inoculation treatment further modified microbial community composition 

(PERMANOVA; treatment, F3 = 1.6, R2 = 0.08, p < 0.05). When grouped by inoculated 

(Bradyrhizobium and Sinorhizobium) or not (N- and N+ controls), there was a significant 

effect of inoculation on Bray- Curtis distances (PERMANOVA; F1 = 2.68, R2 = 0.04, p < 0.05) 

suggesting that rhizobia inoculation, regardless of the species, shifted community 

composition at 63 dpt, resulting in more similar communities compared to the mock-

inoculated controls (Figure 4B). Significantly changed genera at 63 dpt highlighted that N 

fertilisation resulted in the most abundance changes at the genus level (Figure S3) and 

Bradyrhizobium was only significantly enriched in the soya-soil control treatment 

(corresponding with the increase in B. japonicum at 63 dpt; Figure 3). This suggests that 

changes in community composition in inoculated treatments were not due to an increase in 

inoculum abundance but were the result of changes in many bacterial groups (Figure S3). 

Alphaproteobacteria comprise a relatively small component of the bacterial communities and 

there are only subtle changes visible in other bacterial classes (Figure 4D). The differences 

seen at this time point disappeared by the end of the experiment (84 dpt), where only a 

significant impact of soil type on Bray- Curtis distances remained (data not shown). To 

investigate what soil factors may be contributing to the differences between bacterial 

communities a constrained analysis of principal coordinates assessing effects of soil pH, 

NH4+, NO3-, soil moisture content (SMC) and dpt on the bacterial communities over the 

experiment was conducted. Soil pH, SMC and dpt all had significant impacts on bacterial 

(16S rRNA) and rhizobial (rpoB) community composition, whereas NH4+ and NO3- levels had 

no overall effect (Figure S5). Soil pH was notably higher in the no-soya soil (7.2) than the 

soya soil (6.8; Table S1) and remained higher throughout the experiment (data not shown).   
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Figure 4. Inoculation alters soil bacterial community diversity and composition transiently. A) 

Shannon’s diversity during the experiment for the genus Bradyrhizobium (rpoB - left), class 
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Alphaproteobacteria (rpoB - centre) and Bacterial community (16S rRNA - right). Coloured points are 

averages with standard error bars, colours correspond to inoculation treatments: dark green = Control 

(-N), light green = Control (+N), dark pink = Bradyrhizobium, light pink = Sinorhizobium. Black stars 

denote time points where significant differences between treatments were found. B) Principal 

Coordinates Analysis of Bray- Curtis Dissimilarity Matrix for genus Bradyrhizobium at 2 dpt (rpoB - 

left), class Alphaproteobacteria at 2 dpt (rpoB - centre) and bacterial community at 63 dpt (16S rRNA - 

right). Colours correspond to the inoculation treatments as listed above, circle = no-soya soil, triangle 

= soya soil. C) Relative abundance of Bradyrhizobium (rpoB) species at 2 dpt, black square highlights 

inoculant species. D) Relative abundance of Alphaproteobacteria genera (rpoB) at 2 dpt, black square 

highlights inoculant genera. E) Relative abundance of Bacteria (16S rRNA) at 63 dpt, black square 

highlights inoculants class. 

 

2.5 Discussion  

 
This study investigated the impact of inoculating two exotic rhizobia species, on two soil 

microbiomes with or without a soybean cultivation history from a UK farm. A legacy effect of 

previous soya growth and inoculation was found, which, when left uninoculated, resulted in 

the best plant biomass traits. The inoculant strains previously introduced on site had 

persisted in the soil microbiomes, with widespread prevalence of B. japonicum SEMIA 5079 

within nodule communities. Soil bacterial communities were altered transiently under 

inoculation treatments, with B. diazoefficiens affecting the Bradyrhizobium and 

Alphaproteobacteria community two days post inoculation, and both inoculant species 

altering bacterial community dynamics during early pod fill (63 dpt). Soil type and temporal 

effects throughout plant growth had a larger effect on bacterial communities than inoculation, 

potentially suggesting that inoculation impacts may be transient in the soil microbiome, even 

though the introduced function (i.e. soya-BNF) persists.  

 
Inoculation legacy on plant biomass and symbiont populations  

 



36 
 

Overall, there was no consistent impact of rhizobia inoculation on plant biomass in this trial, 

however the best plant biomass yields were found in the soil where soya was previously 

grown and inoculated, which was reduced when N fertiliser or the exotic S. fredii strain was 

inoculated. This suggests a high BNF potential due to the carry-over of inoculants in this 

soil.  

 
Inoculation often improves crop productivity when there is a low or absent 

background population of compatible indigenous rhizobia present in the soil microbiome 

(Denton et al., 2002, 2003; Thilakarathna and Raizada, 2017), as is currently the case for 

soybean in the UK, but in this study, the impact of inoculation may have been confounded by 

the presence of inoculant rhizobia (B. japonicum) in the non- inoculated soil. The prevalence 

of B. japonicum SEMIA 5079 across field soils suggests that it has spread to areas which 

have not received inoculated seed. Soil for this experiment was sampled after the third 

consecutive year that soybean cv. Siverka (SoyaUK) and its Bradyrhizobium inoculants 

(Legume Technology Ltd.) had been sown on this farm in three different fields. Therefore, 

spread via agricultural machinery, ground water, and/or wind, plus the high saprophytic 

capability of the inoculant strain (Siqueira et al., 2014), may explain the presence in the no-

soya soil microbiome. B. japonicum SEMIA 5079 is a natural variant of B. japonicum SEMIA 

566, belonging to the highly competitive serogroup USDA 123 (Siqueira et al., 2014). The 

competitiveness and persistence of these strains has been evidenced in Brazilian soils, 

where they originate (Vargas et al., 1994; Hungria and Vargas, 2000; Mendes, Hungria and 

Vargas, 2004; Hungria et al., 2006) and in European soils where they’ve been introduced 

(Damirgi, Frederick and Anderson, 1967; Moawad, Ellis and Schmidt, 1984; Obaton et al., 

2002; Narozna et al., 2015). For example, Vargas et al., (1994) found B. japonicum SEMIA 

566 at 5 out of 6 experimental sites, dominating nodule occupancy at 3 of these sites, 

despite not being inoculated in these areas (Vargas et al., 1994). The authors attributed the 

prevalence of this symbiont to potential introduction via seeds and farm machinery from 

southern Brazil where it was widely used in inoculants until 1978. Similarly Mendes et al., 

https://www.zotero.org/google-docs/?TFAVuR
https://www.zotero.org/google-docs/?CphTEC
https://www.zotero.org/google-docs/?Pkiq6m
https://www.zotero.org/google-docs/?OC6qQ8
https://www.zotero.org/google-docs/?OC6qQ8
https://www.zotero.org/google-docs/?cB2Zxb
https://www.zotero.org/google-docs/?cB2Zxb
https://www.zotero.org/google-docs/?tzlxhS
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2004, highlighted that despite repeated inoculations with other strains (including B. 

diazoefficiens SEMIA 5080), strains related to the USDA 123 serocluster dominated nodule 

occupancy, occurring in >50% of nodules in treatments where they had never been 

inoculated (Mendes, Hungria and Vargas, 2004). Strains from the USDA 123 serogroup 

have been found to dominate in other areas where they have been introduced, regardless of 

soil type or host genotype (Damirgi, Frederick and Anderson, 1967; Moawad, Ellis and 

Schmidt, 1984; Obaton et al., 2002) and have been found to persist in the soil for up to 17 

years without further soybean cultivation after the original introduction (Narozna et al., 2015). 

The B. diazoefficiens strain used as the inoculant in this study (a natural variant of B. 

diazoefficiens SEMIA 5080) is known for its elite nitrogen fixation ability (Siqueira et al., 

2014), however can be outcompeted for nodule occupancy by it’s usually-introduced 

counterpart B. japonicum SEMIA 5079 (Mendes, Hungria and Vargas, 2004; Hungria et al., 

2006), as observed in this study. Genome analyses of these inoculant strains suggests that 

B. japonicum SEMIA 5079 contains more genes involved in secondary metabolism, nutrient 

transporters, iron-acquisition and auxin metabolism compared to B. diazoefficiens SEMIA 

5080 (Siqueira et al., 2014), which may contribute to its survival in soils. Inoculation into 

areas with naturalised soybean symbionts often results in an absence of yield benefits 

(Ambrosini et al., 2019; Zilli et al., 2021), with the exception of field trials in Brazil (Hungria et 

al., 2006), however it is perhaps surprising that inoculation after just one season in the soya-

soil did not produce a yield response and highlights how the benefits of inoculating superior 

N2 fixers can be dampened if competitive symbionts are present in the soil microbiome 

(Mendes, Hungria and Vargas, 2004; Mendoza-Suárez et al., 2021). Hypotheses from Bell 

and Tylianakis (2016) suggest that intensified agriculture selects for certain soil bacterial 

taxa, and by extension genes, which can spill over into adjacent unmodified areas (Bell and 

Tylianakis, 2016). This, combined with the widespread inoculation of bacteria, where 

populations are boosted exponentially with legume productivity and the functional symbiosis 

genes of interest are mobile, may increase the likelihood of microbial spill-over from 

https://www.zotero.org/google-docs/?GLFnRz
https://www.zotero.org/google-docs/?vej0fR
https://www.zotero.org/google-docs/?vej0fR
https://www.zotero.org/google-docs/?PNdAkx
https://www.zotero.org/google-docs/?YN3Bd9
https://www.zotero.org/google-docs/?YN3Bd9
https://www.zotero.org/google-docs/?sXUYJ0
https://www.zotero.org/google-docs/?sXUYJ0
https://www.zotero.org/google-docs/?mOGbRm
https://www.zotero.org/google-docs/?5OHoYe
https://www.zotero.org/google-docs/?ekhdb8
https://www.zotero.org/google-docs/?ekhdb8
https://www.zotero.org/google-docs/?QP86GE
https://www.zotero.org/google-docs/?XrYxlI
https://www.zotero.org/google-docs/?XrYxlI
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agricultural areas. These results suggest careful consideration of strain genotypes may be 

needed going forwards for re-inoculation strategies. 

 
Evidence from this trial suggests that the novel inoculant S. fredii could outcompete 

SEMIA 5079 for nodule occupancy in certain soil environments. In the no-soya soil 

microbiome, which had a higher pH and significantly less Bradyrhizobium nodZ, S. fredii was 

the dominant symbiont in the nodules. However, S. fredii did incur a higher investment into 

the symbiosis. S. fredii inoculated plants trended towards better plant benefits in the no-soya 

soil, providing a 16% increase in total biomass and 100% increase in seed biomass 

compared to the N- and N+ controls, respectively. Although, Sinorhizobium species are 

dominant soybean symbionts in native alkaline soils (Zhang et al., 2017; Han et al., 2020), 

due to their genetic adaptations to alkaline soil conditions (Tian et al., 2012), currently no 

commercial soybean inoculants used in the UK contain Sinorhizobium species. This is 

because Bradyrhizobium symbionts often outperform Sinorhizobium species in most acidic - 

neutral pH soils in terms of plant benefits (Ravuri and Hume, 1992) and outcompete them for 

nodule occupancy if S. fredii is inoculated into soils already possessing soya-nodulating 

Bradyrhizobium (Albareda, Rodríguez-Navarro and Temprano, 2009a, 2009b) as seen in the 

soya soil in this study. The potential benefits of this symbiont may be enhanced in 

agricultural soils with higher pHs (pH ≥8), offering the opportunity for tailored inoculants. 

 
In Europe, where soybean has been grown and inoculated more widely, there is 

research investigating the use of naturalised strains for the inoculation of temperate soybean 

varieties (Yuan et al., 2020; Halwani et al., 2021; Van Dingenen et al., 2022), where 

significant strain x cultivar x environment interactions have been highlighted as 

considerations when introducing them as inoculants (Omari et al., 2022). Interestingly, a B. 

elkanii symbiont was detected in the nodules of a single plant replicate in the nitrogen control 

in the no- soya soil; as there was no prior knowledge that a soya- nodulating B. elkanii 

formed part of the introduced inoculants, its presence is particularly interesting. It could 

https://www.zotero.org/google-docs/?VEHANd
https://www.zotero.org/google-docs/?TzAlY0
https://www.zotero.org/google-docs/?j473PL
https://www.zotero.org/google-docs/?WOAusY
https://www.zotero.org/google-docs/?7kz9gy
https://www.zotero.org/google-docs/?pf2lOV
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either be the result of a native B. elkanii strain that lacks the capability to nodulate soybean 

and has opportunistically colonised the nodules alongside the compatible inoculant strains 

(Zgadzaj et al., 2015; Gano-Cohen et al., 2019), or has potentially acquired the soya- 

nodulating symbiosis genes from the introduced inoculant strains (Barcellos et al., 2007; 

Batista et al., 2007; Nandasena et al., 2007). Growing soybean without inoculation in areas 

that have previously been inoculated in UK soils could identify symbionts in nodules that 

have become locally adapted to the soil conditions, which could be utilised in inoculation 

trials going forwards. 

 
Inoculation induces transient effects on soil microbiomes 

 
The B. diazoefficiens inoculant induced significant changes on the Bradyrhizobium 

and Alphaproteobacteria communities during seedling emergence (2 dpt), which was 

associated with an enrichment of the inoculum species in the microbiomes. A larger 

decrease in diversity at 2 dpt was found in the soya soil, this may be because there was an 

existing population of B. diazoefficiens in this soil and inoculation with a large dose of B. 

diazoefficiens boosted this population, potentially inflating the impact on diversity. Whereas 

in the no-soya soil, this symbiont was absent and so inoculation resulted in a smaller impact 

on diversity. Additionally, the Bradyrhizobium inoculant may have been better adapted to the 

soya soil and thus been able to survive and reproduce to higher population densities. 

Soybean associated microbial communities have been shown to change according to plant 

growth stages, with particular selection for rhizobial symbionts (Xu et al., 2009; Sugiyama et 

al., 2014, 2015; Moroenyane, Tremblay and Yergeau, 2021), for example a spike in 

Bradyrhizobium during seedling emergence has previously been observed in root 

endospheres (Moroenyane, Tremblay and Yergeau, 2021). In contrast, Sinorhizobium 

inoculation did not impact the Alphaproteobacteria community at 2 dpt, despite being 

significantly enriched, nor at any of the other time points. Timing of sampling may be 

influential here, S. fredii has a generation time of about 3 - 4 hrs (Weidner et al., 2012), in 

https://www.zotero.org/google-docs/?P37vCS
https://www.zotero.org/google-docs/?CGwOA3
https://www.zotero.org/google-docs/?CGwOA3
https://www.zotero.org/google-docs/?VNlWkE
https://www.zotero.org/google-docs/?VNlWkE
https://www.zotero.org/google-docs/?edHzaN
https://www.zotero.org/google-docs/?FMNiD5
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comparison to 6 - 12 hours for B. diazoefficiens (Viteri and Schmidt, 1987) therefore, S. fredii 

may have induced similar changes in the microbiome but at an earlier time point. 

Alternatively, the genus Sinorhizobium was rare in both soil microbiomes, with S. fredii the 

only species detected; whereas Bradyrhizobium were a large component of the 

Alphaproteobacteria community (refer to Figure 4D) and in recent years Bradyrhizobium 

have been found to be an extremely diverse and dominant genus within microbial 

communities (VanInsberghe et al., 2015; Hollowell et al., 2016; Avontuur et al., 2019; 

Ormeño-Orrillo and Martínez-Romero, 2019). Whether the presence and abundance of more 

related recipient communities contributes to the overall impact an inoculant species has on a 

microbiome is unclear and warrants further investigation.  

 
A shift in bacterial communities was observed under inoculated treatments during peak BNF. 

Bradyrhizobium inoculants have been found to alter bacterial and fungal communities in 

soybean rhizospheres in areas of native cultivation during this growth stage (Zhong et al., 

2019; Xu et al., 2020). Studies have also shown the importance of legume host genotype 

and soil factors on shaping rhizobial communities (Vuong, Thrall and Barrett, 2017; Zhang et 

al., 2017; Brown et al., 2020; Han et al., 2020; Lagunas et al., 2023). Host plants are subject 

to their surrounding soil microbial communities when assembling root associated microbiota, 

and plant root exudation profiles stimulate colonisation of microorganisms occupying 

specialised niches in the rhizosphere (Mendes et al., 2014; Xiao et al., 2017; Sugiyama, 

2019). Some of the enriched bacterial genera observed at 63 dpt have previously been 

associated with soybean growth (Bradyrhizobium, Nocardioides, Nitrososphaera, 

Chryseomicrobium, Pseudomonas, Nibribacter, Chitinophaga and Stenotrophomonas - 

Figure S3) (Sugiyama et al., 2014; Zhong et al., 2019; Bender et al., 2022), suggesting that 

certain native soil bacteria are preferentially selected by soybean in this novel environment. 

Additionally, the N2 fixation efficiency of rhizobia inoculants has recently been found to 

further modify host associated communities, where highly efficient N2 fixers can alter the 

composition of root endosphere communities, resulting in increased micronutrient element 

https://www.zotero.org/google-docs/?o3zeiZ
https://www.zotero.org/google-docs/?vhOpAm
https://www.zotero.org/google-docs/?vhOpAm
https://www.zotero.org/google-docs/?UIpKmi
https://www.zotero.org/google-docs/?UIpKmi
https://www.zotero.org/google-docs/?pcQs5g
https://www.zotero.org/google-docs/?pcQs5g
https://www.zotero.org/google-docs/?5JzQDw
https://www.zotero.org/google-docs/?5JzQDw
https://www.zotero.org/google-docs/?emZxPd
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acquisition (Lagunas et al., 2023). Differences observed at this time point suggests that 

inoculation can alter microbial communities, but the specific interactions within microbiomes 

may differ, due to the indigenous microbial community composition. For example, the 

rhizosphere microbial communities of soybeans grown in agricultural soil versus forest soil 

significantly differed in their composition (Liu et al., 2019). Selection of certain microbes from 

indigenous available bulk soil populations also results in reduced diversity in the rhizosphere 

(Liu et al., 2019; Zhong et al., 2019). Interestingly, a decrease in total bacterial diversity over 

the time course of the experiment was observed in the no- soya soil, which may be 

associated with the growth of a novel legume in this soil, whereas previous soya growth and 

inoculation may have primed the soya soil for soya-associated microbial communities. 

Notably, differences between treatments were not evident at harvest, suggesting that 

microbiomes had recovered from the influx of inoculant strains, however inoculants were still 

present in the microbiome (Figure 3), suggesting that the introduced functional trait soya- 

BNF persists.  

 

2.6 Conclusions 

 
This study highlighted the ecological complexities associated with the introduction of exotic 

inoculants to the soil microbiome. The introduced inoculant strains caused transient shifts in 

microbial community composition and diversity within the experimental timeline, however 

long-term effects are unknown. Negligible effects of inoculation on plant biomass were 

observed, likely due to the presence of a highly competitive symbiont in the microbiomes. 

Nitrogen fertilisation resulted in low seed biomass, interestingly biologically fixed N has been 

found to better translocate to seeds, resulting in higher seed protein content, than N from 

inorganic fertilisers, which instead often results in higher vegetative biomass (Hungria and 

Neves, 1987; Ravuri and Hume, 1992; Hungria et al., 2020; Garcia, Nogueira and Hungria, 

2021). This highlights the benefits of optimising BNF for the sustainable production of 

soybean in the UK. The inoculation legacy soil provided the best yield benefits for soybean, 

https://www.zotero.org/google-docs/?lcOCxN
https://www.zotero.org/google-docs/?VbFavU
https://www.zotero.org/google-docs/?RhcM9K
https://www.zotero.org/google-docs/?REoKi7
https://www.zotero.org/google-docs/?REoKi7
https://www.zotero.org/google-docs/?REoKi7
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but considerations for re-inoculation strategies going forwards are needed to avoid a 

decrease in yields. Therefore, despite transient impacts on community dynamics, the 

introduced bacteria and functional trait (soya- symbiosis) remains in the microbiome. Future 

work should focus on the long term impacts of inoculant introduction e.g. via monitoring 

schemes (Jack et al., 2021), with special focus on areas where introduction has already 

occurred within the UK, as these may provide the best yield benefits. Repeated growth of 

soya without inoculation in these regions may select for locally adapted symbionts that have 

diversified from the original inoculant strains, which when used as inoculants, may impact 

resident communities less.  
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Supplementary Figures 

 

Figure S1. Rarefaction curves for 16S rRNA dataset to 33,175 sequences per sample and rpoB 

dataset to 1,537 sequences per sample. This lost the minimum amount of samples (10, including 3 

DNA kit negatives) that did not meet the cut off for diversity analyses.  
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Figure S2. The majority of nodule isolates obtained from soils were Bradyrhizobium japonicum 

(highlighted in green). BOXPCR of slow growing (≥5 days) isolates extracted from the trap plants (A) 

and experiment nodules (A, B). No- soya isolates labelled “CS*”, soya soil isolates labelled “SS*”. R1-

9 = B. diazoefficiens strain inoculated in this study, all those highlighted in red on gel A and B have a 

BOXPCR banding pattern that corresponds to B. diazoefficiens SEMIA 5080 as demonstrated in gel 

C. All those highlighted in green on gel A and B have a BOXPCR banding pattern that corresponds to 

B. japonicum SEMIA 5079 as demonstrated on gel C. GW50 (B. diazoefficiens) and GW140 (B. 

japonicum) are representative isolates that were extracted from the nodules of trap plants.  
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Figure S3. A) Dot plot of significantly enriched alphaproteobacterial species (rpoB) within the no- 

soya and soya soil microbiome under different inoculation treatments at 2 dpt. B) Dot plot of 

significantly enriched bacterial genera (16S rRNA) within the no- soya and soya soil microbiome 

under different inoculation treatments at 63 dpt.  Size of the dot corresponds to the size of the p- 

value. Significantly enriched bacteria were assessed using the EdgeR test in the microbiomeMarker 

package (Cao et al., 2022). A quasi-likelihood F- test was performed due to the stricter error rate 

control by accounting for the uncertainty in dispersion estimation, and a p- value cut off = 0.05 with a 

false discovery rate employed. As comparisons were between four inoculation treatments the function 

performed an ANOVA-like test to find markers which differed in any of the groups.  

https://www.zotero.org/google-docs/?djlQVy
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Figure S4. Diversity measures and significantly enriched taxa for rpoB alphaproteobacterial soil 

community rarefied to 117 sequences per sample to retain a third replicate in the Bradyrhizobium 
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treatment at 2dpt. This results in 1,023 taxa across 163 samples. A) Rarefaction curve to 117 

sequences per sample. B) Shannon’s Alpha Diversity Index at 2 days post inoculation, including the 

third replicate, Bradyrhizobium inoculation significantly reduces rpoB Shannon’s diversity in both soil 

microbiomes. Different letters denote statistical significance by a Tukey’s posthoc test (p< 0.05) within 

soil types. C) Principal Coordinates Analysis of Bray- Curtis Dissimilarity Matrix for 

alphaproteobacterial rpoB at 2 days post treatment, dark green = Control (-N), light green = Control 

(+N), dark pink = Bradyrhizobium, light pink = Sinorhizobium, circle = no soya soil, triangle = soya soil. 

D) Dot plot of significantly enriched species within the no- soya and soya soil microbiome under 

different inoculation treatments (EdgeR). Size of the dot corresponds to the size of the p- value. E) 

Relative abundance of Bradyrhizobium (rpoB) species at 2 dpt, black square highlights inoculant 

species. F) Relative abundance of Alphaproteobacteria genera (rpoB) at 2 dpt, black square 

highlights inoculant genera. 
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Figure S5. Canonical Analysis of Principal coordinates (CAP) on Bray- Curtis distances for 16S rRNA 

and rpoB bacterial communities for timepoints 0, 22, 63, 84 dpt. Arrows represent effect size of days 

post treatment (DPT), soil pH, NO3-, NH4+ and soil moisture content (SMC) throughout the 

experiment. Grey = no-soya soil, yellow = soya soil, shape corresponds to inoculation treatment. Data 

presented excludes time point 2 dpt as soil traits were not collected for this time point. Table contains 

F statistics and p- values from permutation test on distance- based redundancy analysis (dbRDA - 

capscale), with marginal effects of terms tested, 999 permutations.  
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Chapter 3: Assessing the impact of multi- species rhizobia 

inoculants on soybean productivity 

3.1 Abstract  

 

Inoculating legumes with nitrogen-fixing, root- nodulating symbionts (rhizobia) can increase 

plant productivity without the need for nitrogen fertilisation. However most inoculation studies 

have been conducted with single rhizobia strains, the impacts of inoculating a diverse 

interspecific rhizobial cohort on plant yields is less well researched. Competition between 

inoculant strains can occur and result in reduced plant benefits from the symbiosis. In 

Chapter 2 a reduction in seed biomass was observed when Sinorhizobium fredii was 

inoculated into soil already possessing compatible Bradyrhizobium symbionts. To investigate 

whether the combination of these inoculant strains leads to reduced plant biomass yields, a 

pot experiment in simple substrate (sand and vermiculite) was designed, with single rhizobia 

species and multi-species inoculant combinations for the ESG152 soybean cultivar. Nodule 

occupancy and plant biomass traits were assessed after 12 weeks. S. fredii inoculation 

resulted in a larger investment into the symbiosis and reduced plant biomass traits, however 

the multi-species inoculation (Bradyrhizobium and Sinorhizobium) resulted in a 55% 

increase in total biomass that was similar to all other Bradyrhizobium containing treatments. 

Nodule occupancy data suggests that when co-inoculated, Bradyrhizobium symbionts 

dominate. Multi-species treatments did not have reduced plant benefits, suggesting that 

competition between inoculant strains did not negatively affect plant growth in this 

experiment. Research in this area could benefit inoculant formulations for the improved 

efficiency of soya inoculant products.  
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3.2 Introduction 

 

Legume hosts may benefit from receiving diverse rhizobia inoculants, particularly when 

introduced to a new environment. Soybean (Glycine Max L. Merr) growth in the UK is 

relatively new and requires seed inoculation to introduce compatible soya- nodulating 

rhizobia (SNR) to the soil microbiome (Coleman et al., 2021; Maluk et al., 2023). A 

widespread inoculation strategy for soybean globally is the co-inoculation with 

Bradyrhizobium diaozefficiens SEMIA 5080 and Bradyrhizobium japonicum SEMIA 5079, 

originating from strain selection programmes in Brazil (Hungria et al., 1996; Hungria and 

Vargas, 2000). Rationale behind this co-inoculation strategy is that the symbionts have 

different strengths, SEMIA 5079 is highly competitive for nodule occupancy and SEMIA 5080 

is a more efficient N2 fixer (Siqueira et al., 2014). Other soybean inoculant products may also 

contain other B. diazoefficiens and B. japonicum strains alongside Bradyrhizobium elkanii 

species (Chibeba et al., 2018; Thilakarathna and Raizada, 2017; Zilli et al., 2021), however 

no commercial inoculants currently contain Sinorhizobium fredii symbionts (Albareda et al., 

2009). Including more diverse strains in inoculants could increase the range of environments 

where they could be effective, for example, S. fredii symbionts are adapted to alkaline soil 

environments (Tian et al., 2012) and are dominant symbionts in their native range of alkaline 

soil regions in China (Yang et al., 2018). However, competition between rhizobial symbionts 

can lead to reduced effectiveness of the symbiosis (Mendoza-Suárez et al., 2021), which 

may translate into plant yield costs (Rahman et al., 2023). Competition may occur within 

diverse inoculants that contain multiple compatible rhizobia, through direct mechanisms (e.g. 

competitive interference; Granato, Meiller-Legrand and Foster, 2019; Rahman et al., 2023) 

or indirect mechanisms (resource exploitation; Stubbendieck and Straight, 2016).  

 

Competitiveness of rhizobia will depend on legume host genotype, rhizobia genotype 

and the environmental context (G x G x E) interactions (Batstone, 2021; Batstone et al., 

2023; Mendoza-Suárez et al., 2021). In agricultural environments, if compatible rhizobia are 
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already present in the soil, often inoculating crops with ‘elite’ rhizobia yields little to no yield 

improvements and inoculant strains get outcompeted for nodule occupancy by indigenous 

rhizobia. The indigenous, locally adapted rhizobia can be less efficient at N2 fixation than 

elite strains, leading to reduced plant benefits than expected, contributing to a long known 

phenomena called the ‘rhizobia competition problem’ (Denton et al., 2002; Janice E Thies et 

al., 1991; Janice E. Thies et al., 1991; Triplett and Sadowsky, 1992). As legume hosts are 

exposed to a range of symbionts in the environment, they have evolved to discriminate 

between efficient and less efficient N2 fixers, rewarding or sanctioning those strains, 

respectively (Denison and Kiers, 2004; Kiers et al., 2003; Regus et al., 2017; Westhoek et 

al., 2021, 2017). Inoculating a diverse consortia of compatible rhizobia may therefore 

increase the chances that at least one symbiont will be competitive in the introduced soil 

environment and hosts may be able to select the most beneficial symbiont in a given 

environment. Numerous inoculation studies have been carried out, often using single strain 

formulations, which prove beneficial in artificial environments, but have varied effects in 

soybean field settings (Thilakarathna and Raizada, 2017). However the impact of inoculating 

a diverse consortia of rhizobia species on legume productivity is less well studied and has 

led to varied findings, ranging from a negative impact on plant biomass in Acacia species 

(Barrett et al., 2015) to neutral impacts in clover species (Fields et al., 2021).  

 

The results in Chapter 2 suggested that S. fredii may be able to outcompete B. 

japonicum SEMIA 5079 for nodule occupancy in certain soil environments, but when a larger 

population of SNR were already present (i.e. in previously inoculated soya soil), inoculation 

with S. fredii decreased soybean seed biomass compared to uninoculated plants. 

Potentially, these reduced plant benefits could be due to competitive interactions between 

the previously introduced Bradyrhizobium symbionts (SEMIA 5079 and SEMIA 5080) and S. 

fredii inoculant either in the soil microbiome or in planta. To investigate this further, the 

complexity of the soil microbiome was removed and a pot experiment in a simple substrate 

media (sterilised sand and vermiculite) was devised to assess plant biomass traits under 
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single- species or multi- species combinations of the inoculants used in Chapter 2. 

Inoculation with S. fredii is expected to result in lower plant biomass yields and higher 

investment into the symbiosis and inoculation with Bradyrhizobium and Sinorhizobium may 

result in lower plant biomass traits due to competition for nodule occupancy by S. fredii. 

Research in this area could improve inoculant formulations for soybean productivity. 

 

3.3 Methods 

 

Plant and bacteria growth conditions  

Inoculant strains used in Chapter 2 (B. diazoefficiens R1-9 and S. fredii 495), along with 

rhizobia isolated from the Kent soybean field soil (B. diazoefficiens GW50 and B. japonicum 

GW140) were used to design single strain and multi- strain inoculation treatments for this 

experiment (see Table 1). Bradyrhizobium species were grown in modified yeast mannitol 

broth for 5 days and S. fredii was grown in tryptone yeast broth for 3 days before inoculant 

formulation, where bacteria were standardised to 108 CFU/ mL-1 (Howieson and Dilworth, 

2016). Multi-strain inoculants were made up of equal volumes of standardised (108 CFU/ mL-

1) bacterial cultures and were resuspended in sterilised rhizobia wash buffer (sterilised 10 

mM MgSO4 and 0.01% Tween 40) for inoculation. The same early maturing soybean cultivar 

(ESG152, Euralis, France) used in Chapter 2 was used in this experiment. Plants were 

grown in greenhouse conditions with 16 h day at 25 °C and 15 °C at night. Plants were fed 

20 mL N- free CRS solution weekly for the first 5 weeks, then 40 mL for the remaining 7 

weeks. The N control was supplemented with 2.2g L-1 NH4NO3 (equivalent to 30 kg ha-1) 

each week.  

 

Experimental design  

A pot experiment was designed to test the impact of inoculating single SNR species and 

multi-SNR species on soybean plant biomass traits and nodule occupancy (Table1). The 

current dual inoculation strategy (GW140/ SEMIA 5079 and GW50/ SEMIA 5080) was 
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combined with the novel symbiont S. fredii or the more ‘adapted’ B. diazoefficiens R1-9 

isolated from soils in Dundee, Scotland (Maluk et al., 2023), alongside their respective single 

strain inoculation treatments and two controls, one supplied with N fertiliser and one without. 

Soybean seeds were sterilised (shaking in 2.5% NaOCl for 10 minutes then washed with 

sterile water six times) and left to germinate on 0.5% agar plates at 25 ℃ for three days. 

Then, seedlings were planted into twice autoclaved sand: vermiculite at 4:1 in 1 L tricorn 

pots and each seedling was inoculated with 1 mL of standardised bacterial or mock 

inoculant. Inoculants were spot- plated at a range of dilutions on yeast mannitol agar plates 

to check for cross-contamination (Howieson and Dilworth, 2016). Colonies were visually 

inspected (Sinorhizobium colonies grow by 3 d, Bradyrhizobium take 5 - 7 d) and subject to 

the multiplex PCR described below for rhizobia typing, which yielded all expected strains in 

the treatments. Six biological replicates were planted over two days, which were three days 

apart (block 1 = R1 - R3 on day 1, block 2 = R4 - R6 on day 4), plants were harvested within 

their blocks at 12 weeks. At harvest, aboveground biomass was separated from 

belowground biomass and dried at 80 °C for 48 hours. Root nodules were removed and 

counted, 10 nodules per plant replicate were pooled, sterilised (1 min in 70% EtOH, 3 mins 

2.5% NaOCl, 6 sterile dH2O washes) and crushed in 750 µL rhizobia wash buffer. Serial 

dilutions of 10-5 - 10-7 were plated on yeast mannitol agar plates (Howieson and Dilworth, 

2016). After 5 days of growth, 12 colonies along a transect line in the middle of the agar 

plates were picked into 50 µL of nuclease free water, within which they were boiled (95 °C 

for 5 min then centrifuged at 4000 rpm for 1 minute) and then used for rhizobia typing by 

multiplex PCR. The remaining root nodules and roots were dried at 80 °C for 48 hours, then 

weighed for plant biomass.  
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Multiplex PCR for identifying soybean rhizobia 

A multiplex PCR test was designed to identify nodule colony isolates by targeting the RNA 

polymerase B (rpoB) core gene. Primers were designed by eye based on an alignment of 

the rpoB gene extracted from 45 rhizobia species spanning Alphaproteobacteria. Primer 

specificity was tested on panel of Bradyrhizobium and Sinorhizobium strains including: B. 

diazoefficiens R1-9, B. diazoefficiens GW50, B. diazoefficiens USDA110T, B. japonicum 

GW140, B. japonicum USDA6T, B. elkanii USDA76T, B. ottowaense HAMBI3284T, B. 

yuanmingense LMG21827T, S. fredii HH103, S. melilotiT LMG6133, S. medicaeT LMG 6133. A 

combination of 5 primers was used to create a different banding pattern for B. diazoefficiens, 

B. japonicum and S. fredii (see Table 2). The primer set Bjd_rpob1 (forward and reverse) 

targets both the B. diazoefficiens and B. japonicum rpoB gene resulting in a 137bp product. 

An additional forward primer Bd_rpob2 only targets B. diazoefficiens strains and combined 

with the reverse primer of Bjd_rpob1 results in a 900 bp product. This results in two bands 

for a B. diazoefficiens strain (900 bp and 137 bp) and only one band for B. japonicum strains 

(137 bp). The primer set Sf_rpob2 is also included in the PCR reaction mix and results in a 

215 bp product for an S. fredii strain (see Image 1).  All primers used proved specific to B. 

japonicum, B. diazoefficiens and S. fredii species as intended.  
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Data Analysis  

Data were analysed on R (v4.1.3) with R studio (R Studio Team, 2020). To assess whether 

symbionts were at equal proportions for nodule occupancy, which could indicate no 

significant competition between strains or no influence of other external factors such as 

legume host preference, Chi- square tests were performed on raw counts. To give an 

estimate of how much plants were investing in the symbiosis, nodule investment was 

calculated as nodule biomass divided by aboveground biomass (Rahman et al., 2023). 

Soybean growth response to inoculation was estimated by dividing the aboveground 

biomass values of inoculated plants by the aboveground biomass values of uninoculated, 

unfertilised control plants (Rahman et al., 2023). Harvest index gives a proxy of how much 

plants invested into their seeds and was calculated as a percentage by dividing seed 

biomass by total biomass. Linear models were constructed to test the impact of inoculation 

treatment and planting block on soybean biomass traits, assumptions of the models were 

checked and models were subjected to an ANOVA. Where necessary data were 

transformed before statistical tests to meet the assumptions. Post-hoc comparisons (Tukey 

HSD tests) were performed to determine which treatments significantly differed from each 

other. Statistics were performed on the dataset with contaminated replicates removed, this 

https://www.zotero.org/google-docs/?NLjP6F
https://www.zotero.org/google-docs/?VHCak8
https://www.zotero.org/google-docs/?Dovdb3
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reduced replication to 2 in the Sf treatment, therefore nodule investment and growth 

response to inoculation for the whole dataset, including contaminated replicates is also 

presented. Contrasts between coefficients within linear models were used to compare 

inoculation treatments and are provided to support treatment effects (t and p - values).  

 

 

 

Image 1. Example gel image of multiplex PCR for rhizobia typing. Ladder range is from 100 

– 1000 bp increasing in 100 bp increments. Controls with rhizobia strain DNA and PCR 

negative located at bottom right of gel. Red = S. fredii (215 bp product), blue = B. japonicum 

(137 bp product), green = B. diazoefficiens (900 and faint 137 bp product). Samples are from 

Sf treatment, 12 colonies for each replicate.  

 

3.4 Results  

 

Strain nodule occupancy  

 

All uninoculated controls, with and without N were non-nodulated in this trial. However, when 

assessing the symbiont proportions in the nodules of the inoculated treatments, some plant 
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replicates had become cross-contaminated with inoculant rhizobia that were not present in 

the starting inoculant (Figure 1). Since inoculants at the start of the experiment were 

checked for correct strain presence, this suggests they became cross-contaminated in the 

greenhouse chamber throughout the growing period. Cross- contamination was found in four 

replicates in the Sf treatment, with only two replicates remaining nodulated by S. fredii alone. 

In the Bd_GW50 x Bj treatment, one replicate had S. fredii present. As this study aims to link 

biomass phenotypes to rhizobia symbiont strains, the cross- contaminated replicates were 

removed from the soybean biomass analysis. However, it is interesting that despite S. fredii 

being inoculated at large populations in the Sf treatment, Bradyrhizobium symbionts were 

still able to colonise and become the most dominant symbiont in some plant replicates 

(specifically the B. japonicum strain). In the Sf x Bd_GW50 x GW140 treatment, 

Bradyrhizobium symbionts dominate nodule occupancy and all three symbionts are not at 

equal proportions as would be expected by chance (𝛘2 = 28.6, d.f. = 2, p < 0.001, see Table 

3). All multi-strain treatments had unequal symbiont proportions apart from the Bd_R1-9 x Bj 

treatment (Table 3), where Bd_R19 was at a higher abundance and at near equal counts to 

Bj (34 and 38 respectively).  

 

 



72 
 

Figure 1. Percentage of soya- nodulating rhizobia species in nodules within different 

inoculation treatments. Black stars denote replicates that were cross- contaminated. Green = 

B. diazoefficiens, blue = B. japonicum and pink = S. fredii.  

 

Table 3. Results of nodule occupancy raw counts and Chi-square tests. 

 

 

Bradyrhizobium symbionts result in higher plant productivity for less investment in nodulation 

 

When investigating plant biomass traits of the uncontaminated replicates, inoculation 

treatment had a significant effect on total (ANOVA: F9 = 30.4, p < 0.001), shoot (ANOVA: F9 

= 11.2, p < 0.001) root (ANOVA: F9 = 15.7, p < 0.001) and seed biomass (ANOVA: F9 = 9.1, 

p < 0.001), with no significant effect of planting block (Figure 2).  All inoculation treatments 

containing Bradyrhizobium strains significantly increased total biomass compared to the Sf 

treatment (t = 3.8, p < 0.001). The N- fertilised control resulted in larger root biomass than all 

inoculated treatments, yielded similar total and shoot biomass to the inoculated treatments, 

but gave lower seed biomass similar to the uninoculated, non- fertilised control (Figure 2). 

When comparing the Sf treatment to the Sinorhizobium and Bradyrhizobium treatment (Sf x 
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Bd_GW50 x Bj), there is an average increase of 55% in total plant biomass for the multi- 

species treatment (t = 3.6 p < 0.001). Whereas, the Bradyrhizobium treatment without 

Sinorhizobium (Bd_GW50 x Bj) yields a similar total biomass to the three- way (Sf x 

Bd_GW50 x Bj) multi- strain treatment. Inoculation treatment also had a significant effect on 

growth response to inoculation (ANOVA: F7 = 5.2, p < 0.001) and harvest index (ANOVA: F9 

= 8.2, p < 0.001). Plants in the Sf treatment had significantly lower growth response to 

inoculation, but, harvest index indicated that plants in the Sf treatment were still investing 

around 25% of aboveground biomass into seed production, which was statistically similar to 

all other inoculated treatments (Figure 3).  

 

Figure 2. Soybean seed, total, root and shoot biomass traits under different inoculation 

treatments. Different letters denote statistical significance from Tukey HSD post- hoc tests (p 

< 0.05).  
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Inoculation treatment had a significant impact on nodule numbers (ANOVA: F7 = 9.5, 

p < 0.001) and nodule biomass (ANOVA: F7 = 28.7, p < 0.001). Sinorhizobium fredii 

inoculation induced significantly more nodules, and therefore yielded higher nodule biomass 

(Figure 4). Planting block 1 had significantly larger nodule biomass overall (ANOVA: F1 = 

5.7, p < 0.05), this was across treatments and thus did not mask treatment effects. Nodule 

investment was significantly impacted by inoculation treatment (ANOVA: F7 = 55.3, p < 

0.001). Sinorhizobium fredii inoculated plants invested significantly more into nodule 

production than all treatments containing Bradyrhizobium symbionts (t = 19.6, p < 0.001).  

 

 

Figure 3. Soybean growth response to inoculation and harvest index (%) calculated as the 

percentage invested in seeds. Different letters denote statistical significance from Tukey 

post- hoc tests (p < 0.05). 
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As cross- contamination resulted in the removal of 4 out of 6 samples in the Sf 

treatment, the full dataset retaining the contaminated samples was analysed for growth traits 

(Figure 5). Inoculation treatment had a significant effect on nodule investment (ANOVA: F7 = 

7.7, p < 0.001), where there was also a significant effect of planting block across treatments 

(ANOVA: F1 = 6.7, p < 0.05). Including the contaminated samples, nodule investment was 

still significantly higher in the Sf treatment (Figure 5). Similarly, Sf inoculation resulted in a 

significantly reduced growth response compared to all other inoculated treatments (ANOVA: 

F7 = 9.3, p < 0.001), highlighting that plant replicates that contained S. fredii symbionts 

invested more into the symbiosis but received less growth benefit from it. Additionally, S. 

fredii inoculated plants that became cross contaminated with Bradyrhizobium symbionts 

(highlighted in red Figure 5) had a trend towards reduced nodule investment and these 

samples showed a more varied growth response to inoculation. 
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Figure 4. Symbiosis traits, nodule biomass, nodule numbers and nodule investment under 

different inoculation treatments. Different letters denote statistical significance from Tukey 

post- hoc tests (p < 0.05). 
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Figure 5. Nodule investment and growth response to inoculation under different inoculation 

treatments for the full dataset. Grey points = replicates that were not cross contaminated, 

red = cross- contaminated, black = mean, error bars = standard error (n = 6). Different letters 

denote statistical significance from Tukey post- hoc tests (p < 0.05). 

 

3.5 Discussion  

 

This experiment was conducted to investigate the impacts of inoculating multiple compatible 

rhizobia species on soybean plant biomass traits. In Chapter 2, a decrease in soybean seed 

biomass was observed when S. fredii was inoculated into soil already containing compatible 

Bradyrhizobium species. One potential reason for this could be that competition between 

rhizobia strains may be impacting the benefits received by host plants (Rahman et al., 2023). 

Therefore, this experiment looked to identify whether reduced plant benefits could be 

attributed to competition between symbionts or whether it’s due to symbiont performance 

and occurrence within nodules. In contrast to the hypothesis, the multi-species treatment (Sf 

https://www.zotero.org/google-docs/?Q5vQCL
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x Bd_GW50 x Bj) yielded consistently high plant productivity, similar to other inoculation 

treatments apart from Sf. The results suggest that the symbiont S. fredii induces a much 

higher investment in the symbiosis, for a lower return in plant biomass for the early maturing 

soybean cv. ESG152 in this sterile pot environment. When provided with multiple compatible 

symbionts, including S. fredii and Bradyrhizobium species, host plant nodules were occupied 

by Bradyrhizobium symbionts over S. fredii, resulting in significantly larger total plant 

biomass and reduced investment to nodulation compared to S. fredii alone treatment. 

 

Recent research has found competition between compatible rhizobia can impact the 

benefits received by a host legume, with competition between highly beneficial rhizobia 

strains reducing plant benefits the most (Rahman et al., 2023). Rahman et al., (2023) 

compared single strain and pairwise inoculant combinations of Bradyrhizobium symbionts 

with varying N2 fixation capability, on Acmispon strigosus biomass, finding co-inoculated 

plants received less growth benefits in comparison to single strain inoculations. In all 

instances where highly efficient N2 fixers were competing against lower quality partners, the 

high quality symbionts dominated nodule occupancies, which is reflected in this study where 

Bradyrhizobium symbionts largely outcompeted S. fredii in the Sf x Bd_50 x Bj treatment. 

Effective host sanctions may also play a role here, limiting the amount of carbon to less 

efficient nodules, reducing their occurrence and thus population growth within nodules (Kiers 

et al., 2003; Westhoek et al., 2021, 2017). In addition, the cross- contamination in the Sf 

treatment is interesting, because despite being inoculated at high population densities with 

S. fredii, when given the opportunity, plants were colonised by Bradyrhizobium symbionts 

over S. fredii. Sinorhizobium occupation of the two replicates that remained uncontaminated 

in the Sf treatment supports the previous finding that legume hosts will tolerate intermediate 

fixing strains if no better strains are available (Westhoek et al., 2021). However, contrary to 

the results found in this experiment, Rahman et al (2023) also find a greater reduction in 

host benefits when the most efficient strains are co-inoculated and had reduced nodule 

numbers, potentially attributing this to competitive interference amongst strains, due to their 

https://www.zotero.org/google-docs/?sNI2iS
https://www.zotero.org/google-docs/?3vKjk8
https://www.zotero.org/google-docs/?3vKjk8
https://www.zotero.org/google-docs/?0Re5CS
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reduced growth when co-inoculated in liquid media. It is important to note, in this soybean- 

rhizobia study system, a decrease in nodule number and biomass was actually indicative of 

improved biomass traits, further highlighting how rhizobia and plant host fitness traits are 

often not aligned (Burghardt et al., 2018; Burghardt and diCenzo, 2023).  

 

In this study, single and multi-strain inoculation treatments containing Bradyrhizobium 

species yielded similar growth responses. The single inoculation treatments Bd_GW50 (B. 

diazoefficiens SEMIA 5080) and Bj (B. japonicum SEMIA 5079) yielded similar plant 

biomass to each other, to their combined treatment Bd_GW50 x Bj and even to the Sf x 

Bd_GW50 x Bj treatment, suggesting that they may be able to compensate for the presence 

of lower quality partners to some extent. This is consistent with results in clover, whereby the 

performance of a diverse intra-specific R. leguminosarum inoculum was best predicted by 

the yield benefits provided by the best performing member of that inoculum (Fields et al., 

2021). The multi-strain treatment Bd_GW50 x Bj simulates the widely employed inoculation 

strategy for soybean (B. diazoefficiens SEMIA 5080 and B. japonicum SEMIA 5079). SEMIA 

5080 and SEMIA 5079 co-inoculation is used due the reported higher N2 fixation of SEMIA 

5080, but higher competitive nodulation of SEMIA 5079 (Siqueira et al., 2014), which is 

indeed reflected in the nodule occupancy data where B. japonicum occurrence is 1.6 times 

that of B. diazoefficiens in the Bd_GW50 x Bj treatment. However, plant biomass data in this 

experiment shows no significant differences between the two single inoculation treatments 

Bd_GW50 and Bj, potentially suggesting that translation into plant biomass benefits may be 

evenly matched.The Bd_R19 x Bj treatment was the only treatment where we observed 

equal symbiont proportions as expected by chance, suggesting that the B. diazoefficiens 

strain isolated in Scotland, Bd_R1-9, may be able to match the B. japonicum strain for 

nodule occupancy in this relatively simple environment, although this treatment lead to more 

variable impacts on plant biomass.  

 

https://www.zotero.org/google-docs/?6KjEpO
https://www.zotero.org/google-docs/?FiS0yj
https://www.zotero.org/google-docs/?FiS0yj
https://www.zotero.org/google-docs/?bKawP1
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This experiment was conducted in a sterilised sand and vermiculite potting mixture, 

where the complexity of the soil microbial community and by extension other ecological 

interactions within the microbial community were removed. However, it is known that other, 

non- rhizobial members of microbial communities can impact the growth and success of 

rhizobial symbionts in the rhizosphere. For example, Bacillus cereus isolates from saline- 

alkaline soil promoted S. fredii CCBAU45436 but inhibited B. diazoefficiens USDA110 during 

soybean symbiosis (Han et al., 2020). Non-rhizobial endophytes within legume nodules have 

been found to increase with time and in the Medicago sativa - Sinorhizobium meliloti 

symbiosis, NREs were found to produce antimicrobials that inhibited the growth of the 

rhizobial symbiont (Hansen et al., 2020). Thus, a combination of edaphic factors, biotic 

interactions both between compatible rhizobia and within the wider microbial community can 

lead to different outcomes for plant productivity.  

 

3.6 Conclusion  

 

Competition between rhizobial symbionts can influence the plant benefits received from the 

symbiosis. However, in this experiment, S. fredii induced a larger investment into the 

symbiosis for lower plant biomass and the multi-species inoculated treatments resulted in 

increased plant yields. This was due to a higher colonisation by Bradyrhizobium symbionts 

that dominated nodule occupancy in co-inoculated treatments. However, the harvest index of 

S. fredii inoculated plants is similar to Bradyrhizobium inoculated plants, indicating that the 

same proportion of plant resources are allocated into seed biomass. As many inoculation 

studies only assess early plant vegetative growth, this highlights the importance of growing 

inoculated plants to seed production in order to observe effects on this agronomically 

important trait. Many new methods have aimed at quantifying both N2 fixation and 

competitiveness for nodulation simultaneously in environmental contexts (Burghardt et al., 

2018; Mendoza-Suárez et al., 2020). If such technologies can be deployed in an agricultural 

setting, they will be a useful tool in the development of tailored inoculants.  

https://www.zotero.org/google-docs/?nvYbTC
https://www.zotero.org/google-docs/?2omZUz
https://www.zotero.org/google-docs/?SlQnB6
https://www.zotero.org/google-docs/?SlQnB6
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Chapter 4: Assessing beneficial plant growth promoting 

rhizobacteria in combination with Bradyrhizobium for temperate 

soybean performance 

 

4.1 Abstract  

 

The use of microbial inoculants in agriculture is expected to increase as the demand for 

more sustainable agricultural practices grows. Applying nitrogen-fixing symbionts, known as 

rhizobia, to legume crops is a well-known practice for supplying biologically fixed nitrogen in 

place of fertilisation. The benefits of co-inoculating other plant growth-promoting 

rhizobacteria (PGPR) with compatible rhizobial symbionts has been shown to improve plant 

biomass and other plant physiological characteristics. Soybean (Glycine Max L. Merr) is a 

recently introduced crop to the UK, yet there is little research investigating the effects of 

rhizobia and PGPR co-inoculation on temperate adapted varieties. In this study, the effects 

of co-inoculating a panel of PGPR with rhizobia were assessed for a temperate soybean 

cultivar widely grown in the UK, with plant biomass and nitrogen contents analysed. In a 

sterile pot experiment, Bradyrhizobium symbionts were either inoculated separately or co-

inoculated pairwise with PGPR strains Azospirillum brasiliense Cd, Rhizobium laguerreae 

PEPV16, Bacillus amyloliquefaciens PW1, and Agrobacterium pusense IRBG74, or with a 

consortia. Uninoculated plants and the PGPR consortia without Bradyrhizobium served as 

controls. Bradyrhizobium + R. laguerreae PEPV16 and the Bradyrhizobium + PGPR 

consortia significantly increased soybean nitrogen accumulation by 24.7% and 24.3%, 

respectively, compared to the Bradyrhizobium alone treatment. There were no detrimental 

effects of any of the PGPR co-inoculants on biomass traits, although there were significant 

differences between inoculation treatments and a trend towards improved plant traits in the 

Bradyrhizobium + R. laguerreae PEPV16, Bradyrhizobium + A. brasiliense Cd, and 

Bradyrhizobium + PGPR consortia treatments. This work increases our understanding of 
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soybean plant-microbial interactions and provides a basis for further tailoring of potential 

soybean inoculant products. 

 

4.2 Introduction  

 

The agricultural inoculant industry is predicted to increase in value by 0.6 billion USD from 

2022 to 2027 (MarketsandMarkets, 2023). A contributing factor to this growth includes 

increasing concerns over the detrimental effects of the overuse of chemical fertilisers and 

pesticides on the environment (Gu et al., 2023). Applying microorganisms that promote plant 

growth to agricultural systems can provide crops with essential nutrients (Sammauria et al., 

2020). Inoculating legumes with symbiotic N2 fixing bacteria, collectively known as rhizobia, 

has been an agricultural practice for over 100 years (Herridge, 2008; Kaminsky et al., 2019; 

Santos et al., 2019). Soybean is one of the most inoculated crops worldwide, with Brazil 

leading production of soybean rhizobial inoculants with approximately 36.5 million hectares 

inoculated annually (Santos et al., 2019). Rigorous rhizobia strain isolation programmes, 

matching strains with crop genotypes and improved legislation surrounding inoculant 

products has resulted in elite inoculant strains suitable to the local soil conditions and 

cultivars (Alves et al., 2003; Hungria and Mendes, 2015; Siqueira et al., 2014). However, 

soybean growth and inoculation is in its infancy in Northern Europe and particularly the UK, 

with heavy reliance on the same elite inoculant strains that have been selected for biological 

nitrogen fixation (BNF) efficiency in South America. Soybean cultivation is on a relatively 

small scale in the UK, with roughly 8000 acres grown in 2019 confined to warmer regions 

below the Vale of York (Soya UK, 2019), but there is potential for increased production due 

to novel early harvesting soybean varieties emerging and a warming climate expanding the 

range where varieties can be grown (Coleman et al., 2021). Therefore, improving inoculant 

efficiency and increasing the success of the introduced inoculant strains with early 

harvesting varieties is a priority for the improved use of inoculant technology and soybean 

production in the UK.  

https://www.zotero.org/google-docs/?JOa8yw
https://www.zotero.org/google-docs/?1sDyu9
https://www.zotero.org/google-docs/?NDeIYh
https://www.zotero.org/google-docs/?NDeIYh
https://www.zotero.org/google-docs/?9NionR
https://www.zotero.org/google-docs/?9NionR
https://www.zotero.org/google-docs/?kuh1i1
https://www.zotero.org/google-docs/?gdGLwb
https://www.zotero.org/google-docs/?jrfrRQ
https://www.zotero.org/google-docs/?z8etn3
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 Inoculating legumes with beneficial plant growth promoting rhizobacteria (PGPR) 

alongside a compatible rhizobia symbiont can boost plant growth (Bai et al., 2003; Barbosa 

et al., 2021; Zeffa et al., 2020). The aim of co-inoculation is to enhance the BNF capacity of 

the symbiosis, either by increasing inoculant competitiveness in the rhizosphere, or by 

providing indirect benefits to the plant, such as essential nutrient acquisition or growth 

stimulation by phytohormone production. There are several PGPR that have been found to 

have a positive impact on soybean yield. For example, co-inoculation of Bradyrhizobium 

japonicum with Bacillus amyloliquefaciens LL2012 increased soybean nodule numbers 

synergistically, with B. amyloliquefaciens LL2012 found to produce significant levels of 

phytohormones involved in plant growth and defence (Masciarelli et al., 2014; Sabaté et al., 

2017; Tiwari et al., 2017). Similarly, other Bacillus species have been found to enhance 

nodulation and plant yields in field conditions (Bai et al., 2003). Azospirillum brasilense is a 

free-living diazotroph that is already widely employed as a co-inoculant with Bradyrhizobium 

species in Brazil (Barbosa et al., 2021; Hungria et al., 2013; Moretti et al., 2020; Santos, 

2021). Azospirillum brasilense can produce and secrete phytohormones, such as auxins, 

into the rhizosphere, which can stimulate plant root growth (Fukami et al., 2018; Santos, 

2021). Increasing root surface area can also enhance the opportunity and interaction with 

nodulating bacteria (Chibeba et al., 2015; Rondina et al., 2020; Santos, 2021). When A. 

brasilense strains Ab-V5 and Ab-V6 were co-inoculated with Bradyrhizobium sp. significant 

changes in root morphology resulted in significantly higher nodule numbers (Rondina et al., 

2020). Other rhizobia species have been found to possess PGPR qualities when inoculated 

onto a range of crops, not just their legume host species. For example, Rhizobium laguerre 

strain PEP16V originally isolated from Phaseolus vulgaris has been found to improve vitamin 

contents in strawberry (Flores-Félix et al., 2018) and increase lettuce and carrot plant 

biomass (Flores-Félix et al., 2021). Additionally Agrobacterium (syn. Rhizobium) pusense 

strain IRBG74, a rhizobial symbiont of the aquatic legume Sesbania sp. (Cummings et al., 

2009) has been found to promote rice (Biswas et al., 2000; Crook et al., 2013; Mitra et al., 

https://www.zotero.org/google-docs/?cunvH1
https://www.zotero.org/google-docs/?cunvH1
https://www.zotero.org/google-docs/?JVxC1f
https://www.zotero.org/google-docs/?JVxC1f
https://www.zotero.org/google-docs/?i76uSM
https://www.zotero.org/google-docs/?WfpskT
https://www.zotero.org/google-docs/?WfpskT
https://www.zotero.org/google-docs/?qlmH2y
https://www.zotero.org/google-docs/?qlmH2y
https://www.zotero.org/google-docs/?JxTFvn
https://www.zotero.org/google-docs/?5Q4kxH
https://www.zotero.org/google-docs/?5Q4kxH
https://www.zotero.org/google-docs/?Jc1q5H
https://www.zotero.org/google-docs/?DgAPkJ
https://www.zotero.org/google-docs/?qruCbt
https://www.zotero.org/google-docs/?qruCbt
https://www.zotero.org/google-docs/?1xH8Td
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2016) and mung bean growth (Chaudhary et al., 2021). These results suggest that 

inoculating a combined, diverse consortia of PGPRs with compatible rhizobia may result in 

greater plant yields than rhizobial inoculation alone.   

 

In recent years the concept of inoculating crops with a diverse bacterial consortia has 

become more popular than single species/ strain inoculations. The soil microbial community 

is one of the most diverse microbiomes on earth and a decline in soil bacterial diversity has 

been found to decrease plant productivity (Chen et al., 2020). Introducing a consortia of 

diverse bacteria with complementary functions can enhance multiple beneficial functions 

simultaneously in the microbiome, for example improving BNF, phosphate solubilisation, 

siderophore production, and mitigation of biotic and abiotic stressors (Xavier et al., 2023). 

Alternatively, inoculating diverse consortia with redundant functions can also increase the 

chances that at least one of the strains capable of key functions will survive in the complex 

soil microbiome, and hence avoid competitive exclusion (Fields et al., 2021; Hu et al., 2016; 

Kaminsky et al., 2019). Although it is extremely hard to predict how diverse inocula would 

function across a range of environments, for legume inoculant production it is crucial at the 

inoculant development stage to assess whether additional PGPR strains are compatible with 

the rhizobial symbiont and do not antagonise the symbiosis. Here, a range of PGPR and 

their impact on soybean plant growth traits when co-inoculated with Bradyrhizobium species 

was assessed in a greenhouse pot experiment. Hypotheses include; that no detrimental 

effects of co-inoculation on soybean plant biomass traits will be observed and potentially an 

improvement in soybean plant biomass traits, particularly in the Bradyrhizobium + 

Azospirillum co-inoculation treatment is expected.  

 

4.3 Methods 

 

Rhizobia and PGPR strains 

https://www.zotero.org/google-docs/?1xH8Td
https://www.zotero.org/google-docs/?gO9FXB
https://www.zotero.org/google-docs/?rlAtFm
https://www.zotero.org/google-docs/?S8p8B4
https://www.zotero.org/google-docs/?M37Ad3
https://www.zotero.org/google-docs/?M37Ad3
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Two Bradyrhizobium species were used in combination: Bradyrhizobium diazoefficiens 

(GW50) and Bradyrhizobium japonicum (GW140). These strains are natural variants of B. 

diazoefficiens SEMIA 5080 and B. japonicum SEMIA 5079 that were isolated from UK soils 

following a soybean cropping season (isolation described in Chapter 2). A dual 

Bradyrhizobium inoculation strategy is currently a widespread inoculation strategy for 

soybean in the UK (Legume Technology Ltd.). PGPR strains included; Azospirillum 

brasiliense Cd, Rhizobium laguerreae PEPV16, Bacillus amyloliquefaciens PW1 and 

Agrobacterium (previously Rhizobium) pusense IRBG74 due to their previously ascribed 

PGPR qualities (Table 1) and were supplied by PlantWorks UK. Bradyrhizobium strains were 

streaked out from glycerol stocks and incubated for 5 days on yeast mannitol (YM) agar 

plates (Table S1) at 28°C, single colonies were inoculated in 100 mL of YM broth and grown 

in a shaker-incubator 180 rpm at 28°C for 5 days. PGPR strains were cultured on nitrogen- 

free agar (NFa) plates (Table S1) and single colonies inoculated into 100 mL tryptone yeast 

broth in a shaker-incubator 180 rpm at 28°C for 3 days. Strains were standardised to 108 

colony forming units (CFU) mL-1 and resuspended in phosphate buffer saline (PBS)  for 

inoculation.  
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Experiment design and set-up 

Eight treatments were established to assess beneficial combinations of PGPRs with 

Bradyrhizobium strains. Treatments included: no bacteria controls (sterile PBS), 

Bradyrhizobium inoculation (GW50 + GW140), Bradyrhizobium + Agrobacterium IRBG74, 

Bradyrhizobium + Rhizobium PEPV16, Bradyrhizobium + Azospirillum brasilense, 

Bradyrhizobium + Bacillus amyloliquefaciens, Bradyrhizobium + consortia of PGPR and the 

PGPR consortia without Bradyrhizobium. The uninoculated controls had 20 replicates whilst 

the bacteria treatments each had 10 plant replicates, resulting in a total of 90 pots. Soybean 

seeds of the early harvesting variety Siverka, currently the most widely grown soybean 

variety in the UK, were provided by Soya UK. Seeds were sterilised by shaking in 70% EtoH 

for 1 minute followed by 25 min shaking in 10% household bleach, washed 6 times with 

sterile dH2O and germinated on 0.5% agar plates for 3 days at 25°C. Seedlings were planted 

into a twice-autoclaved mixture of sand and vermiculite (4:1) and inoculated with 1 mL of 

inoculant, which was prepared with equal volume mixtures of each strain (108 CFU mL-1). 

The experiment was split into two blocks with half the replicates planted on day 1 and the 

other half planted on day 4, each block was harvested at 8 weeks. Plants were grown in 

sterilised clear polythene bags to prevent cross contamination and supplied weekly with 20 

mL of a N-free nutrient solution CRS (Howieson and Dilworth, 2016), until week 5, and 40 

mL thereafter. At harvest, aboveground biomass was separated from below-ground 

biomass. Pods were counted and removed from aboveground parts; both were dried at 80°C 

for 48 hours. When dried, seeds were removed from pods and weighed separately. Nodules 

were counted, removed from plant roots, and dried separately to root biomass at 80°C for 48 

hours. For two replicates in the consortia treatment, 5 root nodules were sampled before 

drying and isolates extracted (see below). Aboveground biomass was pooled and ground for 

%N analysis on an isotope ratio mass spectrometer (ANCA GSL 20-20 Mass Spectrometer; 

Sercon Cheshire). 

 

Isolation and identification of nodule bacteria 

https://www.zotero.org/google-docs/?S1NOIN
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During the experiment two out of ten replicates of the consortia without Bradyrhizobium had 

visibly improved growth traits and were found to possess nodules at harvest. Therefore to 

check for the presence of Bradyrhizobium symbionts, nodule bacteria were isolated by 

sampling 5 root nodules per plant, sterilising (1 min in 70% EtOH, 3 mins 2.5% NaOCl, 6 

sterile dH2O washes) and crushing in 750µL of sterilised 10 mM MgSO4 and 0.01% tween 

solution (Howieson and Dilworth, 2016). Five µL of crushed nodule mixture and a 10-5 

dilution was streaked onto yeast mannitol agar plates (Howieson and Dilworth, 2016). Plates 

were left to grow at 28°C for 5 days, then different colony morphologies were repeatedly 

streaked until single isolates were obtained. Colony BOXPCR (Versalovic et al., 1994) was 

conducted to identify whether a Bradyrhizobium symbiont was present by comparison to the 

two inoculant reference BOXPCR patterns. DNA products were visualised on a 2% Agarose 

gel in Tris-borate-EDTA (TBE) buffer stained with SYBRsafe dye, run at 90V for 1 hour and 

50 minutes. Colonies were also screened for the presence of soya-specific Bradyrhizobium 

nodZ (BnodZ) to check for horizontal gene transfer of a symbiosis gene. To identify colonies 

that did not match reference strain BOXPCR patterns, the 16S rRNA region (Heuer et al., 

1997) was sequenced (Azenta, UK). Primers and PCR conditions can be found in Table S2, 

sequences were identified using NCBI blast (Altschul et al., 1990).  

 

Data analysis  

Aboveground N biomass accumulation (g) was calculated as follows:  

(%N / 100) x (shoot biomass + pod biomass). 

Values for mg N g-1 plant dry weight were calculated as follows: 

1. (%N / 100) x  mg of sample analysed = mg N dry weight  

2. (mg N dry weight / mass of sample analysed) x 1000 = mg N g-1 plant dry weight. 

Delta 15N values (‰) in this study were calculated using internal standards where absolute 

isotope ratios are measured for sample and standard (atmospheric air) and the relative 

measure of delta is calculated thus:  

 

https://www.zotero.org/google-docs/?0nuHlC
https://www.zotero.org/google-docs/?oeZKFv
https://www.zotero.org/google-docs/?FNnR3G
https://www.zotero.org/google-docs/?FNnR3G
https://www.zotero.org/google-docs/?3rVquf
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𝜹15N (‰) vs [std] = (Rsample - Rstd) / Rstd where R = (At%15N / At%14N).  

 

All data were analysed on R (v 4.1.3) with R studio (R Studio Team, 2020). Linear 

models were constructed to test the effect of inoculation treatment and planting block on 

plant growth responses and assessed using the ‘Anova’ function from the car package (Fox 

and Weisberg, 2019), after checking data conformed to the assumptions of the test. ‘Anova’ 

in the car package performs a type II test ANOVA to test for all the variance associated with 

the first dependent variable (treatment) then all the variance associated with the next 

dependent variable (block) rather than assessing the variance sequentially. Harvest index is 

expressed as the percentage of biomass invested in seeds and was calculated as seed 

biomass / total biomass multiplied by 100. Root: shoot ratio was calculated as root biomass / 

shoot biomass. Contrasts between coefficients in the linear models (t and p- values) are 

reported to support specific treatment effects. Replicates that had potential cross-

contamination (2/10 in the consortia treatment) were removed from the analysis apart from 

where explicitly stated. Post-hoc tests using Tukey’s Honestly Significant Difference test 

were conducted to find significant differences between the treatments using the agricolae 

package (Felipe de Mendiburu and Muhammad Yaseen, 2020). Graphs were produced 

using ggplot2 (Wickham, 2016). A linear mixed effects model (LMM) was constructed  using 

the package lme4 (Bates et al., 2015), to assess the effect of N biomass and inoculation 

treatment on seed biomass, whilst accounting for planting block as a random effect. ‘Anova’ 

in the car package was used for treatment effect sizes and p-value generation of the LMM 

(Fox and Weisberg, 2019).  

 

 

 

 

 

https://www.zotero.org/google-docs/?YzbURN
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https://www.zotero.org/google-docs/?JsiCHK
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4.4 Results  

 

Inoculation impacts on plant biomass  

 

All Bradyrhizobium + PGPR treatments yielded statistically similar plant biomass traits to the 

Bradyrhizobium alone treatment, highlighting that there was no direct detrimental effect of 

using diverse inocula on soybean biomass traits in this controlled experiment (Figure 1). The 

uninoculated control and consortia only consistently yielded lower plant biomass traits 

(Figure 1). The exception to this was root biomass (Figure 1), where there was a significant 

effect of treatment (ANOVA, F7 = 14.26, p < 0.001) and the control and consortia treatments 

had significantly larger root biomass than all the treatments where Bradyrhizobium was 

included (t = 9.2, p < 0.001). There was a significant effect of treatment on shoot (ANOVA, 

F7 = 19.91, p < 0.001) and total plant biomass (ANOVA, F7 = 45.31, p < 0.001), where the 

Bradyrhizobium + PGPR consortia treatment yielded the overall largest shoot and total 

biomass, which was not significantly different from the B + Azospirillum, B + Rhizobium and 

Bradyrhizobium alone treatments (Figure 1). There was also a significant effect of 

inoculation treatment on seed biomass (ANOVA, F7 = 71.5, p < 0.001), where the B + 

Rhizobium treatment yielded the largest seed biomass, which was significantly larger than 

the B + Bacillus treatment, but not significantly different from the Bradyrhizobium alone, B + 

Azospirillum, B + Agrobacterium and B + consortia treatments (Figure 1). Harvest index also 

indicated that all inoculation treatments containing Bradyrhizobium invested significantly 

more biomass into seed production (Figure S1). There was a significant effect of planting 

block on all biomass traits except seed biomass, with pots planted in block 2 having higher 

plant biomass traits overall, which did not mask treatment effects. A different batch of sand 

was used to make up the block 2 pots, which may have varied in micronutrient elements.  
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Figure 1. Comparison of inoculation treatments on soybean A) shoot, B) total, C) root and D) seed 

biomass. Different letters denote Tukey post-hoc significance (p < 0.05) tests.   

 

Inoculation impacts on symbiotic traits 

 

No root nodules were present on control plants, however two out of ten replicates in the 

consortia alone treatment possessed nodules, these were removed from the analysis.  

PGPR inoculation treatment had no significant effect on nodule biomass and nodule 

numbers (Figure 2A). There is a trend towards higher nodule biomass in the B + consortia 

treatment compared to the Bradyrhizobium alone treatment, however there is a large amount 

of variation within this treatment. There was a significant positive relationship between 
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nodule biomass and total plant biomass (y = 0.80 + 22.53x, F1, 58 = 131.69, p < 0.0001) and 

also between nodule biomass and seed biomass (y = 0.33 + 5.45x, F1, 58 = 19.3, p < 0.0001), 

although there was no significant influence of inoculation treatment (Figure 2B).  

 

 

Figure 2. A) Comparison of inoculation treatments on symbiotic traits, nodule biomass and nodule 

number. There were no significant differences between inoculation treatments. B) Significant positive 

relationships between nodule biomass and total plant biomass and nodule biomass and seed 

biomass. 

 

Inoculation impacts on nitrogen content  

 

The aboveground nitrogen content of PGPR inoculated plants differed, with the B + 

consortia and B + Rhizobium treatment yielding the largest aboveground N biomass 

accumulation, which was significantly increased from the Bradyrhizobium alone and B + 
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Agrobacterium treatment (see Figure 3A and Table 2). When standardised by plant weight 

and expressed as mg N/ g-1 plant biomass, none of the PGPR treatments had statistically 

significant differences compared to the Bradyrhizobium alone treatment, but B + Bacillus and 

B + Rhizobium were significantly increased from the B + Agrobacterium treatment (Figure 

3B). All treatments containing Bradyrhizobium had significantly higher N biomass and mg N/ 

g-1 plant biomass than those without (Table 2, Figure 3). 

Measurements of the stable N isotopes within the plant tissue allowed quantification 

of 𝛿15N (‰). As the inoculated plants in this experiment have been grown in a system where 

most plant N (apart from seed and residual N) is derived from symbiotic N2 fixation, we 

expect a similar 𝛿15N value to its N source, the atmosphere (0‰) (Unkovich et al., 2008). All 

treatments inoculated with N2 fixing Bradyrhizobium had significantly lower 𝛿15N (‰) values 

than the control and consortia treatments, ranging from -0.68 in the Bradyrhizobium 

treatment to -0.92 in the B + consortia treatment (Figure 3C and Table 2). There is increased 

mg N/ g-1 plant with lower 𝛿15N values (Figure 3D), highlighting how plants that acquired N 

from the atmosphere yielded larger mg N/ g-1 plant weight.  

There are some emerging trends from the panel of PGPR assessed in this study 

which could help fine-tune inoculum formulas going forwards. For example, when assessing 

the influence of aboveground N accumulation and inoculation treatment on an agronomically 

important trait like seed biomass, the B + consortia, B + Rhizobium and B + Azospirillum 

treatments yielded the largest N accumulation and seed biomass compared to the other 

treatments (Figure 4).  When assessed using a linear mixed effects model with planting 

block as a random effect, there was a significant effect of N accumulation (ANOVA type II; 𝛘2 

= 66.6, d.f. = 1, p < 0.0001), and inoculation treatment (ANOVA type II; 𝛘2 = 30.4, d.f. = 7, p 

< 0.0001) on seed biomass, with no significant interaction. 

 

https://www.zotero.org/google-docs/?xsEd18
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Figure 3. Plant N traits under different inoculation treatments. A) Average aboveground nitrogen plant 

biomass, B) Average mg N/ g-1 plant dry weight, C) Average 𝛿15N (‰) under different inoculation 

treatments. Black dots represent means, error bars represent standard errors and coloured dots 

represent individual replicates within treatments. Different letters denote Tukey post-hoc significance 

(p < 0.05) tests. D) Scatterplot of mg N/ plant dry weight and 𝛿15N (‰) values coloured by different 

inoculation treatments.  

 

 

Table 2. Soybean nitrogen traits under different inoculation treatments. Averages for controls (n = 20) 

and inoculation treatments (n = 10), ± standard errors. Different letters denote Tukey post-hoc 

significance (p< 0.05) tests.  ANOVA type two statistics for each trait listed below.  
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Average Soybean (Siverka) N contents 

Treatment Aboveground N 
accumulation (g) 

mg N / g-1 plant 
dry weight 

𝜹15N (‰) 

Control 0.008076 ± 0.0008 
d 

10.6125 ± 0.56 
c 

4.78635 ± 0.92 
a 

Consortia 0.007645 ± 0.0008 
d 

9.7375 ± 0.72 
c 

4.884875 ± 0.94 
a 

Bradyrhizobium 
(GW140 / SEMIA 5079 + 
GW50 / SEMIA 5080) 

0.054874 ± 0.0036 
bc 

29.017 ± 1.43 
ab 

-0.676 ± 0.22 
b 

B + Azospirillum 0.064845 ± 0.0024 
ab 

31.177 ± 0.90 
ab 

-0.8938 ± 0.22 
b 

B + Agrobacterium 0.04822 ± 0.0035 
c 

26.482 ± 1.57 
b 

-0.7818 ± 0.40 
b 

B + Bacillus 0.059378 ± 0.0033 
abc 

33.084 ± 1.43 
a 

-0.8321 ± 0.16 
b 

B + Rhizobium 0.068424 ± 0.0044 
a 

32.515 ± 1.13 
a 

-0.7374 ± 0.25 
b 

B + Consortia 0.068183 ± 0.0033 
a 

31.08 ± 0.82 
ab 

-0.9219 ± 0.26 
b 

ANOVA type II tests 
   

Treatment 
(d.f. = 7) 

F = 102.4 
p < 0.0001 

F = 94.5 
p < 0.0001 

F = 16.7 
p < 0.0001 

Block 
(d.f. = 1) 

F = 7.84 
p < 0.01 

F = 1.72 
p = 0.2 

F = 3.02 
p = 0.08 
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Figure 4. Average aboveground N biomass versus average seed biomass. Colour = Inoculation 

treatments. Errorbars are standard errors.  

 

Evidence for co-infection  

 

During the experiment two out of ten replicates treated with PGPR consortia without 

Bradyrhizobium treatment turned green after 6 weeks, while the other plants in this treatment 

were visibly nitrogen deficient (i.e. yellow); these two replicates were found to have root 

nodules at harvest. Five nodules from each plant were harvested, sterilised, and crushed to 

extract the nodule bacteria to assess whether Bradyrhizobium species were present. The 

highly competitive Bradyrhizobium japonicum (GW140) strain was present in the nodules of 

both plants, suggesting this symbiont was responsible for the nodule formation (Figure S2). 

Two non- Bradyrhizobium colonies were isolated from the nodule extracts (highlighted in red 

and blue in Figure S3A). Sequencing of the 16S rRNA gene region followed by BLAST of the 

resulting sequences putatively identified a Microbacterium hydrocarbonoxydans species 

(found only in replicate 9; blue) and Rhizobium pusense IRBG74 (Agrobacterium) isolate 
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which was found in the nodules of both replicates (red; Table S3). The Bradyrhizobium nodZ 

PCR proved positive only for the B. japonicum isolates (Figure 3B). 

 

4.5 Discussion  

 

Here, a panel of PGPR and their effect as co-inoculants with soya-nodulating 

Bradyrhizobium strains on a temperate-adapted soybean cultivar was investigated. As 

expected, the uninoculated controls and the PGPR consortia without Bradyrhizobium yielded 

the lowest plant biomass and N contents. With the exception of two plants, the control and 

consortia plants appeared nitrogen deficient (yellow), and the increased root biomass, root: 

shoot ratio and low harvest index highlights how these plants invested more in the roots to 

try and access more nutrients. In contrast, the supply of fixed N through the nodules of the 

Bradyrhizobium-inoculated treatments meant they could invest around 30% of their fixed 

carbon biomass to seed production (refer to Figure S1). None of the tested PGPR 

significantly decreased yields or plant N contents compared to the standard Bradyrhizobium 

alone treatment, suggesting the potential for all to be used as co-inoculants. However, for 

aboveground N biomass, the B + Rhizobium and B + consortia treatments gave significantly 

higher aboveground biomass N accumulation than the Bradyrhizobium alone treatment, with 

average increases of 24.7% and 24.3%, respectively. When standardising for plant weight 

using mg N/ g-1 dry weight, significant differences are no longer observed, suggesting that 

the higher aboveground biomass in the B + Rhizobium and B + consortia treatments is 

driving this effect, rather than N content. Additionally, there is a trend towards higher seed 

biomass and aboveground N biomass accumulation in the B + Azospirillum, B + Rhizobium 

and B + consortia treatments.  

 

This study provides the first evidence of a beneficial association between Rhizobium 

laguerreae strain PEPV16 (previously R. leguminosarum) and Bradyrhizobium species for 

soybean inoculation. R. laguerreae PEPV16 has been shown to be a beneficial PGPR strain 
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for other non-legume crops such as strawberry (Flores-Félix et al., 2018), carrot and lettuce 

(Flores-Félix et al., 2021), in addition to its role as a rhizobial symbiont for common bean and 

lentils (Flores-Félix et al., 2019; Taha et al., 2022). Plants in the B + Rhizobium treatment 

had significantly larger aboveground N biomass accumulation than the Bradyrhizobium 

alone treatment, suggesting synergistic increases in plant performance with co-inoculation. 

Additionally, B + Rhizobium plants also had a trend towards larger biomass traits, including 

the largest seed biomass which was a significant increase of 27.7% compared to the B + 

Bacillus treatment. PEPV16 has been shown to harbour multiple genes associated with 

phosphorus solubilisation and many other genes involved in plant colonisation (Flores-Félix 

et al., 2021), and has been found to increase certain organic acids in strawberries (Flores-

Félix et al., 2015). However, the mode of action of its PGPR capabilities with Bradyrhizobium 

species on soybean are yet to be determined. Similarly, the B + consortia treatment yielded 

significantly larger aboveground N accumulation compared to the Bradyrhizobium alone 

treatment and trended towards larger biomass traits. This could be the result of the 

beneficial Bradyrhizobium- R. laguerreae interaction in the consortia, for example diverse 

rhizobia inoculum performance can be predicted by the best performing individuals within a 

consortia (Fields et al., 2021). However, it could also be due to subtle, additive effects of 

PGPR in the consortia. These results look promising for testing the capacity of the diverse 

consortia under field conditions, where there may be more benefits in a complex 

environment.  

 

No significant improvements in plant biomass or nitrogen content were observed 

when Bradyrhizobium + Azospirillum strains were co-inoculated in comparison to the 

Bradyrhizobium alone treatment, but there were trends towards improved traits (refer to 

Figure 4). Previous research suggests co-inoculation of Azospirillum and Bradyrhizobium 

species significantly improves soybean yields, and their co-inoculation is currently a 

widespread strategy used for soybean inoculation, particularly in South America (Chibeba et 

al., 2015; Hungria et al., 2013; Santos, 2021). A meta- analysis revealed that co-inoculation 

https://www.zotero.org/google-docs/?lUXeMi
https://www.zotero.org/google-docs/?rThWF8
https://www.zotero.org/google-docs/?Qf7piT
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https://www.zotero.org/google-docs/?zHiZqN
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https://www.zotero.org/google-docs/?1W0ciQ
https://www.zotero.org/google-docs/?Rlt9gk
https://www.zotero.org/google-docs/?Rlt9gk
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of Bradyrhizobium with Azospirillum in Brazilian field conditions primarily increases root 

growth and nodulation, which are the main factors leading to increased soybean grain N 

content and yields (Barbosa et al., 2021). Additionally, higher efficiency of co-inoculation is 

observed when Azospirillum is co-inoculated with B. japonicum and B. diazoefficiens 

species, rather than with B. japonicum and B. elkanii or just B. japonicum alone (Barbosa et 

al., 2021), which might be linked to the higher N2 fixation capacity of the elite B. 

diazoefficiens inoculant strains (Siqueira et al., 2014). Azospirillum species are broad-acting 

PGPR which are beneficial for a range of agronomically relevant crops (Pereg et al., 2016). 

They have been reported to possess multiple PGPR traits including free living N2 fixation, 

phosphorus solubilisation (Turan et al., 2012), phytohormone production (Perrig et al., 2007) 

and bio-control of plant pathogens (Pérez-Montaño et al., 2014). However, as with many 

PGPR interactions these can vary with bacteria strain, plant cultivar, soil environment, and 

climatic conditions (Fukami et al., 2018). The benefits of co-inoculation with Azospirillum 

may improve in more complex conditions where there is a diversity of nutrients and 

interacting microbial species. For example, inoculation of maize (Zea mays L.) with A. 

lipoferum CRT1 increased the diazotrophic community size in soils which enhanced plant 

yields but was site-specific (Renoud et al., 2022). Therefore, plants may receive indirect 

benefits from inoculant strains co-assembling beneficial microbiomes, thus experiencing an 

accumulation of multiple beneficial traits (Cassán et al., 2020). Considerably less research 

has investigated the effect of Bradyrhizobium and Azospirillum co-inoculation of soybean in 

temperate regions. In a midwestern US study assessing 25 field trials, no field showed a 

significant difference between Bradyrhizobium inoculation alone and co-inoculation with 

Azospirillum (de Borja Reis et al., 2022). More research into Bradyrhizobium and 

Azospirillum co-inoculation for soybean in temperate regions is needed, particularly where 

their inoculation and introduction is relatively new, like the UK, as the beneficial traits 

observed in the tropics may not be replicated in different climatic conditions.  
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An interesting result was the occurrence of the Agrobacterium pusense strain in the 

nodules of two plant replicates of the consortia treatment that had become cross-

contaminated with Bradyrhizobium symbionts. As A. pusense was present in the consortia 

inoculant, this may highlight the potential for this strain to co-infect and populate nodules 

when a compatible soybean rhizobium is present, as other rhizobia strains have been found 

to do (Gano-Cohen et al., 2016; Zgadzaj et al., 2015). On the other hand the Microbacterium 

strain that was isolated from only one plant replicate may be an opportunistic nodule 

coloniser (Mayhood and Mirza, 2021) that survived the autoclaving of growth material, or it 

was introduced under the non-sterile greenhouse conditions. 

 

4.6 Conclusion 

 

This study assessed a panel of known PGPR strains in combination with Bradyrhizobium 

inoculants for a temperate adapted soybean cultivar. Across the PGPR panel, consisting of 

Azospirillum brasiliense Cd, Rhizobium laguerreae PEPV16, Bacillus amyloliquefaciens 

PW1 and Agrobacterium pusense IRBG74, none significantly decreased plant biomass traits 

or plant N accumulation when compared to Bradyrhizobium inoculation alone. Additionally, 

co- inoculation of Bradyrhizobium spp. with R. laguerreae PEPV16 and the whole consortia 

yielded the largest aboveground nitrogen biomass accumulation, suggesting beneficial 

PGPR attributes in this pot experiment. Future work should focus on assessing this diverse 

consortia in an ecologically relevant context, such as in live soil or field conditions. The 𝛿15N 

values produced in this study could be used for ‘B’ values for the early harvesting soybean 

cultivar Siverka, as these were grown in N- free conditions and inoculated with highly similar 

variants of SEMIA 5080 and SEMIA 5079, one of the most widely employed strategies 

across the UK. This would be valuable for quantifying how much N in field-grown soybeans 

is derived from the atmosphere and thus the symbiosis (Unkovich et al., 2008). Research 

presented here increases our understanding of rhizobia- PGPR interactions and may be 

useful for the formulation of soybean inoculant products.  
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Figure S1. Root:shoot ratio and Harvest index (%) across treatments. Different letters denote Tukey 

post-hoc significance (p< 0.05) tests. Inoculation treatment had a significant impact on root: shoot 

ratios (ANOVA: F7 = 59.8, p < 0.001), where overall block 2 root:shoot ratios were higher (ANOVA: F1 

= 14.8, p< 0.01). There was a significant impact of inoculation treatment (ANOVA: F7 = 82.3, p < 

0.001) on harvest index, where Bradyrhizobium inoculated treatments were higher. 
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Figure S2. Gel images of A) BOXPCR profiles of nodule bacteria extracted from replicates 9 and 10 

of the consortia alone treatment (labelled C-B 9 or C-B 10). Highlighted in green are BOXPCR profiles 

that match the GW140 BOXPCR. Highlighted in red and blue are other colonies that formed from the 

nodule isolates and 16S sequencing suggests they are Agrobacterium and Microbacterium isolates, 

respectively. B) PCR test for the presence of Bradyrhizobium nodZ, only colonies that proved to be B. 

japonicum were positive (highlighted in green).  
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Chapter 5: Parallel molecular evolution of novel rhizobia inoculants 

following one soybean growing season 

 

5.1 Abstract  

 

Bacteria used as inoculant strains are subjected to a range of environments, of which they 

may be poorly adapted to. This can result in evolution of the introduced inoculant strains, 

which can impact the desired functional trait. Rhizobia - N2-fixing symbionts of legumes - are 

inoculated alongside compatible hosts when introduced to a new range to establish 

biological nitrogen fixation, such as for the productive growth of soybean in the UK. Here, the 

potential for rhizobia inoculant evolution during the first season of soybean growth and 

inoculation in an agricultural setting was assessed. Field grown soybeans were sampled 

during the early pod fill growth stage and used to calculate %Ndfa, nodule communities were 

subject to shotgun sequencing. Population data was mapped to inoculant genomes 

(Bradyrhizobium japonicum SEMIA 5079 and Bradyrhizobium diazoefficiens SEMIA 5080) to 

predict mutation frequencies. Surrounding rhizosphere bacteria and Alphaproteobacteria 

communities were assessed via amplicon sequencing. Results revealed that inoculant 

strains were rare in the rhizosphere, but highly dominant within nodule communities, where 

variants were detected. Surprisingly, 47% - 57% of polymorphic variation was discovered at 

multiple field sites, suggesting that these mutations arose early, potentially during the 

inoculant production process. There were also mutations that were unique to field sites, 

suggesting post- introduction, site-specific selection pressures. Notably, mutations occurred 

in genes involved in transport and metabolism, with only one mutation evident in the 

symbiosis region for one for the inoculant strains (B. diazoefficiens SEMIA 5080). Research 

presented here furthers our understanding of inoculant evolution and the impact of 

introducing non-native rhizobia to novel environments.  
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5.2 Introduction  

 

Bioinoculants are considered a more sustainable route to providing crops with essential 

nutrients than inorganic fertilisers (Sammauria et al., 2020), yet introducing biological entities 

to an environment can lead to unpredictable outcomes (Jack et al., 2021). Bacteria are used 

in a wide variety of inoculant products to aid plant growth (Basu et al., 2021), plant disease 

suppression (Das et al., 2017) or decontaminate soil pollution (Afzal et al., 2012). But 

bacteria can rapidly evolve, due to their short generation times, high mutation rates and 

through horizontal gene transfer (Brockhurst et al., 2017). Once introduced to an 

environment, selection pressures can shape the trajectory of bacterial variants, which can 

have knock-on impacts for the desired, introduced, functional trait.  

 

Rhizobia are N2-fixing bacterial symbionts of legume plants and have been used as 

bioinoculants in agriculture for over 100 years (Santos et al., 2019). Legume seeds are often 

inoculated with rhizobial symbionts during sowing to introduce or increase biological nitrogen 

fixation (BNF) in an area. Rhizobia live dual lifestyles, living saprotrophically in the soil until a 

compatible host legume is detected and the symbiosis initiates (Poole et al., 2018). After a 

molecular dialog, rhizobia intracellularly colonise plant root tissues and transform into a 

symbiotic state, called bacteroids. Reduced nitrogen (N) from the bacteria is exchanged for 

reduced carbon (C) from the plant, which requires significant changes in plant and rhizobial 

transport systems and metabolism (Udvardi and Poole, 2013). When rhizobia are no longer 

needed by the plant, bacteria are released back into the soil microbiome as their free- living 

states. As root nodule populations are formed from a small number of rhizobia cells 

(Ledermann et al., 2015), the infection stage creates a significant bottleneck of the initial 

symbiont population in the rhizosphere and a large return of successful symbiont populations 

back into the microbiome can drive the evolution of symbionts (Doin de Moura et al., 2023). 

The widespread natural variation of rhizobial symbionts observed in soil and root nodules is 

indirect evidence of differing selection pressures on rhizobia, which can occur at different life 

https://www.zotero.org/google-docs/?jBoz3Z
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https://www.zotero.org/google-docs/?YawhLF
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https://www.zotero.org/google-docs/?4iGWZI
https://www.zotero.org/google-docs/?FTB2ve
https://www.zotero.org/google-docs/?uV09SF
https://www.zotero.org/google-docs/?WFRRKi
https://www.zotero.org/google-docs/?IeG9iO
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stages beyond the symbiosis (Avontuur et al., 2019; Burghardt et al., 2019; Greenlon et al., 

2019; Perez Carrascal et al., 2016; Wheatley et al., 2020). The functional traits, nodulation 

and N2 fixation, are encoded on mobile genetic elements (MGEs) within rhizobial genomes 

(Wardell et al., 2022), which contribute to host compatibility, however, genetic factors outside 

of these sym-gene regions can also influence symbiosis outcomes (Tang and Capela, 2020). 

For example, specific genes involved with rhizosphere and root colonisation have been 

found to be essential pre-requisites for successful symbioses (Wheatley et al., 2020), and 

genes associated with nutrient acquisition, transport and metabolism can contribute to the 

competitiveness of strains in the rhizosphere (Ledermann et al., 2021; Mendoza-Suárez et 

al., 2021; Siqueira et al., 2014). 

 

Inoculant rhizobia are more likely to experience vastly different selection pressures, 

as ‘elite’ strains that are isolated from one environment (e.g. tropical soils) are introduced to 

new environments (e.g. temperate soils), where they are likely to be poorly adapted to that 

environment. Therefore, we might expect inoculant strains to evolve, resulting in rapid 

adaptation to the novel environment, which could facilitate establishment. Additionally, the 

process of inoculant production is multi-faceted and requires growing strains to extremely 

high population densities in industrial size (e.g. 10,000 L) vats (Kaminsky et al., 2019), 

where usually a minimum of 10 - 20 generations are needed to achieve the required 

inoculant biomass (Takors, 2012). Strains may be grown separately, or together, depending 

on production protocols (Garcia et al., 2021), which could further influence inoculant 

composition. In these nutrient-rich, growth-unlimited conditions, mutations are more likely to 

arise and accumulate, particularly if populations remain at stationary phase. Exponential 

phase cells have been found to survive longer in liquid and soil environments, however 

stationary phase cells have been found to better adapt to stressors (Soria et al., 2006). 

Stress-induced responses can be activated in stationary phase cultures or during other 

processes such as desiccation, a step involved for seed coating inoculants (Greffe and 

Michiels, 2020), which may trigger increased mutation rates (MacLean, Torres-Barceló and 

https://www.zotero.org/google-docs/?L0ovzs
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https://www.zotero.org/google-docs/?SH75Rg
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https://www.zotero.org/google-docs/?FY0HGh
https://www.zotero.org/google-docs/?nyosdg
https://www.zotero.org/google-docs/?B54Ewn
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Moxon, 2013). Therefore, the inoculant production process may inadvertently be promoting 

evolution and creating diverse intraspecific inocula.  

 

Temperate soybean cultivars are being introduced to UK agriculture and alongside 

them, compatible soya-nodulating rhizobia (SNR). Inoculation is essential in areas where 

soya is being grown for the first time as these soils do not naturally contain SNR. This 

provides an opportunity to study the evolution of introduced inoculants during their first 

season of growth. Exploring microbial evolution in situ, in an environmental context, is hard 

due to chaos and complexity of natural microbial ecosystems. Research focusing on the fate 

of introduced inoculants to the soil microbiome has become possible with the advancement 

of sequencing technologies and bioinformatics analyses (Manfredini et al., 2021; Mawarda et 

al., 2020). In this study, molecular evolution of the introduced SNR inoculant strains was 

investigated in an agricultural setting by whole population genome sequencing of field grown 

soybean nodules. Single nucleotide polymorphisms (SNPs), insertions and deletions (indels) 

were predicted by mapping population data to the inoculant genomes. The surrounding 

rhizosphere communities of the field grown soybeans were characterised by amplicon 

sequencing and the percentage of N derived from the atmosphere (%Ndfa) was quantified 

for soybeans during their first season of growth.  

 

5.3 Methods  

 

Field Sampling  

Five farm sites growing soybean with seed coat inoculants for the first time in 2021 were 

identified in the East of England, all below the Vale of York. A list of these sites (named HF, 

SF, TF, NFF and GF), field crop history and soil characteristics can be found in Table S1. All 

sites planted the cultivar Siverka (SoyaUK) in late April/ early May 2021, that came pre- 

coated with the inoculant strains Bradyrhizobium japonicum SEMIA 5079 and 

Bradyrhizobium diazoefficiens SEMIA 5080 (Legume Technologies Ltd). In August 2021, six 

https://www.zotero.org/google-docs/?alSBi7
https://www.zotero.org/google-docs/?alSBi7
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replicate plants were randomly sampled from at least 20 m from the field edge within each 

field. Whole soybean plants with root systems and attached soil were dug up and stored at 4 

ºC overnight. Additionally whole cereals plants (wheat or barley) and soil were sampled from 

another field on the same farm site, to check whether soya- nodulating rhizobia (SNR) were 

present in the soil microbiomes elsewhere on the farm. Sampling equipment was 

decontaminated with 70% EtOH and distilled water in between fields and sites. Bulk soil was 

removed from the root system by shaking and used for physicochemical analyses and 

isolating rhizobia. Rhizosphere soil was brushed off root systems, frozen in liquid N2 and 

stored at -80 ºC before DNA extraction. Nodules were counted, removed and surface 

sterilised (1 minute in 70% EtOH, 4 mins in 2.5% NaOCl followed by 6 washes in sterile 

dH2O). A maximum of 50 nodules were pooled per plant replicate (Table S1) and crushed in 

1 mL sterilised rhizobial wash buffer solution (10 mM MgSO4 and 0.01% tween solution). An 

aliquot removed from the crushed nodule mixture (500 µL) was frozen in liquid N2 and stored 

at -80 ºC before DNA extraction. Soybean aboveground biomass was removed, dried at 80 

ºC for 48 hours and used to calculate the percentage of N derived from the atmosphere 

(%Nfda). Three out of five field sites had enough soybean samples that were nodulated to 

provide replication within field sites for WGS shotgun metagenomics (Table S1), therefore 

only samples from those sites were used for investigating inoculant evolution (Figure 1).  
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Figure 1. An overview of the field samples used for investigating inoculant evolution. Soybeans were 

sampled from five UK field sites growing soybean for the first time (left), where three field sites (HF, 

TF, NFF) had five sufficiently nodulated plant replicates (red circles). Aboveground biomass from all 

field sites was removed, dried and milled for %Ndfa estimation with the 15N natural abundance  

method. Rhizosphere soil was removed from roots and DNA extracts were used for 16S rRNA and 

rpoB amplicon sequencing of the soil microbiome from sites 1, 2 and 3. Nodules (maximum 50) were 

pooled per plant replicate, DNA from nodule extracts of 5 plant replicates from sites 1, 2 and 3 (n = 

15) were used for WGS shotgun metagenomics. Created with Biorender.com. 

 

Soil physicochemical analysis  

To determine plant available nutrients in the soil, bulk soil samples were sent to Yara UK Ltd 

(York, UK) for quantification of phosphorus (P), magnesium (Mg), potassium (K) and pH. 

Briefly, P was extracted using Olsens P method and assessed using spectrophotometry, Mg 

and K were extracted in 1 M ammonium nitrate and assessed via atomic absorption or 

inductively coupled plasma analyser (ICP), pH was assessed in water. Soil moisture content 

was determined by standard methods listed in (Klute, 2018). For ammonium and nitrate, 10 

g of soil was combined with 40 mL 2M KCL, shaken for 1 h at 200 rpm, 25°C (230VAC 

https://www.zotero.org/google-docs/?VjRdox
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Incubated Shaker, Korea), filtered through Whatman filter paper No. 42 and filtrates stored at 

4 °C overnight before downstream analysis (Klute, 2018). Soil ammonium and nitrate 

concentrations were determined by colorimetric methods (Baethgen and Alley, 1989; 

Miranda et al., 2001) adjusted for a microtiter plate format (Tecan, SparkControl). Samples 

were left to incubate at room temperature for 30 minutes, (ammonium) and 2 hours (nitrate) 

before analysing against a standard curve. 

 

Trapping and typing rhizobia isolates  

To assess the diversity of introduced and native Bradyrhizobium and screen for potential 

horizontal gene transfer events between the two, soybean (cv. Siverka) and native legumes, 

gorse (Ulex europaeus) and broom (Cytisus scoparius) were grown in the bulk soil samples 

from both soybean and cereals fields. Four plants per field soil were planted in separate 

pots. Soybeans were harvested at six weeks, root nodules sterilised (as above), crushed 

individually and spread onto yeast mannitol agar supplement with congo red (0.025%) 

(Howieson and Dilworth, 2016). Gorse and broom plants were harvested at 10 weeks, due to 

their longer growth cycles and nodule isolates extracted (as above). Single isolates were 

streaked out to obtain pure cultures and boil prepped colonies were subjected to; BOXPCR, 

which generates a fingerprint-like strain pattern (Versalovic et al., 1994), a multiplex rpoB 

PCR, which gives two bands for a B. diazoefficiens strain (900 bp and 137 bp) and 1 band 

for a B. japonicum strain (137 bp) and Bradyrhizobium nodZ PCR, where a 293 bp product 

indicates the presence of B. japonicum/ B. diazoefficiens soya-nodulating nodZ (Table S2). 

BOXPCR can discriminate between Bradyrhizobium species (Fig S2; Chapter 2), patterns 

were checked against B. diazoefficiens (GW50/ SEMIA 5080) and B. japonicum (GW140/ 

SEMIA 5079) alongside the multiplex rpoB to indicate the species. Bradyrhizobium nodZ 

was conducted to check whether isolates possessed B. diazoefficiens / B. japonicum nodZ 

indicating the potential ability to nodulate soybean.  

 

Calculation of BNF  

https://www.zotero.org/google-docs/?tYGDs9
https://www.zotero.org/google-docs/?9DXFeD
https://www.zotero.org/google-docs/?9DXFeD
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https://www.zotero.org/google-docs/?WRbcDY
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Soybean plants taken from the field were sampled at early pod-fill (R3-R4) when plants were 

at their peak N2 fixation stage (Ciampitti et al., 2021), and were used to estimate biologically 

fixed N using the 15N Natural abundance method (Maluk et al., 2022; Unkovich et al., 2008). 

Adjacent non-legume dicot weeds were taken at each soybean sample location as non-fixing 

reference plants so each soybean replicate had a replicate weed ‘reference’, which should 

reflect plant-available soil N since these plants can only acquire N from their soil 

environment. Aboveground biomass was milled to a fine powder and analysed for 15N and 

%N on an isotope ratio mass spectrometer (ANCA GSL 20-20 Mass Spectrometer; Sercon 

Cheshire). Delta 15N values (‰) were calculated using internal standards (air) where 

absolute isotope ratios are measured for sample and standard and the relative measure of 

delta is calculated thus: 𝜹15N (‰) vs [std] = (Rsample - Rstd) / Rstd where R = (Atom%15N / 

Atom%14N). The proportion of soybean N derived from atmospheric N2 (%Ndfa) was 

calculated by comparing the 𝛅15N of the aboveground soybean N (𝛅15N legume) to the 

average 𝛅15N of the non-N2-fixing reference plants (𝜹15N reference) and is portrayed in 

equation 1.  

 

 

1. %Ndfa = 100 × ( 𝛅15N reference −  𝛅15N legume) /  𝛅15N reference − B 

 

Where B represents the  𝛅15N of soybeans grown entirely reliant on symbiotic nitrogen 

fixation. The B value (-0.676) used to calculate %Nfda was generated for the cv. Siverka in 

Chapter 4, where plants were grown in a sterile sand and vermiculite pot with no N inputs 

and inoculated with the two strains B. diazoefficiens (GW50 / SEMIA 5080) and B. 

japonicum (GW140 / SEMIA 5079). Using B values for the same cultivar and inoculant 

strains is advised for the most accurate prediction of BNF capacity of the host legume 

(Unkovich et al., 2008). Values for mg N g-1 plant dry weight were calculated as described in 

Chapter 4.  

 

https://www.zotero.org/google-docs/?DjTijf
https://www.zotero.org/google-docs/?S3iBdp
https://www.zotero.org/google-docs/?55CRhZ
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DNA Extraction and community sequencing 

Rhizosphere soil and nodule samples were extracted using the Qiagen DNeasy PowerSoil 

Pro kit using 250 mg or 250 µL input material, respectively. Rhizosphere soil samples were 

used to generate PCR amplicons for the 16S V4 region and rpoB gene targeting the Class 

Alphaproteobacteria (see Table S2 for primer and PCR conditions). Amplicons were 

sequenced 2 x 250bp on Illumina Miseq at the Centre for Genomic Research (University of 

Liverpool). Nodule DNA was used for shotgun metagenomics (WGS) prepared using the 

NEB Ultra II DNA kit and sequenced on the NovaSeq SP 2 x 150bp at the Centre for 

Genomic Research.  

 

Bioinformatics analyses  

For soybean rhizosphere community characterisation, 16S and rpoB amplicon sequencing 

trimmed reads were put through the QIIME2 pipeline (v2021.11; Bolyen et al., 2019) and 

denoised using DADA2 (v1.18; Callahan et al., 2016) as previously described methods 

(Chapter 2). Briefly, for the taxonomic assignment for the 16S rRNA dataset, the NCBI 16S 

rRNA RefSeq database was downloaded (O’Leary et al., 2016), and assigned using 

RESCRIPt (Li et al., 2021) in QIIME2 with confidence values. The Alphaproteobacteria rpoB 

database curated in Chapter 2 was imported into QIIME2, a taxonomy classifier was trained 

using the rpoB primer extracted reads, and taxonomy was assigned to amplicon sequence 

variants (ASVs) with confidence values. Datasets were rarefied to the sample with the lowest 

sequencing depth, (16S = 260,249 sequences per sample, rpoB = 227,306 sequences per 

sample). The DNA kit negative controls contained 2 ASVs, an unclassified bacteria (4 reads) 

and unclassified Actinomycetota (3 reads) for 16S rRNA and 2 ASVs for rpoB, an 

unclassified Devosia ASV (1 read) and an unclassified Bradyrhizobium ASV (1 read), 

rarefying removed these ASVs which were only present in the kit negatives and not in any 

samples.  

 

https://www.zotero.org/google-docs/?v6r1iE
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For nodule community characterisation and assessing inoculant evolution, the nodule 

metagenomics raw fastq files were trimmed using Cutadapt (v1.2.1) followed by  Sickle 

(v1.200) with a minimum window quality score of 20. Reads shorter than 15 bp after 

trimming were removed and remaining reads quality checked (FastQC). Plant host DNA was 

removed using Bowtie2 (v2.5.1) by mapping reads to the reference Glycine max Williams 82 

genome (v2.1, ENA; GCA_000004515). Kraken2 was used to assess taxonomy within each 

sample using the standard database plus protozoa, fungi & plant capped at 8GB (Lu et al., 

2017). Kraken2 utilises k-mer lengths and the lowest common ancestor (LCA) method to 

assign taxonomy and Bracken estimates relative abundance of the assigned taxonomy on 

read data (Lu et al., 2017). Abundance was calculated for reads that could be assigned at 

the species level. Host read removal resulted in a maximum of 7.07% of reads being 

assigned to the taxon Glycine. The flag –report-minimizer-data was added to report the 

number of distinct k-mers associated with each taxon classifying the sequencing reads to 

validate the Kraken output. Filtered reads were used for downstream bioinformatics 

analysis.  

 

Mutations in inoculant genomes were predicted using Breseq v0.37.0 (Deatherage 

and Barrick, 2014). Breseq was originally developed to analyse the Lenski evolution 

experiments (Lenski, 2017) and others with select and resequence designs (Kofler and 

Schlötterer, 2014), to compare evolved and ancestor genomes to identify mutations and has 

recently been used in a rhizobial experimental evolution context (Doin de Moura et al., 

2023). Here, Breseq is used on environmental samples to investigate genetic evolution of 

rhizobial inoculants in situ. Breseq was run using the filtered forward and reverse 

metagenomic reads against the reference inoculant genomes B. japonicum SEMIA 5079 

(NCBI; NZ_CP007569), and B. diazoefficiens SEMIA 5080 (NCBI; NZ_ADOU02000007). 

The genomes used have been rotated to start at the origin of replication and SEMIA 5080 

had been scaffolded to B. diazoefficiens USDA122 (closest relative) to create a closed 

genome (Weisberg et al., 2022b). The program was run in polymorphism mode (-p) to 

https://www.zotero.org/google-docs/?v3L1B6
https://www.zotero.org/google-docs/?v3L1B6
https://www.zotero.org/google-docs/?tQTbrY
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https://www.zotero.org/google-docs/?IE029Y
https://www.zotero.org/google-docs/?IE029Y
https://www.zotero.org/google-docs/?g6W81c
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predict mutation frequencies in a population. To minimise erroneous calls, the additional flag 

-polymorphism-minimum-coverage-each-strand was set to 20, requiring 20 forward and 20 

reverse strands to have the polymorphism before it is called. Initial assessment revealed 348 

mutations in 178 unique loci in B. japonicum SEMIA 5079 and 523 mutations in 165 unique 

genes in B. diazoefficiens SEMIA 5080, across all samples. As breseq in polymorphism 

mode can predict false positives (Deatherage and Barrick, 2014), final mutations lists were 

curated manually by checking read alignment variants with NCBI blast to check they were 

most closely related to the inoculant genomes and not either i) an ortholog within the same 

genome ii) a homolog in the other inoculant reference genome or iii) another Bradyrhizobium 

species, as Bradyrhizobium are a diverse clade which can be highly conserved in core 

regions. To prevent the possibility of including false positives and to only focus on the most 

prevalent mutations, an additional set of stringent rules were applied to the mutation 

predictions (Table 1). Additionally, for B. diazoefficiens SEMIA 5080, there was a large 

number of predicted mutations that were at similar and intermediate frequencies (~40- 60%) 

across all samples. When assessing read variants with NCBI Blast, some had a higher 

percentage identity to other B. diazoefficiens strains over B. diazoefficiens SEMIA 5080. This 

could highlight a potential polymorphic population introduced to the field sites, where multiple 

strains were present during the inoculant production process, for which we do not have the 

reference genomes. As these predicted polymorphisms could not be confidently assigned to 

the SEMIA 5080 strain they were also screened out. 

 

https://www.zotero.org/google-docs/?peO7pz
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Data analysis 

Data was analysed on R (v4.3; R Core Team, 2022) with Rstudio (R Studio Team, 2020). 

Amplicon sequencing 16S rRNA and rpoB rarefied datasets were analysed with the package 

‘phyloseq’ (McMurdie and Holmes, 2013) and ‘vegan’ (Oksanen et al., 2020). BNF and soil 

traits were analysed with packages from tidyverse, non-parametric tests such as the 

Kruskal-Wallis test was used to assess whether there were significant differences between 

sites for rank data (%Ndfa and alpha- diversity metrics). PERMANOVA using ‘adonis2’ with 

999 permutations was used for assessing whether field sites varied for beta- diversity (Bray- 

Curtis Distances), after checking the homogeneity of variances. The Alphaproteobacteria 

rpoB dataset was subsetted to the reads assigned to the Bradyrhizobium genus to 

investigate dynamics in the Bradyrhizobium community. The shotgun metagenomics 

kraken2 taxonomic assignments and bracken abundance data was imported into R and 

analysed with ‘phyloseq’ for microbiome related measures, using the above methods.  

 

https://www.zotero.org/google-docs/?reASMq
https://www.zotero.org/google-docs/?1rETAE
https://www.zotero.org/google-docs/?alNxCh
https://www.zotero.org/google-docs/?FOG7hm


127 
 

Go term analysis was performed on the subsetted list of genes with mutations and 

compared to the inoculant genomes to see if any specific functions were being targeted. 

Gene Ontology (GO) terms for the inoculant genomes were downloaded from UniprotKB 

(The UniProt Consortium, 2023) and GO enrichment analysis was performed with the R 

package topGO (Alexa and Rahnenfuhrer, 2023). Only unambiguous proteins that had been 

previously assigned GO terms were considered (removing all mutations in hypothetical 

genes). If a mutation occurred in an intergenic region, both genes were included in the GO 

analysis. Two algorithms were tested, classic (which does not take the GO hierarchy into 

account) and weight01 (a combination of ‘elim’ and ‘weight’ algorithms which takes a bottom 

up approach and compares parent- child scores to find the locally most significant GO term, 

respectively; Alexa and Rahnenfuhrer, 2020). Fisher's Exact tests with the weight01 

algorithm were conducted to determine if any GO terms were significantly enriched. A 

Bonferroni false discovery rate was calculated (Jafari and Ansari-Pour, 2019), (0.05 / 

number of GO terms assessed), two GO terms had lower p- values than the threshold 

values, however as correcting for multiple testing using an algorithm that takes into account 

GO hierarchy (weight01) can be overly stringent, GO terms with significance to p< 0.05 

(unadjusted) are reported (Alexa and Rahnenfuhrer, 2020).  

 

To predict whether mutations in proteins would be tolerated or deleterious, the web 

tool SIFT was used (Sim et al., 2012), scores range from 0 - 1 with deleterious amino acid 

changes predicted for scores < 0.05. Sift scores are only presented if below 0.05. To identify 

whether mutations occurred within certain protein domains, the web tool Interpro was used 

(Paysan-Lafosse et al., 2023). A bootstrapping simulation test was written in base R (v4.3; R 

Core Team, 2022) with Rstudio (R Studio Team, 2020) to test if mutations were expected to 

occur within the ICE symbiosis elements by chance. The function performed 1000 

simulations and returned the number of simulations where no randomly generated mutations 

were within the ICEsym
 A or B elements.  

 

https://www.zotero.org/google-docs/?YUZt7c
https://www.zotero.org/google-docs/?6yhR4L
https://www.zotero.org/google-docs/?KaelNK
https://www.zotero.org/google-docs/?NJZLcZ
https://www.zotero.org/google-docs/?76B53t
https://www.zotero.org/google-docs/?6ygtWp
https://www.zotero.org/google-docs/?iUl2XH
https://www.zotero.org/google-docs/?EmVY20
https://www.zotero.org/google-docs/?EmVY20
https://www.zotero.org/google-docs/?rSRGL6
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5.4 Results and Discussion  

 

SNR only present in fields where introduced 

 

To confirm that there were no native SNR present at the field sites, soybean was grown in 

the soil sampled from soya and cereal fields from the five sites and examined for nodulation 

after five weeks. No plants grown in the cereals soil had nodules (Figure S1), indicating that 

there were no native SNR present on the farm sites. In contrast, all soybeans grown in the 

soya soil from all sites were nodulated. Isolates were found to be B. diazoefficiens or B. 

japonicum through a combination of BOXPCR, Bj/ Bd multiplex PCR and presence of 

Bradyrhizobium japonicum/ diazoefficiens nodZ. Bradyrhizobium isolated from the soya soils 

were mainly Bradyrhizobium diazoefficiens, whereas Bradyrhizobium japonicum was the 

dominant symbiont at only 1 site (NFF) out of the 5 sites (Table 1). Four isolates per site (or 

three for site SF) had the 283bp rpoB region sequenced, using primers without red 

overhangs in Table S2, and confirmed 100% matches to either inoculant strain.  

 

Table 2. Bradyrhizobium isolates extracted from individual soybean nodules grown as trap plants in 

soya and SNR introduced soil (n = 4).  

 

 

 

Native legumes gorse (Ulex europaeus) and broom (Cytisus scoparius) were also 

grown in the cereals soil and soya soil to trap any native Bradyrhizobium isolates. After 10 

weeks of growth, only broom plants in GF and SF cereals soil and broom plants grown in HF 

soya soil had root nodules, of which there were very few and were white-ish in colour, 
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indicating that they were not fixing N2. Isolates extracted from the white nodules showed the 

highest sequence similarity (rpoB) to Rhizobium leguminosarum species (Table S3), which 

was unexpected as broom is usually nodulated by Bradyrhizobium sv. genistae (Stępkowski 

et al., 2018). R. leguminosarum genospecies are abundant in UK agricultural soils (Maluk et 

al., 2022).  

 

%Ndfa varied across field sites  

 

The percentage of N derived from the atmosphere (%Ndfa) in field grown soybeans varied 

significantly between farm sites on their first season of growth (Kruskal-Wallis 𝝌2 = 17.798, df 

= 4, p < 0.01,  see Figure 2). Values ranged from an average of 25.1% Ndfa at site GF to 

47.8% at site HF. Nodule frequency reflected %Ndfa, which was lowest in GF and highest in 

HF, however a Kruskal- Wallis test between sites was not significant (Figure 2). Correlations 

between soil nutrients and plant N were explored as various environmental factors can 

impact BNF levels, there was a significant positive correlation between soil P and plant mg N 

g-1 (r = 0.64, n = 30,  p < 0.001) and a significant negative correlation between soil moisture 

content (SMC) and %Ndfa (r = -0.41,  n = 30,  p < 0.05; Figure S2).  

 
Figure 2. Percentage of Nitrogen derived from the atmosphere (%Ndfa) in soybeans from five UK 

https://www.zotero.org/google-docs/?G2QwOF
https://www.zotero.org/google-docs/?G2QwOF
https://www.zotero.org/google-docs/?WzMzen
https://www.zotero.org/google-docs/?WzMzen
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field sites calculated using the 15N natural abundance method (n = 6). Nodule count from UK field 

grown soybean samples. Large coloured circles represent the average, smaller grey circles represent 

individual replicates, error bars represent the standard error (n = 6).  

 

Soya rhizosphere communities are characterised by site specific variation, where inoculant 

species are rare  

 

Three field sites (HF, NFF, TF) had five plant replicates with sufficient nodule material for 

metagenomics sequencing. The surrounding rhizosphere communities of these nodule 

samples were sequenced via amplicon sequencing (refer to Figure 1). Amplicon sequencing 

of the 16S rRNA and rpoB gene targets for the surrounding soya rhizosphere samples 

resulted in 14,839 ASVs and 7,569 ASVs, respectively after DADA2 denoising and 

rarefaction.  

 

Rhizosphere communities sampled from the same soybean cultivar across the 3 

different field sites significantly differed in their level of diversity and composition at the 

bacterial community level, Alphaproteobacteria class level and at the genus Bradyrhizobium 

level (Figure 3). Alpha diversity, varied in the soya rhizospheres across the 3 sites for the 

whole bacterial community (Shannon’s: Kruskal-Wallis 𝝌2 = 8.64, df = 2, p-value < 0.05;  

Simpson’s: Kruskal-Wallis 𝝌2 = 9.42, df = 2, p-value < 0.01; Figure 3A), Alphaproteobacteria 

community (Shannon’s: Kruskal-Wallis 𝝌2 = 7.76, df = 2, p-value < 0.05; Simpson’s: Kruskal-

Wallis 𝝌2 = 6.5, df = 2, p-value < 0.05; Figure 3D), and Bradyrhizobium community 

(Simpson’s: Kruskal-Wallis 𝝌2 = 6.5, df = 2, p-value < 0.05; Figure 3G) where site HF had 

higher community diversity and evenness and site NFF had the lowest community richness 

and evenness, suggesting a higher dominance of one or a few members of the community in 

this soil. Rhizosphere soil microbial community composition (Bray- Curtis distances) also 

significantly differed between sites for the for the 16S bacterial community (PERMANOVA, F 

= 10.66, R2 = 0.64, p< 0.001; Figure 3B), rpoB Alphaproteobacteria community 

(PERMANOVA, F = 19.13, R2= 0.76, p< 0.001; Figure 3E) and for the genus Bradyrhizobium 
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(PERMANOVA, F = 19.42, R2 = 0.76, p< 0.001; Figure 3H), with clear separation by field 

site.  

 

There is a diverse resident Bradyrhizobium community in the rhizosphere and the 

inoculant species do not dominate these communities (Figure 3I). Bradyrhizobium 

diazoefficiens were rare in the soil microbiomes and only detected in samples HF_1 (0.7% 

relative abundance), TF_2 (0.3%) and TF_5 (0.2%) and not at all at site NFF.  

Bradyrhizobium japonicum was detected in three out of five samples from site HF ranging in 

relative abundance 0.16% - 42% , all samples from site NFF (0.03% - 0.38%) and only one 

sample from site TF (0.2%). There is an exception in sample HF_2, where Bradyrhizobium 

japonicum is at high relative abundance (42%). This plant sample also exhibited the highest 

frequency of nodules on root systems (135). Relative abundance of taxonomic phyla from 

the 16S dataset and Alphaproteobacteria genera from the rpoB dataset can be seen in 

Figure 3C and 3F. These results suggest that the inoculant species are not highly dominant 

in the rhizosphere communities during the pod- fill plant growth stage.  
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Figure 3. Microbiome metrics for soybean rhizosphere communities sampled across 3 UK field sites 

(HF, NFF, TF, n = 5). A) Alpha- diversity measures Shannon’s and Simpson’s Index of soil 16S rRNA 

dataset, black star denote statistical significance by Kruskal- Wallis test. B) Principal coordinates 

analysis (PCoA) of Bray- Curtis dissimilarity matrix for 16S. C) Relative abundance of taxonomic 

Phyla for 16S. D) Alpha- diversity measures Shannon’s and Simpson’s Index of soil rpoB 

(Alphaproteobacteria) dataset, black star denote statistical significance by Kruskal- Wallis test. E) 

PCoA of Bray- Curtis dissimilarity matrix for Alphaproteobacteria rpoB. F) Relative abundance of 

taxonomic genera for rpoB. G) Alpha- diversity measures Shannon’s and Simpson’s Index of soil rpoB 

amplicon dataset subsetted to the genus Bradyrhizobium, black star denote statistical significance by 

Kruskal- Wallis test. H) PCoA of Bray- Curtis dissimilarity matrix for Bradyrhizobium rpoB. I) Relative 

abundance of Bradyrhizobium species assigned by rpoB, inoculant species highlighted with black star 

(*).  
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Inoculant species dominate nodule communities 

  

The inoculant species were highly dominant in the nodule communities as expected, but 

other Bradyrhizobium species were also present in very low abundance (Figure 4). Within 

the nodule metagenomics communities, 437 taxa were assigned to the species level using 

kraken2 and bracken species abundance estimation (Lu et al., 2022). Of these 437 taxa, 326 

were assigned to the Kingdom Bacteria, 109 to Eukaryota (93% Streptophyta plant DNA, 

6.5% Ascomycota Fungal DNA) and 2 were assigned to Viruses. The most diverse and 

abundant genus was Bradyrhizobium with 73 species described, of which B. japonicum and 

B. diazoefficiens were highly dominant (>99%, Figure 4C). There was no significant 

difference between sites based on alpha (Figure 4A), or beta diversity (Bray- Curtis 

dissimilarity; Figure 4B). There was variation amongst plant replicates: at site TF and HF 

there is evidence of both inoculant strains capable of becoming the dominant symbiont 

within plant replicates (HF_1, HF_5, TF_6, TF_5), whereas at site NFF, B. japonicum is at 

higher abundance across the replicates and dominated one replicate (NFF_5). Notably, B. 

japonicum isolates were the dominant symbiont isolated from the NFF soya soil trap plants 

(refer to Table 2). Among the remaining <1% of nodule diversity, the next most abundant 

taxa were other Bradyrhizobium species, which were present at very low relative 

abundances and were shared across all sites (Figure 4D).  

 

https://www.zotero.org/google-docs/?Pg1KMy
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Figure 4. Microbiome metrics for nodule communities from 3 UK field sites (HF, NFF, TF; n = 5). A) 

Alpha- diversity measures Shannon’s and Simpson’s Index. B) PCoA of Bray- Curtis dissimilarity 

matrix C) Relative abundance of inoculant species in nodules. D) Relative abundance of non-

inoculant species above 0.01% abundance in nodules (a zoomed in visual of < 1% category in graph 

C). 

 

Widespread presence of inoculant mutations within nodule environments 

 

 As no native SNR were isolated from the field sites, we assume variants within nodules are 

direct descendents from the inoculants and Breseq was used to predict mutations. After a 

stringent screening process (Table 1), there were 58 mutations in 57 unique loci in B. 

japonicum and 32 mutations in 32 loci in B. diazoefficiens (Figure 5). In B. japonicum, which 

had significantly more mutations than B. diazoefficiens (𝞆2 = 7.5, df = 1, p< 0.01), there was 1 

nonsense, 3 frameshift, 21 nonsynonymous, 24 intergenic and 9 synonymous mutations. In 

B. diazoefficiens, there were 5 frameshifts, 14 nonsynonymous, 7 intergenic and 6 
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synonymous mutations. The majority of predicted mutations were single nucleotide 

polymorphisms (SNPs). As increasing evidence suggests that synonymous mutations may 

not be silent due to differences in codon usage bias (Callens et al., 2021; Liu, 2020) and 

recent evidence from rhizobial experimental evolution studies suggested a third of adaptive 

mutations were synonymous (Doin de Moura et al., 2023), both synonymous and intergenic 

polymorphisms are discussed and included in the analysis.  

 

https://www.zotero.org/google-docs/?1LU5Pe
https://www.zotero.org/google-docs/?rlwMmC
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Figure 5. Mutation frequencies within B. japonicum SEMIA 5079 (top) and B. diazoefficiens SEMIA 

5080 (bottom) genomes, represented as proportions. Each replicate ring represents the length of the 

genome and the positions of mutations found within that nodule community. Replicates coloured by 

field site, purple = NFF (inner), pink = TF (middle) and orange = HF (outer). Shape corresponds to 

mutation type, circle = mutations resulting in changes in CDS (nonsynonymous, nonsense, frameshift 

mutations), triangle = intergenic mutations, square = synonymous substitutions. Size of the point 

denotes frequency of mutation within the population. Locus tags of mutations discussed within text 

are labelled, black star (*) denotes gene targeted by parallel selection, black plus sign (+) denotes 

genes within ICEsym elements. Black regions indicate positions of tRNA-Val symbiosis ICE elements, 

larger symbiosis A element on the right, smaller B element on left (as predicted by Weisberg, Sachs 

and Chang, 2022).  

 

Enriched functions across inoculant genomes targeted by mutations 

 

GO analysis was performed to compare the subset of genes affected by mutation to the 

background of all genes within inoculant genomes, to investigate whether genes with similar 

functions are more likely to be targets of mutation.  

 

B. japonicum SEMIA 5079 

 

Two GO terms for biological processes in B. japonicum SEMIA 5079 passed the Bonferroni 

false discovery rate for multiple testing, both of which were associated with aromatic amino 

acid degradation, namely L-phenylalanine catabolism and tyrosine catabolism (p = <0.001, 

Table 3). This corresponds with the significant molecular functions homogentisate 1,2-

dioxygenase (HmgA) activity and fumarylacetoacetase (FahA) activity (Table 3) which are 

involved in the utilisation of L-phenylalanine and tyrosine as N and C sources by rhizobia (da 

Silva Batista et al., 2010; Dunn, 2015). Amino acid degradation via HmgA is associated with 

N starvation in S. meliloti (Capela et al., 2006). Other functions involved in C cycling were 

also significant when not accounting for false discovery rate (i.e. p < 0.05, see discussion in 

https://www.zotero.org/google-docs/?vH4kUq
https://www.zotero.org/google-docs/?vH4kUq
https://www.zotero.org/google-docs/?SCBlNJ
https://www.zotero.org/google-docs/?SCBlNJ
https://www.zotero.org/google-docs/?Vu3zG9
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methods). This includes gluconeogenesis and the glycerol metabolic processes, as well as  

the molecular functions fructose 1,6-bisphosphate 1-phosphatase activity and 

methylmalonate-semialdehyde dehydrogenase (acylating) activity (p < 0.05; Table 3). The 

fructose 1,6-bisphosphate 1-phosphatase enzyme (GlpX) is essential in the conversion of 

glucose to pyruvate and methylmalonate-semialdehyde dehydrogenase is involved in myo-

inositol metabolism, one of the most abundant plant derived compounds within soybean 

nodules (Vauclare et al., 2013). Both of these enzymes have been found to be expressed 

and important in bacteroid metabolism in the soybean- Bradyrhizobium symbiosis (Nomura 

et al., 2010; Sarma and Emerich, 2005). Riboflavin biosynthesis process is affected (p < 

0.05), corresponding with the molecular function 6,7-dimethyl-8-ribityllumazine synthase 

activity (p < 0.05) and the riboflavin cellular component (p < 0.05; Table 3). This enzyme is 

involved in the penultimate step in riboflavin (vitamin B2) biosynthesis, which is the precursor 

of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), essential cofactors 

for a wide variety of redox enzymes (Riviezzi et al., 2021). Riboflavin availability has been 

found to influence rhizosphere survival and root colonisation in R. leguminosarum bv. viciae 

(Wheatley et al., 2020). Additionally, proton-transporting ATPase activity was significant (p < 

0.05), alongside the cellular component proton transporting ATP synthase complex (p < 

0.05; Table 3).  

 

https://www.zotero.org/google-docs/?yib1Lj
https://www.zotero.org/google-docs/?PyfI6d
https://www.zotero.org/google-docs/?PyfI6d
https://www.zotero.org/google-docs/?I41mId
https://www.zotero.org/google-docs/?VrpeGR
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B. diazoefficiens SEMIA 5080 

 

In B. diazoefficiens, no GO terms were significant at the calculated Bonferroni false 

discovery rates, however the biological processes involved in cell shape regulation, cell 

division, cell cycle and cell wall organisation and regulation of intracellular signal 

transduction were significant to p < 0.01 (Table 4). Gene targets associated with several 

functions known to be linked to bacteroid activity were also found to be significantly 

enriched: The GMP biosynthetic process (p < 0.01), and the corresponding molecular 

function IMP dehydrogenase activity (p < 0.01),  involved in generating guanine. Nucleotides 

are actively metabolised by bacteroids, and an increase in nucleosides and nucleotides has 

been observed in soybean - Bradyrhizobium nodules (Delmotte et al., 2010; Vauclare et al., 

2013; Lardi et al., 2016). The molecular function methionine synthase (p < 0.01), where 

components of this pathway have been shown to be essential for R. etli nodulation of 

Phaseolus vulgaris (Taté et al., 1999); phosphoglucosamine mutase activity (p < 0.01) 

previously suggested to be involved for effective nod factor production in B. elkanii (Cooper 

https://www.zotero.org/google-docs/?H4tXlt
https://www.zotero.org/google-docs/?fPvErw
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et al., 2018). The peptidoglycan biosynthetic process (p < 0.05) corresponding with the 

molecular functions UDP-N-acetylmuramate dehydrogenase (MurB) activity (p< 0.01) and 

UDP-N-acetylmuramate-L-alanine ligase (MurC) activity (p < 0.01). The molecular function 

acetate-CoA ligase (ADP-forming) activity (p < 0.05). This process results in the formation of 

acetyl-CoA, an essential component for C metabolism via the tricarboxylic acid (TCA) cycle, 

lipid and poly-hydroxybutyrate (PHB) synthesis, an intracellular C storage polymer, 

suggesting altered activity could have widespread impacts in N2 fixing bacteroids (Cooper et 

al., 2018; Ledermann et al., 2021; Udvardi and Poole, 2013). The molecular function 

cobalamin binding was enriched (p < 0.05), which has been found to be important in 

rhizosphere and root colonisation for R. leguminosarum bv. viciae (Wheatley et al., 2020) 

and FAD binding (p < 0.05), an essential cofactor which acts as electron donors or acceptors 

in a variety of reactions, e.g. the TCA cycle results in vast amounts of reduced electron 

carriers (Ledermann et al., 2021).  

 

 

 

Distribution of polymorphisms across sites 

 

https://www.zotero.org/google-docs/?fPvErw
https://www.zotero.org/google-docs/?l1m52a
https://www.zotero.org/google-docs/?l1m52a
https://www.zotero.org/google-docs/?ZKGXc9
https://www.zotero.org/google-docs/?xJfW4Z
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Overall, most polymorphisms were present in more than one field site, with fewer unique to 

location (Figure 6). Particularly for B. japonicum, where 57% of mutations were present at 

multiple field sites, whereas 47% were present at multiple sites for B. diazoefficiens SEMIA 

5080 (i.e. inner circles in Figure 6). Mutations present at multiple field sites could either be 

due to mutations appearing prior to inoculation on field, e.g. during inoculant production, or 

arising independently, in parallel at each field. As high rates of nucleotide level parallelism is 

rare, it is more likely that mutations arose early, during production and have been introduced 

to all sites. Once introduced, certain alleles have persisted to different frequencies within the 

environment. Variation in site frequencies may suggest different selective pressures. For 

example, the same polymorphism is sometimes present at two sites but not all three, e.g. a 

predicted tolerated missense SNP in an AraC transcriptional regulator in B. diazoefficiens 

(BJA5080_RS26170) was present at average frequencies of 27.9% at site HF, 37% at site 

NFF, but absent at site TF. This could suggest some alleles may be competitive at some 

sites, but not at others. 
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Figure 6: Venn diagram of the number of unique loci with mutations in inoculant genomes unique to 

and present at multiple field sites. 

 

Polymorphisms present at multiple field sites 

 

Polymorphisms that were present in more than one field site may have arisen early and 

could be the result of diversification prior to field site introduction. There is evidence that the 

introduced polymorphisms are present within the nodule communities of different field sites 

to varying degrees (Table 5A and 5B), suggesting the competitiveness of polymorphisms 

may vary across sites. There were some notable polymorphisms present across sites in 

genes involved with transport and metabolism.  

 

There is evidence of polymorphisms varying in frequency in ATP-binding cassette 

(ABC) transporter proteins in both inoculant strains across field sites. In B. japonicum, a 

synonymous polymorphism in an ABC transporter permease (BJS_RS41600) was observed 

at low average frequency in site HF (2.1%) and NFF (7.2%) but not at site TF (Table 5A). 

There is also a tolerated missense polymorphism that occurs at low average relative 

frequency in an ABC transporter substrate- binding protein (BJS_RS28320) at site NFF 

(2.4%) and TF (1.9%) but not in site HF (Table 5A). In B. diazoefficiens, a deleterious 

missense polymorphism (SIFT: 0) in an amino acid ABC transporter substrate-binding 

protein (BJA5080_RS27990) is at relatively high frequencies at site HF (68.8%) and TF 

(68.1%) but lower at site NFF (24%; Table 5B). Additionally, in B. diazoefficiens, a tolerated 

missense polymorphism was also found in an ABC transporter permease 

(BJA5080_RS28035) at HF (7.7%) and TF (8.2%) and NFF (4.5%) and a synonymous 

polymorphism in an ABC transporter ATP-binding protein (BJA5080_RS22895) at 26.8% 

average frequency in HF, 31.6% in NFF but not present at site TF (Table 5B). Rhizobia 

genomes encode a vast amount of ABC transporter proteins and in particular 7.8% of B. 

japonicum SEMIA 5079 and 8.6% of B. diazoefficiens SEMIA 5080 genomes are predicted 
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to be ABC transporters (Siqueira et al., 2014). An abundance of ABC transporters have been 

found to be expressed in soybean bacteroids (Sarma and Emerich, 2005) and are necessary 

for nodule functioning (Wheatley et al., 2020), but are also important in the free- living state 

and may contribute to the saprophytic capability of Bradyrhizobium species. In B. japonicum, 

there is also a tolerated missense polymorphism that occurs in a PepSY domain protein 

(BJS_RS11110), which showed 100% similarity to FsrB, a siderophore utilisation protein. 

This polymorphism is at relatively high frequency particularly at site TF (63.8%) and HF 

(53.1%), but lower at site NFF (27%). FsrB is required to remove iron from siderophores, 

which allows uptake into the cytoplasm, experimentally induced mutations in fsrB resulted in 

gain of function, where a wider range of siderophores can be recognised by the protein (Ong 

and O’Brian, 2023). There is also a predicted deleterious missense polymorphism (SIFT: 0) 

in a hybrid sensor histidine kinase/response regulator (BJS_RS23080) in B. japonicum 

which occurs again at relatively high frequency at site TF (61.4%) and HF (51.5%) and 

lowest at NFF (25.6%). Histidine kinases are often involved in signal transduction and 

response to external stressors (Wülser et al., 2022). 

 

 There are polymorphisms in genes involved in metabolic processes across sites. In 

B. japonicum, a predicted deleterious missense polymorphism (SIFT: 0) in phaA, an acetyl-

CoA acetyltransferase (BJS_RS38975) which is involved in both the TCA cycle and PHB 

synthesis is found across all three field sites at low average frequencies (3.5% - 9%; Table 

5A). An increase in enzymes involved in the TCA cycle has been observed in bacteroids, but 

it is heavily O2 limited, thus PHB formation often occurs under low O2 conditions, when 

acetyl-CoA is metabolised to PHB (Poole et al., 2018). Additionally a deleterious missense 

polymorphism (SIFT: 0) in fructose-bisphosphatase class II (BJS_RS12315), involved in 

producing glycolytic intermediates (Sarma and Emerich, 2006, 2005), is evident at similar 

frequencies across all sites (21%- 23.9%; Table 5A). There is a tolerated missense 

polymorphism in an acyl-CoA dehydrogenase gene in both B. japonicum (BJS_RS30550; 

Table 5A) found across all sites (1.3%- 2.2% average frequency), and B. diazoefficiens 

https://www.zotero.org/google-docs/?Qem7gB
https://www.zotero.org/google-docs/?YBIFJD
https://www.zotero.org/google-docs/?Ypecux
https://www.zotero.org/google-docs/?nTcCIr
https://www.zotero.org/google-docs/?nTcCIr
https://www.zotero.org/google-docs/?pw1v1w
https://www.zotero.org/google-docs/?WL9BHZ
https://www.zotero.org/google-docs/?6DONyL
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(BJA5080_RS37535; Table 5B), found at sites HF (2.3%) and TF (7.4%). Interestingly, in 

both proteins (which are 96% similar) the predicted amino acid change occurs at the same 

position (178) from a Serine to an Arginine in both inoculant strains, which may suggest 

selection on this gene across both inoculant species. Acyl-CoA dehydrogenases are 

involved in lipid fatty acid metabolism, a process found to be significantly repressed in 

soybean bacteroids compared to their free- living states (Sarma and Emerich, 2006). 

 

While the majority of loci targeted across sites were by the same mutation, in one 

instance the same gene was targeted by different mutations at different field sites. Different 

mutations are more likely to have arisen independently and so can be a signature of strong 

selection on that locus. In the locus, BJS_RS29905, at site NFF there is a low occurrence 

polymorphism (7% average frequency), resulting in a predicted deleterious missense 

mutation (SIFT: 0.01) in a GGDEF-domain containing protein (Figure 5A, Table 5A). 

Whereas at sites HF and TF this locus (BJS_RS29905) has a polymorphism also predicted 

to be deleterious (SIFT: 0) at a different position (8038025), that occurs within the GGDEF 

domain at an allele frequency of 14% at site NFF and 2% average frequency at site TF 

(Figure 5A, Table 5A). Both of these mutations are predicted to cause loss of protein 

function. This gene produces a EAL-domain coding protein (NCBI protein accession no: 

WP_014492408.1) with dual diguanylate cyclase/ phosphodiesterase activity. This protein is 

associated with the nucleotide-based second messenger cyclic diguanosine monophosphate 

(c-di-GMP), which is involved in signal transduction (Gao et al., 2014). Additionally, at site 

TF, there is a SNP 265 bp upstream of a PilZ domain- containing protein (BJS_RS13100; 

Table 6A), a known c-di-GMP sensor (Amikam and Galperin, 2006). Interestingly, in the 

other inoculant B. diazoefficiens, there is a synonymous polymorphism in a diguanylate 

phosphodiesterase (BJA5080_RS29620) present across all field sites (Table 5B) and a 

predicted deleterious missense polymorphism (SIFT: 0) in a diguanylate cyclase gene 

(BJA5080_RS03250) which swept to fixation (100%) in one plant replicate at field site TF 

(Table 6B). These mutations potentially suggest selection of allele variants in functions 

https://www.zotero.org/google-docs/?gPE3H0
https://www.zotero.org/google-docs/?JsrDeY
https://www.zotero.org/google-docs/?0yDpxU
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associated with c-di-GMP signalling networks. These signalling networks have a key role in 

several cellular functions, including attachment and motility, adhesion, biofilm formation, and 

exopolysaccharide production (Jenal et al., 2017), which can all impact success as an 

intracellular symbiont. More recently some diguanylate cyclases in P. aeruginosa have been 

proposed to act as molecular thermosensory devices, allowing bacteria to calibrate 

intracellular c-di-GMP cycling in response to temperature (Almblad et al., 2021). 

Temperature is likely to be an important influence for these inoculant bacteria, which evolved 

in tropical Brazilian soils and have now been introduced to temperate European soils. 

Further investigation is needed to determine the fitness effects of strains with altered/ loss of 

function diguanylate cyclase proteins.  

  

https://www.zotero.org/google-docs/?WIhULm
https://www.zotero.org/google-docs/?G9ggkK
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Polymorphisms unique to field sites  

 

Mutations unique to field sites (Table 6A and 6B), often appear at much lower average 

frequencies than mutations found across field sites, because they are largely unique to plant 

replicates. In B. japonicum 12.5% of site specific mutations are at 100% frequency and in B. 

diazoefficiens, 30% of mutations are at 100% frequency within one replicate nodule 

community. This could suggest selection of novel variants locally within or around plant 

replicates.  Alternatively, as the communities were assessed after their first introduction to 

these field sites, effectively, after a short period in the introduced soil microbiome and one 

population bottleneck (plant selection for nodulation), the frequency and occurrence of these 

mutations could suggest genetic drift in these contained nodule populations.  

 

Notably, there appears to be less functional overlap between the genes possessing 

mutations, however some mutations may still impact symbiotic traits. For example, In B. 

japonicum, there is a tolerated missense polymorphism in a glutathione S-transferase family 

protein (BJS_RS12490) that occurs in one replicate (3.28% average frequency) at site HF 

(Table 6A). Glutathione S-transferases are involved in the protection of the N2-fixing process 

against reactive oxygen species (ROS) resulting from active nodule metabolism (Bianucci et 

al., 2017), which can protect nodules from senescence (Ohkama-Ohtsu et al., 2016). In B. 

japonicum, there is further evidence of mutations occuring in ABC transporter proteins that 

are unique to replicates within sites, one synonymous polymorphism at site TF 

(BJS_RS33110), one synonymous polymorphism (BJS_RS25510) and a tolerated missense 

polymorphism (BJS_RS25045) at site NFF (Table 6A). Additionally, In B. japonicum, there is 

a tolerated missense polymorphism in dicarboxylate--CoA ligase PimA (BJS_RS42415), 

which is only present in site TF occurring in one plant replicate to 34% frequency (Table 6A). 

Dicarboxylates, such as malate, succinate and fumarate are the primary source of carbon 

provided to rhizobia symbionts by the plant (Udvardi and Poole, 2013) and thus their 

https://www.zotero.org/google-docs/?yI0RdH
https://www.zotero.org/google-docs/?yI0RdH
https://www.zotero.org/google-docs/?a8AzuI
https://www.zotero.org/google-docs/?2RIAGD
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incorporation into, and metabolism via the TCA cycle is important for bacteroid fitness and 

essential for N2 fixation.  

 

For B. diazoefficiens, the largest number of mutations were found at site TF (Table 

6B). There is an intergenic SNP 28 bp upstream of TonB- dependent receptor 

(BJA5080_RS36530) and 217 bp upstream of hemin uptake protein HemP 

(BJA5080_RS36535). The TonB receptor is of the haemoglobin/transferrin/lactoferrin family, 

therefore important in heme/ haemoglobin uptake, an essential element in maintaining low 

O2 conditions for nitrogenase ability (Lim, 2010). Within the same plant replicate there is a 

tolerated missense mutation in a FecR domain- containing protein (BJA5080_RS19185) 

involved in ferric- citrate uptake (Enz et al., 2000). In B. diazoefficiens, There are also two 

frameshift mutations that will likely impact protein function. At site TF there is a 1bp deletion 

in a CoA-binding protein (BJA5080_RS07820), essential in metabolism, in one replicate at 

100%. At site HF there is a 2 bp deletion in a FAD- binding protein, involved in 

oxidoreductase activity, present in one replicate at 100% frequency.  

 

  

https://www.zotero.org/google-docs/?8sABKB
https://www.zotero.org/google-docs/?JN9ldX
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Absence of mutations in symbiosis elements 

 

There is a notable absence of polymorphisms within the symbiosis islands of the inoculant 

genomes (Figure 5). The inoculant strains possess a tRNA-valine bipartite ICE, which splits 

into two regions (A and B) when integrated into the genome (see Figure 5; Weisberg et al., 

2022a). A bootstrapping simulation was performed to generate random positions of 

mutations (58 for B. japonicum and 32 for B. diazoefficiens) in the inoculant genomes for 

1000 simulations. In 98.5% (B. japonicum) and 93.4% (B. diazoefficiens) of simulations, 

mutations were present within the ICEsym A or B elements, suggesting that by chance we 

would expect mutations to occur within these regions. There is, however, a tolerated 

missense polymorphism that occurred within the B. diazoefficiens larger ICEsym A element, in 

a hypothetical gene (BJA5080_RS27350; Table 5B).  This polymorphism is at quite high 

average frequency in sites HF (67.3%) and site TF (68.1%) but lower at site NFF (25.7%). 

The hypothetical protein has a 100% identity match with a Bradyrhizobium multispecies 

DUF5716 family protein (NCBI protein accession no: WP_011084477.1). Unfortunately, no 

known function is associated with this predicted protein, however the polymorphism occurs 

within a JetA domain (Interpro). JetA is part of the Wadjet anti-plasmid defence system 

(JetABCD) which protects bacterial hosts from plasmid transformation (Deep et al., 2022; 

Liu, Roisné-Hamelin and Gruber, 2023) and therefore may play a role in  competition with 

invading MGEs. This highlights that successful variants present in the nodule communities 

have highly conserved symbiosis elements. Comparative genomics analysis has revealed 

that symbiosis genes are often under strong purifying selection (Epstein and Tiffin, 2021), 

which maintains their function as symbionts. 

 

5.5 Conclusions  

 

Inoculants dominate nodule occupancy, but %Ndfa across sites is variable  

 

https://www.zotero.org/google-docs/?VwXn2o
https://www.zotero.org/google-docs/?VwXn2o
https://www.zotero.org/google-docs/?VmM7nB
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The inoculant strains dominated the nodule populations as expected, since they were the 

only compatible rhizobial symbionts in the soil microbiome. However, there were also other 

Bradyrhizobium species detected at extremely low abundance in the nodule microbiomes. 

This may suggest that some members of the native population can enter nodules alongside 

compatible symbionts (Zgadzaj et al., 2015), or potentially they have acquired the symbiosis 

genes via HGT. Research in Mesorhizobium species (which also carry ICEsyms) has shown 

that native, nonsymbiotic genospecies are capable of acquiring ICEsyms and becoming 

rhizobial symbionts with varying effectiveness (Colombi et al., 2023, 2021; Haskett et al., 

2016; Hill et al., 2021; Sullivan et al., 1995). Although HGT of symbiosis genes between  

ICEsyms appears common (Weisberg et al., 2022a), there is less evidence of whole ICEsym 

mobilisation into nonsymbiotic Bradyrhizobium (Barcellos et al., 2007; Minamisawa et al., 

2002). Interestingly, the mobility potential of the inoculants SEMIA 5080 and SEMIA 5079 

bipartite tRNA- Valine ICEsyms has been questioned, due to degradation of the att sites that 

are required for ICEsym integration and excision in these strains (private correspondence with 

A. Weisberg). There was a diverse native Bradyrhizobium community in the soil microbiome, 

including known symbiotic and non-symbiotic genospecies, however native gorse and broom 

failed to produce N2-fixing nodules in these soils, suggesting their symbiotic rhizobial 

partners were absent. This may be because agricultural soil is not a natural environment for 

gorse and broom, which thrive in more acidic, nutrient depleted soils (Leary et al., 2006) and 

could suggest that HGT between native gorse and broom Bradyrhizobium symbionts and 

soya Bradyrhizobium symbionts may be unlikely due to the little overlap in their soil 

environments.  

 

The high dominance of the inoculant strains in the nodules suggests they were the 

dominant N2 fixers and despite the same soybean cultivar used, %Ndfa in plant samples 

varied across field sites. The %Ndfa values were lower than previously reported for 

temperate soybean cultivars grown in Scotland, which were relatively high (65 - 76%; Maluk 

et al., 2023), but fell within the range for average European grown soybeans (44 ± 13 %; 

https://www.zotero.org/google-docs/?bFr7IC
https://www.zotero.org/google-docs/?iYFGg4
https://www.zotero.org/google-docs/?iYFGg4
https://www.zotero.org/google-docs/?uF7eze
https://www.zotero.org/google-docs/?flpVn7
https://www.zotero.org/google-docs/?flpVn7
https://www.zotero.org/google-docs/?sMJhC2
https://www.zotero.org/google-docs/?2LjIJu
https://www.zotero.org/google-docs/?2LjIJu
https://www.zotero.org/google-docs/?pI1LOJ
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Peoples et al., 2021). BNF can be influenced by the surrounding soil and climatic 

environment, for example increased soil P content and effective rainfall up until flowering are 

predictors of %Ndfa increases (Collino et al., 2015). Significant correlations were found 

between soil P and plant  N content in this study, however a negative correlation was found 

between soil moisture content and %Ndfa, potentially as SMC was suboptimal during the 

early pod fill growth stage, due to the wet early growth season of 2021. Further research 

investigating the factors involved in optimising soybean BNF in the UK could improve the 

uptake of this underutilised crop (DEFRA, 2022) particularly as the changing climate 

increases the range where temperate varieties can be grown (Coleman et al., 2021).  

  

Variant pools within nodule environments   

 

This study investigated the potential for inoculant evolution during the first season of 

soybean cropping. The nodule communities provided a snapshot in evolutionary time for the 

introduced inoculant strains, allowing identification of genetic variants in situ. There was little 

evidence of polymorphisms within the symbiosis elements, which makes sense in the light of 

host selection, as these were the only compatible symbiosis genes in the environment. After 

a prolonged period of adaptation in the soil microbiome, ICEsym variants may arise, as 

observed in other introduced regions of the world (Barcellos et al., 2007; Batista et al., 2007; 

Iturralde et al., 2019; Satya Prakash and Annapurna, 2006). Additionally, only the pool of 

successful symbionts were assessed, isolation and sequencing strains from rhizosphere 

communities in future research may highlight symbiosis element variants that didn’t make it 

into nodule communities. It is interesting that the only ICEsym polymorphism occurred within a 

B. diazoefficiens protein that may play a role in anti-plasmid defence. Further investigation 

into this protein is needed to identify whether it is a component of the WadJet system (Deep 

et al., 2022), and may highlight how the resident MGE can carry mechanisms to compete 

with other incoming MGEs. Direct conflicts between MGEs in bacterial hosts can occur, 

which can have effects on bacterial fitness (Hall et al., 2021). If MGEs can reduce 

https://www.zotero.org/google-docs/?pI1LOJ
https://www.zotero.org/google-docs/?FNiLbU
https://www.zotero.org/google-docs/?7dwuHN
https://www.zotero.org/google-docs/?ZeVepK
https://www.zotero.org/google-docs/?sg4Ogv
https://www.zotero.org/google-docs/?sg4Ogv
https://www.zotero.org/google-docs/?w7vdCt
https://www.zotero.org/google-docs/?w7vdCt
https://www.zotero.org/google-docs/?SYegn6


157 
 

competition from other MGEs it may provide an advantage, for example in a Mesorhizobium 

isolate, a type I-C CRISPR-Cas system was found on the largest ICEsym (AA22) known to 

date, which carried targets similar to putative phage and plasmid sequences found in other 

soil bacteria (Colombi et al., 2021).  

 

Mutations outside of the ICEsym elements can still affect the capability of strains as 

symbionts, as many genes are required for rhizosphere colonisation through to N2 - fixing 

bacteroids and contribute to the competitiveness of symbionts (Burghardt and diCenzo, 

2023; Mendoza-Suárez et al., 2021; Poole et al., 2018; Wheatley et al., 2020). There were 

more mutations present in B. japonicum compared to B. diazoefficiens, which was also 

found for these inoculant strains, when only assessing the genetic variation of the symbiosis 

elements of the parental and closely related strains to SEMIA 5080 and SEMIA 5079 

(Bender et al., 2022). Additionally, some of the closely related strains had no polymorphisms 

in their symbiosis regions, but still varied in competitiveness and BNF efficiency, highlighting 

that symbiotic phenotypes were due to differences outside of the ICEsym regions (Bender et 

al., 2022).  

 

Notably, there was polymorphic diversity in bacterial genes involved in transport and 

metabolic processes, particularly C metabolism across both inoculant species, and N 

metabolism in B. japonicum. N metabolism has been suggested to be upregulated in 

soybean bacteroids, but C cycling remains similar between free-living and bacteroid states 

(Sarma and Emerich, 2006). Amino acid uptake and cycling has been shown to be important 

in R. leguminosarum indeterminate bacteroids to ensure ammonium, the primary N export, is 

not assimilated by the bacteria (Lodwig et al., 2003; Prell and Poole, 2006), however alanine 

and aspartate have also been shown to be transported to the plant from determinate 

soybean bacteroids (Waters et al., 1998; Whitehead et al., 1998). Polymorphisms in C 

metabolism and transporter proteins could reflect the need to adapt to variations in 

photosynthates provided by a new plant host (a temperate soybean cultivar) in this new 

https://www.zotero.org/google-docs/?PZ8Qm9
https://www.zotero.org/google-docs/?zsvene
https://www.zotero.org/google-docs/?zsvene
https://www.zotero.org/google-docs/?N8CW8H
https://www.zotero.org/google-docs/?GzneGm
https://www.zotero.org/google-docs/?GzneGm
https://www.zotero.org/google-docs/?f9JNis
https://www.zotero.org/google-docs/?b1faHE
https://www.zotero.org/google-docs/?3MdF5w
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environment (UK agricultural soil). Research from rhizobia experimental evolution studies 

has recently found that after successive nodulation cycles, rhizobia evolved to enhance plant 

host benefits, not by improved N2 fixation which was expected, but by reducing the cost of 

the symbiosis via changes in metabolic requirements (Quides et al., 2021). Rapid adaptation 

of rhizobia to local host genotypes has been observed in S. meliloti, where adaptation was 

mostly limited to the symbiosis plasmids, however variants also arose in other genetic 

regions, with some functional overlap of mutated genes found in this study (e.g. variants in 

an ATP synthase subunit gene, ABC transporter ATP- binding protein gene and FAD- 

binding oxidoreductases; supplementary material Batstone et al., 2020).  

 

Surprisingly, there was a high amount of polymorphic genetic diversity in the 

communities, in which 47% - 57% was present across all three field sites, suggesting a large 

amount of diversification has happened prior to introduction. This could imply that the 

inoculant production process may be introducing genetic variation in inoculant populations, 

from which plant hosts select. In the nutrient dense production vat there may be no cost or 

advantage to these sporadic mutations. However, once introduced to agricultural 

environments, variants may be subjected to different selection pressures, where acquired 

mutations may prove detrimental or advantageous to bacterial fitness. Additionally, 53% (B 

diazoefficiens) and 43% (B. japonicum) of mutations were unique to field sites, and largely 

unique to plant replicates, suggesting they may have arisen post introduction, during the ~4 

months where inoculant populations experienced various life stages, on the seed coat, in the 

rhizosphere, in infection threads and within nodule environments. Each of these stages has 

been shown to require specific genes (Wheatley et al., 2020) and specific adaptations 

(Ledermann et al., 2021). 

 

Strong selection imposed by host plants can further shape the evolution of these 

symbiont populations (Doin de Moura et al., 2023) and effective host sanctions can reduce 

less efficient N fixers in nodule populations (Kiers et al., 2003; Westhoek et al., 2021, 2017). 

https://www.zotero.org/google-docs/?42nYyR
https://www.zotero.org/google-docs/?qDK7R7
https://www.zotero.org/google-docs/?cU4iVt
https://www.zotero.org/google-docs/?lRcMR6
https://www.zotero.org/google-docs/?J39bqJ
https://www.zotero.org/google-docs/?FGDCXB
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Experimental evolution of a plant pathogen into a rhizobial symbiont has highlighted that 

most of the adaptive mutations that occurred during this process arose ex planta, in the 

rhizosphere (Doin de Moura et al., 2023). Interestingly, adaptive sweeps were defined by 

cohorts of beneficial mutations, aided by hyper mutagenesis genes that are often carried on 

rhizobial plasmids (Remigi et al., 2014). Although the presence of hyper-mutagenesis 

cassettes on ICEsyms is unknown (Remigi et al., 2016), these regions do contain a large 

amount of insertion sequence elements (IS; Barros-Carvalho et al., 2019), for which a similar 

phenomenon has been observed where IS-mediated mutations often occur during rhizobial 

saprophytic growth and from which plant hosts select (Arashida et al., 2022).  

 

The potential evolutionary effect of inoculant production may confer some benefit, for 

example, the introduction of a diverse intraspecific inoculant to a new environment may 

increase the chances of beneficial bacterial genotype x host genotype x environment (G x G 

x E) interactions. Subsequent rounds of host plant growth, without further inoculation in 

these regions may naturally select the most beneficial symbionts from previously successful 

symbiont pools that may have adapted to local edaphic conditions. Future research should 

focus on assessing the inputs to and output from inoculant production processes, at the 

multiple stages involved, past research has largely focused on the issue of contamination by 

culturable methods (Catroux, Hartmann and Revellin, 2001), but with advances in 

sequencing and bioinformatics approaches, the genetic composition of inoculant products 

can be investigated. Evolution of inoculant strains via local adaptation over time (Hungria et 

al., 1996; Santos et al., 1999) or HGT of symbiosis genes (Barcellos et al., 2007; Batista et 

al., 2007; Hill et al., 2021; Nandasena et al., 2007, 2006; Sullivan et al., 1995) has been 

documented, but here a potential role for the production process in inoculant evolution was 

found.   
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https://www.zotero.org/google-docs/?WNE69x
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Figure S1. Photos of soybean plant roots grown in cereals soil from sites NFF (top left), TF 

(top right), SF (bottom left), GF (bottom middle), HF (bottom right). Roots were gently 

washed to remove soil and no root nodules were found. 

  



165 
 

 

  



166 
 

5.8 References 

Afzal, M., Yousaf, S., Reichenauer, T.G., Sessitsch, A., 2012. The Inoculation Method 
Affects Colonization and Performance of Bacterial Inoculant Strains in the 
Phytoremediation of Soil Contaminated with Diesel Oil. International Journal of 
Phytoremediation 14, 35–47. https://doi.org/10.1080/15226514.2011.552928 
 

Alexa, A., Rahnenfuhrer, J., 2023. topGO: Enrichment Analysis for Gene Ontology. 
 

Alexa, A., Rahnenfuhrer, J., 2020. Gene set enrichment analysis with topGO. 
 

Almblad, H., Randall, T.E., Liu, F., Leblanc, K., Groves, R.A., Kittichotirat, W., Winsor, G.L., 
Fournier, N., Au, E., Groizeleau, J., Rich, J.D., Lou, Y., Granton, E., Jennings, L.K., 
Singletary, L.A., Winstone, T.M.L., Good, N.M., Bumgarner, R.E., Hynes, M.F., 
Singh, M., Stietz, M.S., Brinkman, F.S.L., Kumar, A., Brassinga, A.K.C., Parsek, 
M.R., Tseng, B.S., Lewis, I.A., Yipp, B.G., MacCallum, J.L., Harrison, J.J., 2021. 
Bacterial cyclic diguanylate signaling networks sense temperature. Nature 
Communications 12, 1986. https://doi.org/10.1038/s41467-021-22176-2 
 

Amikam, D., Galperin, M.Y., 2006. PilZ domain is part of the bacterial c-di-GMP binding 
protein. Bioinformatics 22, 3–6. https://doi.org/10.1093/bioinformatics/bti739 
 

Arashida, H., Odake, H., Sugawara, M., Noda, R., Kakizaki, K., Ohkubo, S., Mitsui, H., Sato, 
S., Minamisawa, K., 2022. Evolution of rhizobial symbiosis islands through insertion 
sequence-mediated deletion and duplication. The ISME journal 16, 112–121. 
https://doi.org/10.1038/S41396-021-01035-4 
 

Avontuur, J.R., Palmer, M., Beukes, C.W., Chan, W.Y., Coetzee, M.P.A., Blom, J., 
Stępkowski, T., Kyrpides, N.C., Woyke, T., Shapiro, N., Whitman, W.B., Venter, S.N., 
Steenkamp, E.T., 2019. Genome-informed Bradyrhizobium taxonomy: where to from 
here? Systematic and Applied Microbiology 42, 427–439. 
https://doi.org/10.1016/j.syapm.2019.03.006 
 

Baethgen, W.E., Alley, M.M., 1989. A manual colorimetric procedure for measuring 
ammonium nitrogen in soil and plant Kjeldahl digests. Communications in Soil 
Science and Plant Analysis 20, 961–969. 
https://doi.org/10.1080/00103628909368129 
 

Barcellos, F.G., Menna, P., Batista, J.S.D.S., Hungria, M., 2007. Evidence of horizontal 
transfer of symbiotic genes from a Bradyrhizobium japonicum inoculant strain to 
indigenous diazotrophs Sinorhizobium (Ensifer) fredii and Bradyrhizobium elkanii in a 
Brazilian savannah soil. Applied and Environmental Microbiology 73, 2635–2643. 
https://doi.org/10.1128/AEM.01823-06 
 

Barros-Carvalho, G.A., Hungria, M., Lopes, F.M., Van Sluys, M.-A., 2019. Brazilian-adapted 
soybean Bradyrhizobium strains uncover IS elements with potential impact on 



167 
 

biological nitrogen fixation. FEMS Microbiology Letters 366. 
https://doi.org/10.1093/femsle/fnz046 
 

Basu, A., Prasad, P., Das, S.N., Kalam, S., Sayyed, R.Z., Reddy, M.S., El Enshasy, H., 
2021. Plant Growth Promoting Rhizobacteria (PGPR) as Green Bioinoculants: 
Recent Developments, Constraints, and Prospects. Sustainability 13, 1140. 
https://doi.org/10.3390/su13031140 
 

Batista, J.S.S., Hungria, M., Barcellos, F.G., Ferreira, M.C., Mendes, I.C., 2007. Variability in 
Bradyrhizobium japonicum and B. elkanii seven years after introduction of both the 
exotic microsymbiont and the soybean host in a cerrados soil. Microbial Ecology 53, 
270–284. https://doi.org/10.1007/s00248-006-9149-2 
 

Batstone, R.T., O’Brien, A.M., Harrison, T.L., Frederickson, M.E., 2020. Experimental 
evolution makes microbes more cooperative with their local host genotype. Science 
370, 476–478. https://doi.org/10.1126/science.abb7222 
 

Bender, F.R., Nagamatsu, S.T., Delamuta, J.R.M., Ribeiro, R.A., Nogueira, M.A., Hungria, 
M., 2022. Genetic variation in symbiotic islands of natural variant strains of soybean 
Bradyrhizobium japonicum and Bradyrhizobium diazoefficiens differing in 
competitiveness and in the efficiency of nitrogen fixation. Microbial Genomics 8, 
000795. https://doi.org/10.1099/mgen.0.000795 
 

Bianucci, E., Furlan, A., Castro, S., 2017. Importance of Glutathione in the Legume-Rhizobia 
Symbiosis, in: Hossain, M.A., Mostofa, M.G., Diaz-Vivancos, P., Burritt, D.J., Fujita, 
M., Tran, L.-S.P. (Eds.), Glutathione in Plant Growth, Development, and Stress 
Tolerance. Springer International Publishing, Cham, pp. 373–396. 
https://doi.org/10.1007/978-3-319-66682-2_17 
 

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A., 
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E., Bittinger, 
K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-Rodríguez, 
A.M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C., Douglas, 
G.M., Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M., Fouquier, J., 
Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K., Guo, J., 
Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A., Janssen, S., 
Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K.B., Keefe, C.R., Keim, P., Kelley, 
S.T., Knights, D., Koester, I., Kosciolek, T., Kreps, J., Langille, M.G.I., Lee, J., Ley, 
R., Liu, Y.-X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C., Martin, B.D., 
McDonald, D., McIver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C., Morton, J.T., 
Naimey, A.T., Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B., Pearson, T., 
Peoples, S.L., Petras, D., Preuss, M.L., Pruesse, E., Rasmussen, L.B., Rivers, A., 
Robeson, M.S., Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R., Song, 
S.J., Spear, J.R., Swafford, A.D., Thompson, L.R., Torres, P.J., Trinh, P., Tripathi, A., 
Turnbaugh, P.J., Ul-Hasan, S., van der Hooft, J.J.J., Vargas, F., Vázquez-Baeza, Y., 
Vogtmann, E., von Hippel, M., Walters, W., Wan, Y., Wang, M., Warren, J., Weber, 
K.C., Williamson, C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zhang, Y., Zhu, Q., 
Knight, R., Caporaso, J.G., 2019. Reproducible, interactive, scalable and extensible 
microbiome data science using QIIME 2. Nature Biotechnology 37, 852–857. 
https://doi.org/10.1038/s41587-019-0209-9 



168 
 

 

Brockhurst, M.A., Hall, J.P.J.J., Harrison, E., Brockhurst, M.A., Harrison, E., 2017. Sampling 
the mobile gene pool: Innovation via horizontal gene transfer in bacteria. 
Philosophical Transactions of the Royal Society B: Biological Sciences 372, 1–10. 
https://doi.org/10.1098/rstb.2016.0424 
 

Burghardt, L.T., diCenzo, G.C., 2023. The evolutionary ecology of rhizobia: multiple facets of 
competition before, during, and after symbiosis with legumes. Current Opinion in 
Microbiology 72, 102281. https://doi.org/10.1016/j.mib.2023.102281 
 

Burghardt, L.T., Epstein, B., Tiffin, P., 2019. Legacy of prior host and soil selection on 
rhizobial fitness in planta. Evolution 73, 2013–2023. 
https://doi.org/10.1111/evo.13807 
 

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 
2016. DADA2: High-resolution sample inference from Illumina amplicon data. Nature 
Methods 13, 581–583. https://doi.org/10.1038/nmeth.3869 
 

Callens, M., Pradier, L., Finnegan, M., Rose, C., Bedhomme, S., 2021. Read between the 
Lines: Diversity of Nontranslational Selection Pressures on Local Codon Usage. 
Genome Biology Evolution 13, evab097. https://doi.org/10.1093/gbe/evab097 
 

Capela, D., Filipe, C., Bobik, C., Batut, J., Bruand, C., 2006. Sinorhizobium meliloti 
Differentiation During Symbiosis with Alfalfa: A Transcriptomic Dissection. MPMI 19, 
363–372. https://doi.org/10.1094/MPMI-19-0363 
 

Catroux, G., Hartmann, A. and Revellin, C., 2001. Trends in rhizobial inoculant production 
and use. Plant and soil, 230(1), pp.21-30. 

 
Ciampitti, I.A., de Borja Reis, A.F., Córdova, S.C., Castellano, M.J., Archontoulis, S.V., 

Correndo, A.A., Antunes De Almeida, L.F., Moro Rosso, L.H., 2021. Revisiting 
Biological Nitrogen Fixation Dynamics in Soybeans. Frontiers in Plant Science 12. 
 

Coleman, K., Whitmore, A.P., Hassall, K.L., Shield, I., Semenov, M.A., Dobermann, A., 
Bourhis, Y., Eskandary, A., Milne, A.E., 2021. The potential for soybean to diversify 
the production of plant-based protein in the UK. Science of The Total Environment 
767, 144903. https://doi.org/10.1016/j.scitotenv.2020.144903 
 

Collino, D.J., Salvagiotti, F., Perticari, A., Piccinetti, C., Ovando, G., Urquiaga, S., Racca, 
R.W., 2015. Biological nitrogen fixation in soybean in Argentina: relationships with 
crop, soil, and meteorological factors. Plant Soil 392, 239–252. 
https://doi.org/10.1007/s11104-015-2459-8 
 

Colombi, E., Hill, Y., Lines, R., Sullivan, J.T., Kohlmeier, M.G., Christophersen, C.T., 
Ronson, C.W., Terpolilli, J.J., Ramsay, J.P., 2023. Population genomics of Australian 
indigenous Mesorhizobium reveals diverse nonsymbiotic genospecies capable of 



169 
 

nitrogen-fixing symbioses following horizontal gene transfer. Microbial Genomics 9, 
mgen000918. https://doi.org/10.1099/mgen.0.000918 
 

Colombi, E., Perry, B.J., Sullivan, J.T., Bekuma, A.A., Terpolilli, J.J., Ronson, C.W., Ramsay, 
J.P., 2021. Comparative analysis of integrative and conjugative mobile genetic 
elements in the genus Mesorhizobium. Microbial Genomics 7, 657. 
https://doi.org/10.1099/MGEN.0.000657 
 

Cooper, B., Campbell, K.B., Beard, H.S., Garrett, W.M., Mowery, J., Bauchan, G.R., Elia, P., 
2018. A Proteomic Network for Symbiotic Nitrogen Fixation Efficiency in 
Bradyrhizobium elkanii. MPMI 31, 334–343. https://doi.org/10.1094/MPMI-10-17-
0243-R 
 

da Silva Batista, J.S., Torres, A.R., Hungria, M., 2010. Towards a two-dimensional proteomic 
reference map of Bradyrhizobium japonicum CPAC 15: Spotlighting “hypothetical 
proteins.” PROTEOMICS 10, 3176–3189. https://doi.org/10.1002/pmic.201000092 
 

Das, K., Prasanna, R., Saxena, A.K., Kumar Saxena, A., 2017. Rhizobia: a potential 
biocontrol agent for soilborne fungal pathogens. Folia Microbiologica 62, 425–435. 
https://doi.org/10.1007/s12223-017-0513-z 
 

Deatherage, D.E., Barrick, J.E., 2014. Identification of mutations in laboratory evolved 
microbes from next-generation sequencing data using breseq. Methods in Molecular 
Biology 1151, 165–188. https://doi.org/10.1007/978-1-4939-0554-6_12 
 

Deep, A., Gu, Y., Gao, Y.-Q., Ego, K.M., Herzik, M.A., Zhou, H., Corbett, K.D., 2022. The 
SMC-family Wadjet complex protects bacteria from plasmid transformation by 
recognition and cleavage of closed-circular DNA. Molecular Cell 82, 4145-4159.e7. 
https://doi.org/10.1016/j.molcel.2022.09.008 
 

DEFRA, 2022. Review of opportunities for diversifying UK agriculture through investment in 
underutilised crops (No. CH0224). Department for Food and Rural Affairs. 
 

Doin de Moura, G.G., Mouffok, S., Gaudu, N., Cazalé, A.-C., Milhes, M., Bulach, T., Valière, 
S., Roche, D., Ferdy, J.-B., Masson-Boivin, C., Capela, D., Remigi, P., 2023. A 
Selective Bottleneck During Host Entry Drives the Evolution of New Legume 
Symbionts. Molecular Biology and Evolution 40, msad116. 
https://doi.org/10.1093/molbev/msad116 
 

Dunn, M.F., 2015. Key roles of microsymbiont amino acid metabolism in rhizobia-legume 
interactions. Critical Reviews in Microbiology 41, 411–451. 
https://doi.org/10.3109/1040841X.2013.856854 
 

Enz, S., Mahren, S., Stroeher, U.H., Braun, V., 2000. Surface Signaling in Ferric Citrate 
Transport Gene Induction: Interaction of the FecA, FecR, and FecI Regulatory 
Proteins. Journal of Bacteriology 182, 637–646. https://doi.org/10.1128/jb.182.3.637-
646.2000 



170 
 

 

Epstein, B., Tiffin, P., 2021. Comparative genomics reveals high rates of horizontal transfer 
and strong purifying selection on rhizobial symbiosis genes. Proceedings of the 
Royal Society B: Biological Sciences 288, 20201804. 
 

Gao, S., Romdhane, S.B., Beullens, S., Kaever, V., Lambrichts, I., Fauvart, M., Michiels, J., 
2014. Genomic analysis of cyclic-di-GMP-related genes in rhizobial type strains and 
functional analysis in Rhizobium etli. Applied Microbiology and Biotechnology 98, 
4589–4602. https://doi.org/10.1007/s00253-014-5722-7 
 

Garcia, M.V.C., Nogueira, M.A., Hungria, M., 2021. Combining microorganisms in inoculants 
is agronomically important but industrially challenging: case study of a composite 
inoculant containing Bradyrhizobium and Azospirillum for the soybean crop. AMB 
Express 11. https://doi.org/10.1186/s13568-021-01230-8 
 

Greenlon, A., Chang, P.L., Damtew, Z.M., Muleta, A., Carrasquilla-Garcia, N., Kim, D., 
Nguyen, H.P., Suryawanshi, V., Krieg, C.P., Kumar Yadav, S., Singh Patel, J., 
Mukherjee, A., Udupa, S., Benjelloun, I., Thami-Alami, I., Yasin, M., Patil, B., Singh, 
S., Kumar Sarma, B., Von Wettberg, E.J.B., Kahraman, A., Bukun, B., Assefa, F., 
Tesfaye, K., Fikre, A., Cook, D.R., 2019. Global-level population genomics reveals 
differential effects of geography and phylogeny on horizontal gene transfer in soil 
bacteria. PNAS 116, 15200–15209. https://doi.org/10.1073/pnas.1900056116 
 

Greffe, V.R.G., Michiels, J., 2020. Desiccation-induced cell damage in bacteria and the 
relevance for inoculant production. Applied Microbiology and Biotechnology 104, 
3757–3770. https://doi.org/10.1007/s00253-020-10501-6 
 

Hall, J.P.J., Wright, R.C.T., Harrison, E., Muddiman, K.J., Wood, A.J., Paterson, S., 
Brockhurst, M.A., 2021. Plasmid fitness costs are caused by specific genetic conflicts 
enabling resolution by compensatory mutation. PLOS Biology 19, e3001225. 
https://doi.org/10.1371/journal.pbio.3001225 
 

Haskett, T.L., Terpolilli, J.J., Bekuma, A., O’hara, G.W., Sullivan, J.T., Wang, P., Ronson, 
C.W., Ramsay, J.P., 2016. Assembly and transfer of tripartite integrative and 
conjugative genetic elements. PNAS 113. https://doi.org/10.1073/pnas.1613358113 
 

Hill, Y., Colombi, E., Bonello, E., Haskett, T., Ramsay, J., O’Hara, G., Terpolilli, J., 2021. 
Evolution of Diverse Effective N2-Fixing Microsymbionts of Cicer arietinum following 
Horizontal Transfer of the Mesorhizobium ciceri CC1192 Symbiosis Integrative and 
Conjugative Element. Applied and Environmental Microbiology 87, 1–16. 
https://doi.org/10.1128/AEM.02558-20 
 

Howieson, J.G., Dilworth, M.J., 2016. Working with rhizobia, Australian Centre for 
International Agricultural Research. Canberra. 
 

Hungria, M., Nishi, C.Y.M., Cohn, J., Stacey, G., 1996. Comparison between parental and 
variant soybean Bradyrhizobium strains with regard to the production of lipo-chitin 



171 
 

nodulation signals, early stages of root infection, nodule occupancy, and N2 fixation 
rates. Plant Soil 186, 331–341. https://doi.org/10.1007/BF02415528 
 

Iturralde, E.T., Covelli, J.M., Alvarez, F., Pérez-Giménez, J., Arrese-Igor, C., Lodeiro, A.R., 
2019. Soybean-Nodulating Strains With Low Intrinsic Competitiveness for 
Nodulation, Good Symbiotic Performance, and Stress-Tolerance Isolated From 
Soybean-Cropped Soils in Argentina. Frontiers in Microbiology 10. p.1061. 
 

Jack, C.N., Petipas, R.H., Cheeke, T.E., Rowland, J.L., Friesen, M.L., 2021. Microbial 
Inoculants: Silver Bullet or Microbial Jurassic Park? Trends in Microbiology 29, 299–
308. https://doi.org/10.1016/j.tim.2020.11.006 
 

Jafari, M., Ansari-Pour, N., 2019. Why, When and How to Adjust Your P Values? Cell J 20, 
604–607. https://doi.org/10.22074/cellj.2019.5992 
 

Jenal, U., Reinders, A., Lori, C., 2017. Cyclic di-GMP: second messenger extraordinaire. 
Nature Reviews Microbiology, 15(5), pp.271-284. 
https://doi.org/10.1038/nrmicro.2016.190 
 

Kaminsky, L.M., Trexler, R.V., Malik, R.J., Hockett, K.L., Bell, T.H., 2019. The Inherent 
Conflicts in Developing Soil Microbial Inoculants. Trends in Biotechnology 37, 140–
151. https://doi.org/10.1016/j.tibtech.2018.11.011 
 

Kiers, E.T., Rousseau, R.A., West, S.A., Denlson, R.F., 2003. Host sanctions and the 
legume-rhizobium mutualism. Nature 425, 78–81. 
https://doi.org/10.1038/nature01931 
 

Klute, A., 2018. Methods of Soil Analysis, Part 1: Physical and Mineralogical Methods, 2nd 
Edition, 2nd ed. Wiley. 
 

Kofler, R., Schlötterer, C., 2014. A Guide for the Design of Evolve and Resequencing 
Studies. Molecular Biology and Evolution 31, 474–483. 
https://doi.org/10.1093/molbev/mst221 
 

Leary, J.K., Hue, N.V., Singleton, P.W., Borthakur, D., 2006. The major features of an 
infestation by the invasive weed legume gorse (Ulex europaeus) on volcanic soils in 
Hawaii. Biology and Fertility of Soils, 42, pp.215-223. https://doi.org/10.1007/s00374-
005-0018-9 
 

Ledermann, R., Bartsch, I., Remus-Emsermann, M.N., Vorholt, J.A., Fischer, H.-M., 2015. 
Stable Fluorescent and Enzymatic Tagging of Bradyrhizobium diazoefficiens to 
Analyze Host-Plant Infection and Colonization. MPMI 28, 959–967. 
https://doi.org/10.1094/MPMI-03-15-0054-TA 
 



172 
 

Ledermann, R., Schulte, C.C.M., Poole, P.S., 2021. How Rhizobia Adapt to the Nodule 
Environment. Journal of Bacteriology 203, 10.1128/jb.00539-20. 
https://doi.org/10.1128/jb.00539-20 
 

Lenski, R.E., 2017. Experimental evolution and the dynamics of adaptation and genome 
evolution in microbial populations. ISME J 11, 2181–2194. 
https://doi.org/10.1038/ismej.2017.69 
 

Li, M.S.R., O’Rourke, D.R., Kaehler, B.D., Ziemski, M., Dillon, M.R., Foster, J.T., Bokulich, 
N.A., 2021. RESCRIPt: Reproducible sequence taxonomy reference database 
management. PLOS Computational Biology 17, e1009581. 
https://doi.org/10.1371/journal.pcbi.1009581 
 

Lim, B.L., 2010. TonB-Dependent Receptors in Nitrogen-Fixing Nodulating Bacteria. 
Microbes and environments, 25(2), pp.67-74. https://doi.org/10.1264/jsme2.ME10102 
 

Liu, H.W., Roisné-Hamelin, F., Gruber, S., 2023. SMC-based immunity against 
extrachromosomal DNA elements. Biochemical Society Transactions 51, 1571–1583. 
https://doi.org/10.1042/BST20221395 
 

Liu, Y., 2020. A code within the genetic code: codon usage regulates co-translational protein 
folding. Cell Communication and Signaling, 18(1), pp.1-9. 
https://doi.org/10.1186/s12964-020-00642-6 
 

Lodwig, E.M., Hosie, A.H.F., Bourdès, A., Findlay, K., Allaway, D., Karunakaran, R., Downie, 
J.A., Poole, P.S., 2003. Amino-acid cycling drives nitrogen fixation in the legume–
Rhizobium symbiosis. Nature 422, 722–726. https://doi.org/10.1038/nature01527 
 

Lu, J., Breitwieser, F.P., Thielen, P., Salzberg, S.L., 2017. Bracken: estimating species 
abundance in metagenomics data. PeerJ Computer Science, 3, p.e104. 
https://doi.org/10.7717/peerj-cs.104 
 

Lu, J., Rincon, N., Wood, D.E., Breitwieser, F.P., Pockrandt, C., Langmead, B., Salzberg, 
S.L., Steinegger, M., 2022. Metagenome analysis using the Kraken software suite. 
Nature protocols, 17(12), pp.2815-2839. https://doi.org/10.1038/s41596-022-00738-y 

 
MacLean, R.C., Torres-Barceló, C. and Moxon, R., 2013. Evaluating evolutionary models of 

stress-induced mutagenesis in bacteria. Nature Reviews Genetics, 14(3), pp.221-
227. https://doi.org/10.1038/nrg3415 

 
Maluk, M., Ferrando-Molina, F., Lopez del Egido, L., Langarica-Fuentes, A., Yohannes, 

G.G., Young, M.W., Martin, P., Gantlett, R., Kenicer, G., Hawes, C., Begg, G.S., 
Quilliam, R.S., Squire, G.R., Young, J.P.W., Iannetta, P.P.M., James, E.K., 2022. 
Fields with no recent legume cultivation have sufficient nitrogen-fixing rhizobia for 
crops of faba bean (Vicia faba L.). Plant and Soil 472, 345–368. 
https://doi.org/10.1007/s11104-021-05246-8 
 



173 
 

Maluk, M., Giles, M., Wardell, G.E., Akramin, A.T., Ferrando-Molina, F., Murdoch, A., Barros, 
M., Beukes, C., Vasconçelos, M., Harrison, E., 2023. Biological nitrogen fixation by 
soybean (Glycine max [L.] Merr.), a novel, high protein crop in Scotland, requires 
inoculation with non-native Bradyrhizobia. Frontiers in Agronomy 5, 1196873. 
 

Manfredini, A., Malusà, E., Costa, C., Pallottino, F., Mocali, S., Pinzari, F., Canfora, L., 2021. 
Current Methods, Common Practices, and Perspectives in Tracking and Monitoring 
Bioinoculants in Soil. Frontiers in Microbiology 12. 
 

Mawarda, P.C., Le Roux, X., Dirk van Elsas, J., Salles, J.F., 2020. Deliberate introduction of 
invisible invaders: A critical appraisal of the impact of microbial inoculants on soil 
microbial communities. Soil Biology and Biochemistry 148, 107874. 
https://doi.org/10.1016/j.soilbio.2020.107874 
 

McMurdie, P.J., Holmes, S., 2013. phyloseq: An R Package for Reproducible Interactive 
Analysis and Graphics of Microbiome Census Data. PLOS ONE 8, e61217. 
https://doi.org/10.1371/journal.pone.0061217 
 

Mendoza-Suárez, M., Andersen, S.U., Poole, P.S., Sánchez-Cañizares, C., 2021. 
Competition, Nodule Occupancy, and Persistence of Inoculant Strains: Key Factors 
in the Rhizobium-Legume Symbioses. Frontiers in Plant Science 0, 1684. 
https://doi.org/10.3389/FPLS.2021.690567 
 

Minamisawa, K., Itakura, M., Suzuki, M., Ichige, K., Tsuyoshiisawa, Yuhashi, K.I., Mitsui, H., 
2002. Horizontal Transfer of Nodulation Genes in soils and Microcosms from 
Bradyrhizobium japonicum to B. elkanii. Microbes and Environments 17, 82–90. 
https://doi.org/10.1264/jsme2.2002.82 
 

Miranda, K.M., Espey, M.G., Wink, D.A., 2001. A rapid, simple spectrophotometric method 
for simultaneous detection of nitrate and nitrite. Nitric Oxide 5, 62–71. 
https://doi.org/10.1006/niox.2000.0319 
 

Nandasena, K.G., O’hara, G.W., Tiwari, R.P., Howieson, J.G., 2006. Rapid In Situ Evolution 
of Nodulating Strains for Biserrula pelecinus L. through Lateral Transfer of a 
Symbiosis Island from the Original Mesorhizobial Inoculant. Applied and 
Environmental Microbiology 72, 7365–7367. https://doi.org/10.1128/AEM.00889-06 
 

Nandasena, K.G., O'Hara, G.W., Tiwari, R.P., Sezmiş, E. and Howieson, J.G., 2007. In situ 
lateral transfer of symbiosis islands results in rapid evolution of diverse competitive 
strains of mesorhizobia suboptimal in symbiotic nitrogen fixation on the pasture 
legume Biserrula pelecinus L. Environmental Microbiology, 9(10), pp.2496-2511. 
https://doi.org/10.1111/j.1462-2920.2007.01368.x 
 

Nomura, M., Arunothayanan, H., Van DAO, T., Le, H.T.-P., Kaneko, T., Sato, S., Tabata, S., 
Tajima, S., 2010. Differential protein profiles of Bradyrhizobium japonicum USDA110 
bacteroid during soybean nodule development. Soil Science & Plant Nutrition 56, 
579–590. https://doi.org/10.1111/j.1747-0765.2010.00500.x 
 



174 
 

Ohkama-Ohtsu, N., Honma, H., Nakagome, M., Nagata, M., Yamaya-Ito, H., Sano, Y., 
Hiraoka, N., Ikemi, T., Suzuki, A., Okazaki, S., Minamisawa, K., Yokoyama, T., 2016. 
Growth Rate of and Gene Expression in Bradyrhizobium diazoefficiens USDA110 
due to a Mutation in blr7984, a TetR Family Transcriptional Regulator Gene. 
Mircrobes and environments 31, 249–259. https://doi.org/10.1264/jsme2.ME16056 
 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, 
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., 
Wagner, H., 2020. vegan: Community Ecology Package. 
 

O’Leary, N.A., Wright, M.W., Brister, J.R., Ciufo, S., Haddad, D., McVeigh, R., Rajput, B., 
Robbertse, B., Smith-White, B., Ako-Adjei, D., Astashyn, A., Badretdin, A., Bao, Y., 
Blinkova, O., Brover, V., Chetvernin, V., Choi, J., Cox, E., Ermolaeva, O., Farrell, 
C.M., Goldfarb, T., Gupta, T., Haft, D., Hatcher, E., Hlavina, W., Joardar, V.S., 
Kodali, V.K., Li, W., Maglott, D., Masterson, P., McGarvey, K.M., Murphy, M.R., 
O’Neill, K., Pujar, S., Rangwala, S.H., Rausch, D., Riddick, L.D., Schoch, C., Shkeda, 
A., Storz, S.S., Sun, H., Thibaud-Nissen, F., Tolstoy, I., Tully, R.E., Vatsan, A.R., 
Wallin, C., Webb, D., Wu, W., Landrum, M.J., Kimchi, A., Tatusova, T., DiCuccio, M., 
Kitts, P., Murphy, T.D., Pruitt, K.D., 2016. Reference sequence (RefSeq) database at 
NCBI: current status, taxonomic expansion, and functional annotation. Nucleic Acids 
Research 44, D733-745. https://doi.org/10.1093/nar/gkv1189 
 

Ong, A., O’Brian, M.R., 2023. The Bradyrhizobium japonicum fsrB gene is essential for 
utilization of structurally diverse ferric siderophores to fulfil its nutritional iron 
requirement. Molecular Microbiology 119, 340–349. 
https://doi.org/10.1111/mmi.15028 
 

Paysan-Lafosse, T., Blum, M., Chuguransky, S., Grego, T., Pinto, B.L., Salazar, G.A., 
Bileschi, M.L., Bork, P., Bridge, A., Colwell, L., Gough, J., Haft, D.H., Letunić, I., 
Marchler-Bauer, A., Mi, H., Natale, D.A., Orengo, C.A., Pandurangan, A.P., Rivoire, 
C., Sigrist, C.J.A., Sillitoe, I., Thanki, N., Thomas, P.D., Tosatto, S.C.E., Wu, C.H., 
Bateman, A., 2023. InterPro in 2022. Nucleic Acids Research 51, D418–D427. 
https://doi.org/10.1093/nar/gkac993 
 

Peoples, M.B., Giller, K.E., Jensen, E.S., Herridge, D.F., 2021. Quantifying country-to-global 
scale nitrogen fixation for grain legumes: I. Reliance on nitrogen fixation of soybean, 
groundnut and pulses. Plant Soil 469, 1–14. https://doi.org/10.1007/s11104-021-
05167-6 
 

Perez Carrascal, O.M., Vaninsberghe, D., Ju Arez, S., Polz, M.F., Vinuesa, P., Ictor Gonz 
Alez, V., 2016. Population genomics of the symbiotic plasmids of sympatric nitrogen-
fixing Rhizobium species associated with Phaseolus vulgaris. Environmental 
Microbiology 18, 2660–2678. https://doi.org/10.1111/1462-2920.13415 
 

Poole, P., Ramachandran, V., Terpolilli, J., 2018. Rhizobia: From saprophytes to 
endosymbionts. Nature Reviews Microbiology 16, 291–303. 
https://doi.org/10.1038/nrmicro.2017.171 
 



175 
 

Prell, J., Poole, P., 2006. Metabolic changes of rhizobia in legume nodules. Trends in 
Microbiology 14, 161–168. https://doi.org/10.1016/j.tim.2006.02.005 
 

Quides, K.W., Weisberg, A.J., Trinh, J., Salaheldine, F., Cardenas, P., Lee, H.-H., Jariwala, 
R., Chang, J.H., Sachs, J.L., 2021. Experimental evolution can enhance benefits of 
rhizobia to novel legume hosts. Proceedings of the Royal Society B: Biological 
Sciences 288, 20210812. https://doi.org/10.1098/rspb.2021.0812 
 

R Core Team, 2022. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. 
 

R Studio Team, 2020. RStudio: Integrated Development for R. 
 

Remigi, P., Capela, D., Clerissi, C., Tasse, L., Torchet, R., Bouchez, O., Batut, J., Cruveiller, 
S., Rocha, E.P.C., Masson-Boivin, C., 2014. Transient Hypermutagenesis 
Accelerates the Evolution of Legume Endosymbionts following Horizontal Gene 
Transfer. PLoS Biology 12, 1001942. https://doi.org/10.1371/journal.pbio.1001942 
 

Remigi, P., Zhu, J., Young, J.P.W., Masson-Boivin, C., 2016. Symbiosis within Symbiosis: 
Evolving Nitrogen-Fixing Legume Symbionts. Trends in Microbiology 24, 63–75. 
https://doi.org/10.1016/j.tim.2015.10.007 
 

Riviezzi, B., García-Laviña, C.X., Morel, M.A., Castro-Sowinski, S., 2021. Facing the 
communication between soybean plants and microorganisms (Bradyrhizobium and 
Delftia) by quantitative shotgun proteomics. Symbiosis 83, 293–304. 
https://doi.org/10.1007/s13199-021-00758-4 
 

Sammauria, R., Kumawat, S., Kumawat, P., Singh, J., Jatwa, T.K., 2020. Microbial 
inoculants: potential tool for sustainability of agricultural production systems. Archives 
of microbiology, 202(4), pp.677-693. https://doi.org/10.1007/s00203-019-01795-w 
 

Santos, M.A., Vargas, M.A.T., Hungria, M., 1999. Characterization of soybean 
Bradyrhizobium strains adapted to the Brazilian savannas. FEMS Microbiology 
Ecology 30, 261–272. https://doi.org/10.1016/S0168-6496(99)00065-3 
 

Santos, M.S., Nogueira, M.A., Hungria, M., 2019. Microbial inoculants: reviewing the past, 
discussing the present and previewing an outstanding future for the use of beneficial 
bacteria in agriculture. AMB Express 9. https://doi.org/10.1186/s13568-019-0932-0 
 

Sarma, A.D., Emerich, D.W., 2006. A comparative proteomic evaluation of culture grown vs 
nodule isolated Bradyrhizobium japonicum. PROTEOMICS 6, 3008–3028. 
https://doi.org/10.1002/pmic.200500783 
 

Sarma, A.D., Emerich, D.W., 2005. Global protein expression pattern of Bradyrhizobium 
japonicum bacteroids: A prelude to functional proteomics. PROTEOMICS 5, 4170–
4184. https://doi.org/10.1002/pmic.200401296 



176 
 

 

Satya Prakash, C., Annapurna, K., 2006. Diversity of a Soybean Bradyrhizobial Population 
Adapted to an Indian Soil. Journal of plant biochemistry and biotechnology, 15, 
pp.27-32 https://doi.org/10.1007/BF03321897 
 

Sim, N.-L., Kumar, P., Hu, J., Henikoff, S., Schneider, G., Ng, P.C., 2012. SIFT web server: 
predicting effects of amino acid substitutions on proteins. Nucleic Acids Research 40, 
W452–W457. https://doi.org/10.1093/nar/gks539 
 

Siqueira, A.F., Ormeño-Orrillo, E., Souza, R.C., Rodrigues, E.P., Almeida, L.G.P., Barcellos, 
F.G., Batista, J.S.S., Nakatani, A.S., Martínez-Romero, E., Vasconcelos, A.T.R., 
Hungria, M., 2014. Comparative genomics of Bradyrhizobium japonicum CPAC 15 
and Bradyrhizobium diazoefficiens CPAC 7: Elite model strains for understanding 
symbiotic performance with soybean. BMC Genomics 15. 
https://doi.org/10.1186/1471-2164-15-420 
 

Soria, M.A., Pagliero, F.E., Correa, O.S., Kerber, N.L., Garcia, A.F., 2006. Tolerance of 
Bradyrhizobium japonicum E109 to osmotic stress and the stability of liquid 
inoculants depend on growth phase. Microbiology Biotechnology 22, 1235–1241. 
https://doi.org/10.1007/s11274-006-9166-9 
 

Stępkowski, T., Banasiewicz, J., Granada, C.E., Andrews, M., Passaglia, L.M.P., 2018. 
Phylogeny and Phylogeography of Rhizobial Symbionts Nodulating Legumes of the 
Tribe Genisteae. Genes 9, 163. https://doi.org/10.3390/genes9030163 
 

Sullivan, J.T., Patrick, H.N., Lowther, W.L., Scott, D.B., Ronson, C.W., 1995. Nodulating 
strains of Rhizobium loti arise through chromosomal symbiotic gene transfer in the 
environment. Proceedings of the National Academy of Sciences of the United States 
of America 92, 8985–8989. https://doi.org/10.1073/pnas.92.19.8985 
 

Takors, R., 2012. Scale-up of microbial processes: Impacts, tools and open questions. 
Journal of biotechnology, 160(1-2), pp.3-9. 

https://doi.org/10.1016/j.jbiotec.2011.12.010 
 

Tang, M., Capela, D., 2020. Rhizobium diversity in the light of evolution. Advances in 
Botanical Research (Vol. 94, pp. 251-288) https://doi.org/10.1016/bs.abr.2019.09.006 
 

Taté, R., Riccio, A., Caputo, E., Iaccarino, M., Patriarca, E.J., 1999. The Rhizobium etli metZ 
gene is essential for methionine biosynthesis and nodulation of Phaseolus vulgaris. 
Molecular Plant Microbe Interactions 12, 24–34. 
https://doi.org/10.1094/MPMI.1999.12.1.24 
 

The UniProt Consortium, 2023. UniProt: the Universal Protein Knowledgebase in 2023. 
Nucleic Acids Research 51, D523–D531. https://doi.org/10.1093/nar/gkac1052 
 



177 
 

Udvardi, M., Poole, P.S., 2013. Transport and Metabolism in Legume-Rhizobia Symbioses. 

Annual review of plant biology, 64, pp.781-805. https://doi.org/10.1146/annurev-
arplant-050312-120235 
 

Unkovich, M., Herridge, D., Peoples, M., Cadisch, G., Boddey, B., Giller, K., Alves, B., 
Chalk, P., 2008. Measuring plant-associated nitrogen fixation in agricultural systems, 
Australian Centre for International Agricultural Research. 
https://doi.org/10.1007/s11431-006-0257-5 
 

Vauclare, P., Bligny, R., Gout, E., Widmer, F., 2013. An overview of the metabolic 
differences between Bradyrhizobium japonicum 110 bacteria and differentiated 
bacteroids from soybean (Glycine max) root nodules: an in vitro13C- and 31P-
nuclear magnetic resonance spectroscopy study. FEMS Microbiology Letters 343, 
49–56. https://doi.org/10.1111/1574-6968.12124 
 

Versalovic, J., Schneider, M., De Bruijn, F.J., Lupski, J.R., 1994. Genomic fingerprinting of 
bacteria using repetitive sequence-based polymerase chain reaction. Methods in 
Molecular and Cellular Biology 5, 25–40. 
 

Wardell, G.E., Hynes, M.F., Young, P.J., Harrison, E., 2022. Why are rhizobial symbiosis 
genes mobile? Philosophical Transactions of the Royal Society B: Biological 
Sciences 377. https://doi.org/10.1098/RSTB.2020.0471 
 

Waters, J.K., Hughes, B.L., Purcell, L.C., Gerhardt, K.O., Mawhinney, T.P., Emerich, D.W., 
1998. Alanine, not ammonia, is excreted from N2-fixing soybean nodule bacteroids. 
Proceedings of the National Academy of Sciences 95, 12038–12042. 
https://doi.org/10.1073/pnas.95.20.12038 
 

Weisberg, A.J., Rahman, A., Backus, D., Tyavanagimatt, P., Chang, J.H., Sachs, J.L., 
2022a. Pangenome Evolution Reconciles Robustness and Instability of Rhizobial 
Symbiosis. mBio. https://doi.org/10.1128/MBIO.00074-22 
 

Weisberg, A.J., Sachs, J.L., Chang, J.H., 2022b. Dynamic Interactions Between Mega 
Symbiosis ICEs and Bacterial Chromosomes Maintain Genome Architecture. 
Genome Biology and Evolution 14, evac078. https://doi.org/10.1093/gbe/evac078 
 

Westhoek, A., Clark, L.J., Culbert, M., Dalchau, N., Griffiths, M., Jorrin, B., Karunakaran, R., 
Ledermann, R., Tkacz, A., Webb, I., James, E.K., Poole, P.S., Turnbull, L.A., 2021. 
Conditional sanctioning in a legume-Rhizobium mutualism. Proceedings of the 
National Academy of Sciences of the United States of America 118. 
https://doi.org/10.1073/pnas.2025760118 
 

Westhoek, A., Field, E., Rehling, F., Mulley, G., Webb, I., Poole, P.S., Turnbull, L.A., 2017. 
Policing the legume-Rhizobium symbiosis: A critical test of partner choice. Scientific 
Reports 7, 1–10. https://doi.org/10.1038/s41598-017-01634-2 
 



178 
 

Wheatley, R.M., Ford, B.L., Li, L., Aroney, S.T.N., Knights, H.E., Ledermann, R., East, A.K., 
Ramachandran, V.K., Poole, P.S., 2020. Lifestyle adaptations of Rhizobium from 
rhizosphere to symbiosis. Proceedings of the National Academy of Sciences 117, 
23823–23834. https://doi.org/10.1073/pnas.2009094117 
 

Whitehead, L.F., Young, S., Day, D.A., 1998. Aspartate and alanine movement across 
symbiotic membranes of soybean nodules. Soil Biology and Biochemistry 30, 1583–
1589. https://doi.org/10.1016/S0038-0717(97)00229-0 
 

Wülser, J., Ernst, C., Vetsch, D., Emmenegger, B., Michel, A., Lutz, S., Ahrens, C.H., 
Vorholt, J.A., Ledermann, R., Fischer, H.-M., 2022. Salt- and Osmo-Responsive 
Sensor Histidine Kinases Activate the Bradyrhizobium diazoefficiens General Stress 
Response to Initiate Functional Symbiosis. MPMI 35, 604–615. 
https://doi.org/10.1094/MPMI-02-22-0051-FI 
 

Zgadzaj, R., James, E.K., Kelly, S., Kawaharada, Y., de Jonge, N., Jensen, D.B., Madsen, 
L.H., Radutoiu, S., 2015. A Legume Genetic Framework Controls Infection of 
Nodules by Symbiotic and Endophytic Bacteria. PLoS Genetics 11, 1–21. 
https://doi.org/10.1371/journal.pgen.1005280 
 

Zimmer, S., Messmer, M., Haase, T., Piepho, H.P., Mindermann, A., Schulz, H., Habekuß, 
A., Ordon, F., Wilbois, K.P., Heß, J., 2016. Effects of soybean variety and 
Bradyrhizobium strains on yield, protein content and biological nitrogen fixation under 
cool growing conditions in Germany. European Journal of Agronomy 72, 38–46. 
https://doi.org/10.1016/j.eja.2015.09.008 

  



179 
 

Chapter 6: Discussion 

6.1 Summary  

 

Inoculation of non-native legume crops with exotic rhizobia is necessary to introduce 

biological nitrogen fixation (BNF) to a new area, however the impacts of inoculation on 

recipient soil communities are not well understood. Interactions between inoculants and 

resident soil communities can influence symbiosis outcomes, with knock-on impacts on crop 

yields. Optimising soybean (Glycine max L. Merr) inoculation strategies could aid soybean 

production in the UK, which would reduce reliance on imports. Effective rhizobia inoculation 

can also reduce chemical N inputs for legume growth. Thus, improved soya growth and 

inoculation in the UK could lead to a more sustainable soybean production for UK 

consumption. In this thesis, the effects of inoculating non-native rhizobial symbionts on soil 

communities and temperate soybean cultivars were investigated. Results showed that exotic 

rhizobial inoculation altered bacterial communities transiently in the short term (within one 

growth season), but there was evidence that functional soya-BNF had persisted in the 

microbiome from previous inoculations. Further investigation of multi-species inocula effects 

on soybean biomass, highlighted that Bradyrhizobium symbionts dominated nodule 

occupancy over Sinorhizobium fredii in a simple environment and provided better host 

benefits for the temperate cultivar tested. When Bradyrhizobium symbionts were combined 

with a plant growth promoting rhizobacteria (PGPR) consortia, some improved plant traits 

were observed and a novel beneficial association between Bradyrhizobium and the PGPR 

strain Rhizobium languerre PEPV16 was discovered. Finally, the potential for inoculant 

evolution during the first introduction of soybean across three UK farm sites was assessed, 

revealing strain variation within nodules, where inoculants may have diversified both pre- 

and post- introduction. Taken together, these results further our understanding of both the 

ecological and evolutionary impacts of exotic rhizobial inoculation on soil communities, with 

knock- on impacts for soybean yields. Here, these results are discussed within the wider 
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context of tailoring inoculants for soya BNF in the UK, the legacy of inoculants and their 

evolution, with future research areas outlined. 

 

6.2 The potential to diversify soya inoculants 

 

Currently, soybean inoculant products are dominated by Bradyrhizobium symbionts, 

however, research in this thesis also explored the potential of Sinorhizobium fredii symbionts 

for temperate varieties. This was explored due to S. fredii’s advantage in alkaline soil 

conditions (Temprano-Vera et al., 2018; Tian et al., 2012), and the overlap in the suitable 

soya growing area and alkaline soils in the UK (refer to Chapter 1, Figure 1). It is worth 

noting that in Chapter 2, S. fredii yielded a growth benefit compared to the N fertilised control 

in the soil without a history of soya inoculation, where there was a higher (but still neutral) pH 

and a smaller soya- nodulating Bradyrhizobium population than in the soya history soil. 

Previous research has shown that Bradyrhizobium symbionts usually outperform 

Sinorhizobium symbionts in most acidic - neutral pH soils (Ravuri and Hume, 1992) and 

particularly if S. fredii is inoculated into soils already possessing soya-nodulating 

Bradyrhizobium (Albareda et al., 2009a, 2009b), as was observed in the soya soil in Chapter 

2. As soya- nodulating B. diazoefficiens and B. japonicum have now been introduced across 

areas of the UK, and in particular have shown evidence of high competitiveness, the 

likelihood of S. fredii inoculation effectiveness in UK soils may be low. However, comparison 

of inoculants performance in alkaline soils (>8 pH) was not directly tested in this research. 

Future research testing the application of S. fredii in UK agricultural alkaline soils with and 

without a history of inoculation would provide further information if plant yield benefits can be 

made. In recent years the exploration of utilising native legume symbionts as potential soya 

symbionts has highlighted that some novel associations can arise (BioVox, 2021; Bromfield 

et al., 2017; Van Dingenen et al., 2022), but it is worth noting that this is in areas with a 

longer history of soya growth and inoculation. Therefore, introduced inoculant strains may 

have had a long period in the soil microbiomes, with increased interactions with native 

https://www.zotero.org/google-docs/?gwpT8d
https://www.zotero.org/google-docs/?BdQS2g
https://www.zotero.org/google-docs/?F2bce6
https://www.zotero.org/google-docs/?AyTRtI
https://www.zotero.org/google-docs/?AyTRtI
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communities. Research is needed into native Bradyrhizobium communities in the UK as they 

are currently completely undescribed and the potential for successful horizontal gene 

transfer (HGT) of the symbiosis genes between inoculant and native Bradyrhizobium may be 

more likely to occur due to genetic adaptations and accommodations for symbiosis 

integrative conjugative elements (ICEs) (Weisberg et al., 2022b, 2022a).  

 

Diversifying rhizobia inocula with beneficial PGPRs could increase the breadth of 

beneficial functions provided to legume crops. However, there is varied evidence for the 

effectiveness of PGPR inoculation and survival of introduced PGPR inoculants in soil 

microbiomes. For example broad acting PGPR Azospirillum inoculants are known for 

providing increases in crop yields, but are not persistent in the environment, particularly if 

host plants are removed (Bashan et al., 1995). A PGPR strain that is beneficial for one crop 

type, may not be beneficial for another, and therefore may not be selected and maintained 

by the plant holobiont (Hartmann et al., 2009; Venkateswarlu et al., 1997). The potential crop 

benefits that could be acquired from microbial inoculation can be diminished by certain 

agricultural practices, such as incompatible crop rotations (Koyama et al., 2022), fertilisation 

(Weese et al., 2015), tilling and fallow soil periods (Liu et al., 2021), alongside the reduced 

capacity of modern crop cultivars to form symbioses (Porter and Sachs, 2020). Thus, 

inoculation is necessary to introduce specific traits to certain environments (e.g. soya BNF to 

the UK), but a more holistic approach to crop production post inoculant introduction could 

help maximise the benefits of inoculation.  

 

6.3 Competitiveness and persistence of inoculant strains  

 

A notable finding in Chapter 2, was the persistence and spread of rhizobia inoculants. 

Previous soya growth and inoculation on the Kent farm had established a soil population of 

soya-nodulating Bradyrhizobium, which was able to provide plant benefits, but plant yields 

were not increased by not re-inoculation. This poses interesting questions about the impacts 

https://www.zotero.org/google-docs/?ngvfBZ
https://www.zotero.org/google-docs/?SRmJDE
https://www.zotero.org/google-docs/?EfWjRd
https://www.zotero.org/google-docs/?JPHrvI
https://www.zotero.org/google-docs/?z98NKS
https://www.zotero.org/google-docs/?WrrOXn
https://www.zotero.org/google-docs/?2nr1h7
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of re-inoculation and whether it is necessary after the functional trait has been introduced to 

soil microbiomes. Soya-nodulating Bradyrhizobium strains have previously been found to 

persist in the soil microbiome 20 years after they were introduced to soils in Poland 

(Narozna et al., 2015) and 30 years post introduction in Brazil (Giongo et al., 2020). This is 

supported by evidence in other European soils (Brunel et al., 1988; Griebsch et al., 2020; 

Obaton et al., 2002) although longevity of inoculants has been found to be influenced by soil 

type (Revellin et al., 1996) and in some cases the time since soya was last grown (Halwani 

et al., 2021). Furthermore, the spread of B. japonicum from previously inoculated soils to un-

inoculated, has also been documented (Mason et al., 2016; Mendes et al., 2004; Vargas et 

al., 1994). There are several contributing factors that may explain this spread and 

persistence, Bradyrhizobium are a diverse (Avontuur et al., 2019) and abundant clade of soil 

bacteria globally (Delgado-Baquerizo et al., 2018), with high saprophytic capability that 

occupy varying niches, for example the widespread dominance of nonsymbiotic 

Bradyrhizobium has been found across North American soils (VanInsberghe et al., 2015). 

The Bradyrhizobium inoculant strains SEMIA 5080 and SEMIA 5079 have a high proportion 

of genes related to amino acid and carbohydrate metabolism, and in particular B. japonicum 

SEMIA 5079 has more genes involved in secondary metabolites, nutrient transporters, iron-

acquisition and auxin metabolism, which may further explain its success in soils (Siqueira et 

al., 2014). Traits that make a good inoculant, such as competitiveness in the rhizosphere, 

may also increase the likelihood of dispersal ability and survival, beyond the intended range 

or timescale (Jack et al., 2021). Mendes et al., (2004) noted that the inoculation of B. 

japonicum SEMIA 5079 established an ‘extremely unfavourable situation’, for the 

introduction of new inoculant strains, as it would outcompete them for nodule occupancy 

despite repeated inoculation with other strains (including SEMIA 5080). This means that if 

higher quality rhizobia strains are discovered and inoculated in the UK, they may get 

outcompeted by SEMIA 5079 for nodule occupancy. Positive soybean yield responses to re-

inoculation have been observed in Brazil (Hungria et al., 2006, 1996; Vargas et al., 1994), 

but studies in North America have shown a lack of soybean yield response to re-inoculation 

https://www.zotero.org/google-docs/?DUbIrd
https://www.zotero.org/google-docs/?gslmBA
https://www.zotero.org/google-docs/?aEySWB
https://www.zotero.org/google-docs/?aEySWB
https://www.zotero.org/google-docs/?Cn6mXM
https://www.zotero.org/google-docs/?r31xkG
https://www.zotero.org/google-docs/?r31xkG
https://www.zotero.org/google-docs/?Q0m611
https://www.zotero.org/google-docs/?Q0m611
https://www.zotero.org/google-docs/?WYvkmk
https://www.zotero.org/google-docs/?433ijc
https://www.zotero.org/google-docs/?M5mHyH
https://www.zotero.org/google-docs/?kKq9jv
https://www.zotero.org/google-docs/?kKq9jv
https://www.zotero.org/google-docs/?hadnTM
https://www.zotero.org/google-docs/?jMYax1
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(De Bruin et al., 2010; Klubek et al., 1988). De Bruin et al., (2010) evaluated re-inoculation of 

soybean in 73 field trials across midwest North America and found only 6 trials had a 

positive yield response to re-inoculation. Further research is needed in temperate areas but 

may suggest an alternative method to re-inoculation with the same ‘elite’ inoculant strains is 

needed for enhancing BNF potential.  

 

6.4 Inoculant evolution - can we use it to our advantage? 

 

The evolution of inoculant strains during the first growth season of soybean was found in 

Chapter 5. Polymorphic strain populations were observed within field grown nodules after 

their introduction to the soil four months prior. Surprisingly, around half of the mutations (~50 

- 60%) were present at all field sites, suggesting a diverse intraspecific inoculant was 

introduced. As the nodulation step in the symbiosis is a population bottleneck of the potential 

pool of symbionts in the soil (Doin de Moura et al., 2023), we may expect a larger group of 

symbiont variants in the rhizosphere. This highlights interesting aspects about inoculant 

production and the eco-evolutionary processes it initiates. The idea of ‘one size fits all’, ‘elite’ 

inoculant strains that; remain genetically stable both in vitro and in situ, are beneficial in all 

soil environments and only persist until the desired function is carried out, is unsurprisingly 

unattainable (Kaminsky et al., 2019). Some strains that work well in one soil environment, 

may not in another, there is evidence of this in Chapter 5, where two out of five field sites 

exhibited poor nodulation. The diversity generated by inoculant production could increase 

the chance of introducing a beneficial strain in a given environment (Fields et al., 2021), 

which may be a good starting point and particularly useful when background variation is very 

low. However, mutations that likely occurred during inoculant production process are 

perhaps unlikely to confer benefit in the complex heterogeneous soil environment or in 

planta. Research in Chapter 5 was only a snapshot of the communities at an early time 

point; follow up analyses of these communities after successive seasons could highlight 

whether any mutations become fixed in the populations or form part of beneficial/ 

https://www.zotero.org/google-docs/?kweWr2
https://www.zotero.org/google-docs/?bHulxT
https://www.zotero.org/google-docs/?rOoIYI
https://www.zotero.org/google-docs/?AUBrRc
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maladaptive mutational cohorts (Doin de Moura et al., 2023). Evidence suggests that a 

prolonged period in the soil may result in adaptation to the local edaphic conditions (Alves et 

al., 2003; Batista et al., 2015; Burghardt et al., 2019; Hungria et al., 2006; Santos et al., 

1999), and if followed by subsequent rounds of host plant selection, co-evolution can result 

in more beneficial symbionts (Batstone et al., 2020; Doin de Moura et al., 2023; Quides et 

al., 2021). Locally adapted symbionts can also arise via HGT of the symbiosis genes from 

inoculant strains into native strains (Colombi et al., 2023; Hill et al., 2021). HGT allows 

evolution to occur on ecological timescales (Wardell et al., 2022), which in turn can feedback 

onto plant yields and thus subsequently drives the ecology and evolution of symbiont 

populations, exhibiting strong plant-soil feedbacks (terHorst and Zee, 2016). Although the 

mobility, modularity and flexibility of the MGEs that carry rhizobial symbiosis genes can 

result in cheater strains arising at the individual level, it is also hypothesised to maintain the 

function of symbiotic nitrogen fixation at a population level (Weisberg et al., 2022a), i.e. one 

legume's [genotype x rhizobia genotype x symbiosis MGE] treasure, is another legume's 

trash. Therefore, mutualism diversity is maintained within the environment (Heath et al., 

2022; Weisberg et al., 2022a), where the generation of diverse symbionts may even be 

promoted in the rhizosphere (Ling et al., 2016; Remigi et al., 2014). The inherent nested 

nature of rhizobial symbioses suggests that a co-evolutionary approach could optimise 

introduced rhizobial symbionts to local conditions (Batstone, 2021). 

 

6.5 Future directions  

 

Taken together, the results from this thesis indicate that exotic rhizobial inoculation can 

impact soil microbial ecology and evolution. This can have impacts on the growth and yield 

of soybean grown in the UK. Research within the field highlights the benefits of co-evolution 

on rhizobial symbiont quality. Therefore, one way to optimise soya-BNF in UK soils could be 

to conduct field trials, inoculating temperate adapted cultivars with exotic inoculant strains 

once, to introduce the trait, and then growing soybean multiple times within these field trial 

https://www.zotero.org/google-docs/?sgBzK2
https://www.zotero.org/google-docs/?M6vCH4
https://www.zotero.org/google-docs/?M6vCH4
https://www.zotero.org/google-docs/?M6vCH4
https://www.zotero.org/google-docs/?EiUjjJ
https://www.zotero.org/google-docs/?EiUjjJ
https://www.zotero.org/google-docs/?I7yshR
https://www.zotero.org/google-docs/?YVdHtf
https://www.zotero.org/google-docs/?JpwvEQ
https://www.zotero.org/google-docs/?VRcXOv
https://www.zotero.org/google-docs/?rq3yMe
https://www.zotero.org/google-docs/?rq3yMe
https://www.zotero.org/google-docs/?1wvSGC
https://www.zotero.org/google-docs/?iJkg6c
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areas to allow plant hosts to exert selection on symbiont populations, aiding adaptation to 

the temperate genotypes, in novel soil environments. Trials could be conducted in various 

soil types and across climatic conditions, e.g. trials in Scotland may select for cold adapted 

symbionts, resulting in ‘locally elite’ strains which could be used going forward as more 

tailored inoculants. Desired trait outcomes should be defined, for example, enhanced seed 

yield and protein content may be the aim, to achieve soya suitable for human consumption, 

therefore it is important to grow crops to the desired growth stage, as many studies still only 

focus on early growth traits. Alternatively, improved host discrimination and more efficient 

sanctioning may be the desired outcome, therefore legume breeding programmes should 

include inoculation with a mix of rhizobial strains that vary in N2 efficiency, as host 

discrimination works best when a high N2 fixing strain is present (Denison, 2021; Westhoek 

et al., 2021). Other agricultural practices will need to be considered, for example not 

applying N fertiliser to trial plots will ensure plants are reliant on symbionts, and that reduced 

symbiotic traits do not inadvertently evolve. Other agronomic practices of growing interest, 

such as those in regenerative farming practices, could be incorporated to ensure realistic 

conditions for symbiont evolution. Follow up studies using extracted symbionts from the 

nodules of these field trials could be used to confirm their symbiotic efficiency ex situ and 

their potential as inoculant products. Inoculation research often starts by assessing a panel 

of bacteria on plant traits in ecologically irrelevant, sterile pot environments, and then scaling 

up to the field trials, where usually inoculant strains fail to survive and provide the desired 

function (Denton et al., 2002). Since inoculation of exotic soya- rhizobia has been an 

undertaken practice for years in the UK, we can utilise the power of environmental and host 

selection, flipping the process on its head. Starting with field trials to select for ecologically 

competitive symbionts, where repeated host exposure can increase the pool of efficient N2 

fixers. There is strong evidence that recurrent monitoring, strain extraction and testing of 

isolates can result in beneficial inoculant strains, a prime example is the inoculant industry in 

Brazil (Alves et al., 2003). This has produced inoculant strains that are competitive and 

appear to work across a range of soils, however if soya is going to become a commercial 

https://www.zotero.org/google-docs/?vKa2SA
https://www.zotero.org/google-docs/?vKa2SA
https://www.zotero.org/google-docs/?PWdsNP
https://www.zotero.org/google-docs/?4KKmTc
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reality in the UK to meet the growing demand, fine-tuning symbionts to local conditions is a 

necessity to optimise the potential of soya- BNF in the UK.  
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Appendix

 

Soybean fields in Lincolnshire & Cambridgeshire, UK. 
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Rhizobia are one of the most important and best studied groups of bacterial
symbionts. They are defined by their ability to establish nitrogen-fixing intra-
cellular infections within plant hosts. One surprising feature of this
symbiosis is that the bacterial genes required for this complex trait are not
fixed within the chromosome, but are encoded on mobile genetic elements
(MGEs), namely plasmids or integrative and conjugative elements. Evidence
suggests that many of these elements are actively mobilizing within rhizo-
bial populations, suggesting that regular symbiosis gene transfer is part of
the ecology of rhizobial symbionts. At first glance, this is counterintuitive.
The symbiosis trait is highly complex, multipartite and tightly coevolved
with the legume hosts, while transfer of genes can be costly and disrupt co-
adaptation between the chromosome and the symbiosis genes. However,
horizontal gene transfer is a process driven not only by the interests of the
host bacterium, but also, and perhaps predominantly, by the interests of
the MGEs that facilitate it. Thus understanding the role of horizontal gene
transfer in the rhizobium–legume symbiosis requires a ‘mobile genetic
element’s-eye view’ on the ecology and evolution of this important
symbiosis.

This article is part of the theme issue ‘The secret lives of microbial mobile
genetic elements’.
1. Introduction
Rhizobia are defined by their ability to form intracellular, nitrogen-fixing infec-
tions in a broad range of plant hosts. This trait is highly complex and often
tightly coevolved with the specific plant hosts they inhabit. One of the most sur-
prising features of the rhizobial symbiosis is that, despite its complexity, the
genes that underlie this defining characteristic are not embedded within the
bacterial chromosome. Rather, they are encoded on mobile genetic elements
(MGEs). Evidence both from experimental work and from phylogenetic com-
parisons, shows that many of these ‘sym elements’ are indeed able to
transmit horizontally between bacterial hosts and that this is happening in
some populations on a rapid—i.e. ecological—time frame. Other elements
meanwhile show a strong fidelity to their host genomes and have lost the
capacity to move independently.

The mobility of symbiosis genes is, at first glance, unexpected. Unlike the
majority of bacterial accessory traits, nodulation and nitrogen fixation are
hugely complex traits involving collaboration of a large suite of genes (nod,
nif, fix and in some instances fdx) that orchestrate a complex series of events.
Rhizobia must respond to and communicate with their specific plant hosts,
infect and form intracellular colonies within plant nodules (controlled by nod
genes) and then undergo sophisticated cell differentiation in order to devote cel-
lular metabolism to the highly energy-intensive process of nitrogen fixation.
Transfer of the symbiosis cassette risks breaking up these collaborative genes,
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Figure 1. sym Gene transfer can be inferred from the level of discordance
between phylogenies of bacterial housekeeping genes and sym genes.
(Online version in colour.)
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as well as leaving behind any beneficial adaptation on the
chromosome and other replicons. In addition, the transfer
of symbiosis genes between bacteria is likely to be costly to
the bacterial donor. Conjugation—probably the main route
of symbiosis gene transfer—is an energy and time consuming
process in itself but will also result in the creation of more
competitors for the donor bacteria. If establishing a symbiosis
within the plant is the bacterial equivalent of winning the lot-
tery, then transfer of the symbiosis genes required for a given
host is akin to handing out lottery tickets.

However, the dynamics of symbiosis genes in rhizobial
populations is not under the control of the bacterial cells
that host them. Rather it is driven by the MGEs that encode
and carry them. Genetic elements with the ability to transmit
to new hosts have—to varying degrees—their own evolution-
ary interests on which selection can act, sometimes to the
detriment of the bacterial host they inhabit [1]. Thus the rhi-
zobium–legume symbiosis should in fact be seen as a
tripartite interaction between the plant, the bacteria and the
MGEs that carry the functional trait [2]. In this review, we
will examine the world of the sym element, asking two cen-
tral questions: how mobile is the symbiosis, and what forces
shape mobility among sym elements?
 471
2. How mobile is symbiosis?
Mobility of the symbiosis trait can be observed through pat-
terns of symbiosis gene distribution within and between
rhizobial clades, as well as through examination of the
specific MGEs that carry them. Overall the evidence points
to widespread mobility among all of the major clades of rhi-
zobia, but the level of mobility varies widely, suggesting
alternative evolutionary strategies across species and between
sym elements themselves.

(a) Evidence of sym gene transmission across rhizobia
Incongruence between the evolutionary history of sym genes
and that of bacterial housekeeping genes (figure 1) has pro-
vided extensive evidence for the effect of sym gene
mobility on rhizobial evolution and population structure.
This literature has been extensively reviewed by [3], revealing
a pattern of rare but significant transfer across large genetic
distances, but far more frequent exchange among more clo-
sely related strains, within genera and species. For example,
one early study of rhizobia from three genera (Sinorhizobium,
Rhizobium and Mesorhizobium) showed widespread trans-
mission within genera, but very little evidence of transfer
between these larger clades [4].

Many examples of recent sym gene transfer stem from the
introduction of legumes into novel environments through
agriculture, which requires the simultaneous introduction of
their compatible rhizobial symbionts. Subsequent mobiliz-
ation of the crop-specific symbiosis genes from introduced
strains into native strains and species appears common. An
early example of this process was observed in New Zealand,
where the inoculant Mesorhizobium japonicum strain R7A was
co-introduced with the forage crop Lotus corniculatus. Seven
years later, diverse Mesorhizobium strains isolated from L. cor-
niculatus nodules harboured symbiosis genes identical to
those of the original inoculant, strongly suggesting transfer
of the symbiosis region into native Mesorhizobium strains
[5,6]. A similar phenomenon has since been observed
repeatedly across many hosts and geographical areas; in
Mesorhizobium nodulating Biserrula pelecinus (a pasture
legume) in Australia [7], in Ensifer nodulating soya in Brazil
[8] and in Rhizobium symbionts of white clover (Trifolium
repens) in China [9]. These examples demonstrate both the
mobility of symbiosis genes and the importance of gene
transfer in the evolution of the rhizobia–legume symbiosis.
Mobilization allows the pairing of plant-specific genes with
locally adapted bacterial genotypes, creating locally adapted
symbionts, which facilitates range expansion of the legume
host [10].

However, evidence for mobilization is not universal.
Mimosa symbionts in Mexico, predominantly Rhizobium,
and in Brazil, predominantly Burkholderia, both show co-
divergence of bacterial chromosome and sym genes
suggesting a stable evolutionary history between plants, sym-
bionts and their sym genes [11,12]. In Uruguay, however,
where Mimosa species are nodulated by Cupriavidus, incon-
gruence suggests transfer is important [13]. Among
published studies, therefore, evidence for regular mobiliz-
ation is rife and examples can be found for every major
clade of rhizobia studied [3].

However, while mobilization clearly occurs, it is difficult
to estimate the rate of transfer within populations. Insights
can be gained from studies of individual populations. In one
study, a population of R. leguminosarum isolated from nodules
of two hosts—clover and vetch—within 1 m2 of soil revealed
extensive incongruence between sym genes and the bacterial
chromosome [14]. Different sets of sym genes are required
for symbiosis with each of these two hosts, yet these were dis-
persed across the bacterial phylogeny, both across wide
phylogenetic distances and between closely related strains,
demonstrating that symbiosis gene mobility leads to regular
reshuffling of host specificity within a population. Further
studies of population-level variation are required to gain a
clearer picture of the importance of ecological-scale sym
element mobilization within rhizobial symbionts.
(b) Insights from the MGE ecosystem
Decades of research has built a picture of the MGE ecosystem
within rhizobial genomes, revealing a wide diversity of
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Figure 2. An illustration of sym plasmid diversity in species such as Rhizobium leguminosarum. (Online version in colour.)
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MGEs that contribute to sym gene mobilization. For the most
part, the major clades of rhizobia carry the core symbiosis
genes (nod, nif, fix and, where present, fxd) on one type of
replicon only. Ensifer (formerly Sinorhizobium), Rhizobium,
Cupriavidus and Paraburkholderia typically carry sym genes
on plasmids—pSyms [15–17]. Mesorhizobium, Azorhizobium
and Bradyrhizobium predominantly carry sym genes on inte-
grative and conjugative elements—ICEsyms—[6,18], which
integrate into the genome at specific integration sites, similar
to temperate phages, but can excise and initiate their own
transfer through conjugation-like plasmids [19]. However,
rare exceptions to this can be found. For example, Bradyrhizo-
bium strains have been isolated carrying a symbiosis plasmid,
rather than the more typical ICEsym [20]. The nif genes on
this plasmid appear to have been derived from free-living
N-fixing Bradyrhizobium strains, suggesting an independent
origin for symbiotic N-fixation in this plasmid-carrying
strain [21]. Such examples may well become more frequent
with further sequencing.

Within each species and even within populations, mul-
tiple versions of symbiosis genes are typically present,
creating a diverse sym element ecosystem (figure 2). This
includes elements carrying different sym genes encoding
instructions for nodulating different hosts (a group of bacteria
that share a host range because they possess similar sym
genes is called a ‘symbiovar’). For example, R. leguminosarum
populations can carry sym genes that enable symbiosis with
clovers (symbiovar trifolii), Fabeae legumes (vetches, peas
and faba beans; symbiovar viciae) or common bean (symbio-
var phaseoli). Network analysis of plasmid genomes in
Rhizobium suggests that plasmid clades primarily cluster by
plant specificity, rather than bacterial host phylogeny [22].

Within a symbiovar the role of ‘sym element’ can be taken
up by multiple distinct plasmids or ICEs [22,23] with very
different characteristics in terms of mobility and genomic
content. Whole genome sequencing of 196 strains of R. legu-
minosarum isolated from one host, white clover, across
Europe revealed four different pSyms [23]. The pattern of
pSym distribution suggests that these competing plasmids
show very different rates of plasmid—and thus sym gene—
transfer. While some pSyms showed fidelity to their host
clades, others showed a strong signature of introgression—
implying high rates of transmission [23]. Recombination can
also lead to the mobilization of symbiosis genes between
plasmids [24], potentially creating novel pSyms. Within Rhi-
zobium, for example, sym plasmids for the most part appear
to be distinct from other, non-symbiosis plasmids [22]—
implying some co-adaptation with sym genes. However, sev-
eral instances of sym genes on plasmids not universally
associated with symbiosis have also been identified
[22,23,25], implying transfer outside of the ‘sym plasmid’
pool. Indeed, the symbiosis genes have been suggested to
have signatures of being readily mobilizable [26], suggesting
that this genomic flexibility may well be adaptive.

Unsurprisingly, different sym elements will also lead to
very different genes being in linkage with the symbiosis cas-
sette. A wide variety of functional traits have been identified
on pSyms beyond those encoded by the core sym genes,
including those that are beneficial within the symbiosis—
such as genes for citrate biosynthesis [27] or melanin synthesis
[28], which is beneficial for managing redox conditions within
the nodule [29]—as well as other environments—such as che-
moreceptor genes [30], bacteriocins [22,23,25] and catabolic
genes [31], which have been shown (in another plasmid) to
be beneficial within the rhizosphere [32]. The pSym of Ensifer
meliloti strain 1021, pSymA, is exceedingly large, carrying
more than 1 Mb in excess of the symbiosis cassette itself. Sys-
tematic reduction of pSymA has revealed that just 63 kb (58
genes) of the 1.35 Mb plasmid is actually required for symbio-
sis [33]. However, strains carrying the ‘minimum’ plasmid
containing these genes alone showed a significant reduction
in their ability to competewith thewild-type strain for nodules
[33]. Analysis of gene content suggests that the plasmid
encodes numerous beneficial genes, e.g. those dealing with
low oxygen environments encountered within the nodule
[34], and metabolic genes that expand the range of carbon
sources E. meliloti can metabolize [34,35].

Across replicons the capacity for mobilization is highly
variable. Many sym elements carry the genes required to
initiate their own transfer via conjugation, while others
depend on mobilization by other MGEs. To date, four
major classes of conjugative machinery have been described
in rhizobial plasmids [36–38]. A list of examples of each
type is provided in table 1. These conjugation machineries



Table 1. Examples of MGEs from each type of conjugation system. P, plasmid; I, ICEsym.

MGE
replicon
type details references

type 1: quorum sensing (QS) mediated conjugation

pNGR234a in Rhizobium sp.

strain NGR234

P Tra AHL mobilized plasmid. Conjugation rate estimated at 10−9. [39]

pRL1JI in Rhizobium

leguminosarum sv. viciae

2483841

P Well-studied pSym that is transferred at very high frequencies. QS is

dependent on plasmid-free recipients.

[31]

This plasmid seems to be made up of 3 modules: (1) a basic replicon with

repABC genes and bacteriocin production and other genes that is similar

to two other (unsequenced) plasmids pRL3JI and pRL4JI as well as

transfer genes (Type I, QS regulated system); (2) a symbiosis region

virtually identical to that in pRL10JI (from strain 3841); and (3) an

extended region that looks like a catabolic region from pRL8JI.

[40,41]

ICEMlSymR7A in Mesorhizobium

loti strain R7A

I ICE excision is highly controlled by TraR. Experimental derepression has

shown that conjugation is functional but it has yet to be observed in

wild-type strains. In addition, it has a second regulatory system, which

also acts to further limit excision and transfer.

[42,43]

pSfr64b in Ensifer/Sinorhizobium

fredii GR64

P pSfr64b carries its own conjugative machinery but transfer is mutually

dependent on a second plasmid, pSfr64a, for conjugation. Both plasmids

carry regulatory genes that initiate conjugation of the other in response

to QS molecules.

[44]

type II: RctA repression system

pRetCFN42d in Rhizobium etli

CFN42

P pRetCFN42d carries its own conjugation machinery but this is heavily

repressed and the environmental trigger is unknown. Transfer has been

observed within nodules.

[45]

This plasmid can also exploit other transfer machineries—mobilization has

been shown to occur via integration and mobilization of the class I QS-

induced plasmid p42a.

[46,47]

pSymA in Ensifer/Sinorhizobium

melliloti strain 1021

P Large (1354 kb) conjugative plasmid. Transfer has yet to be observed in the

laboratory although there is evidence for transfer within nodules.

[33,34,48]

63 kb region that contains the key symbiosis genes (nod, nif and regulatory

genes).

type III: mobilizable plasmids

pRleVF39d in Rhizobium

leguminosarum VF39SM

P sym Plasmid carrying a chemotaxis gene. [30]

pRL10JI in Rhizobium

leguminosarum 3841

P Plasmid carries a compact approximately 60 kb symbiosis gene cassette that

is flanked by inverted repeat regions, suggesting the sym genes may be

readily mobilizable.

[26]

type IV

(type IVa) pRleVF39b in

Rhizobium leguminosarum

VF39SM

P Plasmid carries the distinct type IVa conjugation system containing a small

relaxase gene (traA) producing a shorter TraA protein, amongst other

differences to the above systems. Mutagenesis studies highlighted the

importance of trcA-F in conjugative transfer and alleviation of the

repressor TrbR.

[37,38]

(type IVb) pSmed03 in Ensifer

medicae WSM419

P Plasmid carries the distinct type IV relaxase group (MOBP0) but clusters on

a separate branch from type IVa systems.

[38,49]

(Continued.)
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Table 1. (Continued.)

MGE
replicon
type details references

alternative conjugation mechanisms

ICEAc in Azorhizobium

caulinodans

I An 87.6 kb sym ICE found to excise and transfer in response to the host

plant flavonoid naringenin. Increased transfers were also found after

exposure to non-host plants, highlighting the rhizosphere as a promotive

environment for HGT events.

[18]
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effectively underlie crucial life-history traits for the MGE and
consequently the conditions under which they are expected
to be transferred.

— Type I elements are generally (but not exclusively)
regulated by quorum sensing (QS) molecules AHLs
(N-acyl-homoserine lactones). Consequently, conjugation
is induced at high population density, although the
details of the regulatory networks that control these
systems vary. For example, in pSym pRL1JI of R. legumi-
nosarum, conjugation occurs at high rates and is fine
tuned to respond specifically to the presence of pRL1JI-
free cells—i.e. potential recipients—rather than high
population densities generally. The plasmid carries a
repressor of AHL biosynthesis, eliminating AHL
expression from existing carriers [40,41]. Non-carriers
meanwhile produce AHLs; thus conjugation is induced
when high densities of non-pRL1JI carriers are present
in the environment. The ICEsym of Mesorhizobium loti
strain R7A, on the other hand, has a highly controlled
regulatory system induced through AHL [42] but also
controlled by a second regulatory system that further
fine tunes activation, limiting ICE excision and transfer
within the population [43,50].

— In type II elements, conjugation is under the control of
RctA, a repressor of the virB operon, required for conju-
gation. Very little is known about the environmental
stimulus that alleviates RctA repression, suggesting that
conjugation is limited to environments that are challen-
ging to reproduce in the laboratory. For example, in
pSym pRetCFN42d (Rhizobium etli) RctA repression can
be experimentally relieved and transfer induced, showing
that transmission is active, but the exact trigger cannot be
identified [46,51]. However, recent work has demon-
strated that pRetCFN42d transfer occurs within root
nodules [47], suggesting that conjugation is tuned in yet
unknown ways to the root environment.

— Type III elements, such as R. leguminosarum sv. viceae
pSym pRL10JI, are not able to self-mobilize as they lack
genes required for mate pair formation, but have retained
the genes required for DNA transfer and replication.
Although they are unable to initiate conjugation them-
selves they can, in theory, hitchhike with other
conjugative plasmids within the cell, although this has
yet to be observed.

— More recently, a fourth class of conjugative plasmids
(type IV) has been identified, which uses a distinct
repression pathway. This type of system is present on
pSyms, such as pRL5JI in strain TOM [37], and non-
sym plasmids, in a wide array of different rhizobial
species [38,52].

— Furthermore, distinctive conjugation machineries can be
found in the rhizobial ICE replicons. Mobilization of the
ICEsym of Azorhizobium caulinodans (ICEAc) is induced in
the presence of plant flavonoids excreted from the roots
of the host plant [18]. Conjugation is under the control of
a homologue of nodD, which initiates nodulation. Thus
ICEAc conjugation is explicitly linked to the conditions in
which the sym genes would be beneficial.

These divergent conjugation types group both by mechan-
ism and phylogenetically, representing divergent clades of
conjugation genes [38]. Single rhizobial strains can play host
to multiple types of these elements [38], and sym elements
can be drawn from multiple types within taxa [23]. In some
cases sym elements can themselves use multiple pathways—
type II R. etli pSym pRetCFN42d, for example, has been
shown to mobilize via co-integration with the cohabiting,
type I QS plasmid pRetCFN42a [45]. Consequently, sym
element transfer will depend on both the inherent conjugation
rate of the sym element and the conditions required to initiate
transfer—through cell density, environmental cues or, for type
III elements, the community of MGEs that share the same host.
3. What forces may act to maintain mobility?
Horizontal transfer of symbiosis genes is clearly important to
the evolutionary history of the rhizobium–legume symbiosis.
Acquisition of sym genes was central to the origins of the
major rhizobial clades [53], and has been shown to be key
in legume range expansion [6–9,54]. However, the utility of
such rare events is not sufficient to explain what forces main-
tain selection for mobility of this crucial trait. Symbiosis gene
transfer has no clear benefit for the bacterial donor; conju-
gation events are energetically costly [55] and the formation
of new symbionts in the community only increases compe-
tition for plant hosts. Rather, the dynamics of symbiosis
mobility are best understood from the perspective of the
MGEs that drive gene mobilization. Consequently, it can be
expected that sym elements are under selection to maintain
their mobility between bacterial hosts.

(a) Conditions that favour sym element mobility
(i) Heterogeneity in selection for symbiosis traits
Despite being the defining characteristic of rhizobia, the sym-
biosis trait is typical of bacterial accessory traits, in that
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Figure 3. Conditions that favour plasmid mobility. (a) Plant hosts requiring different sets of symbiosis genes can exist in sympatry (e.g. clover and vetch nodulated
by R. leguminosarum sv. trifolii and viciae, respectively). Plants may act as hotspots for selection on different sym genes with areas of no or low selection in
between. (b) The same sym element can have different fitness/symbiotic qualities across different bacterial genotypes and in the presence of different co-infecting
plasmids. Plasmid transfer therefore creates diversity of symbiotic function and plasmid fitness. (c) Co-infection of different sym elements may drive selection for
mobility. Co-infecting sym elements could displace the existing sym element, explaining the lack of dual-sym plasmids. (Online version in colour.)
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positive selection is both spatially and temporally hetero-
geneous. From a bacterial perspective, the distribution of
host plants in natural ecosystems is extremely patchy.
Plants infected by the same rhizobial species but different
symbiovars (requiring different sym genes) often exist in sym-
patry. This creates a patchwork of positive selection for different
plant-specific sym genes across a landscape (figure 3). For
example, the clover and the vetch hosts of R. leguminosarum
often co-occur in the same environment. Correspondingly,
the associated R. leguminosarum population displays a high
degree of exchange of pSyms encoding clover and vetch
specificity [14]. In addition, plant demand for symbiotic part-
ners will vary widely over time depending on their nitrogen
requirements [56]. When nitrogen is available in the soil, or
during periods of low growth when nitrogen is not required,
nodules will senesce and their bacterial populations return to
the soil [56]. Illustrating this, long-term supplementation of
nitrogen through fertilizer can lead to reduced symbiont
quality in resident rhizobia populations [57,58].

Intermittent positive selection has been shown to favour
traits spread by horizontal gene transfer (HGT). In the
absence of selection, genes can be lost through purifying
selection. Mobility serves to counteract this loss through
infectious transmission [59–61]. Intermittent positive selec-
tion can then stabilize MGE prevalence through selective
sweeps carrying elements to high frequency [62] or via
source–sink dynamics [63]. sym Plasmids in particular are
known to be lost from laboratory strains through subcultur-
ing [64], suggesting that they may be readily lost from
strains while free-living in the soil. Experimental curing of
sym plasmids has, in some instances, been shown to be
associated with increases in bacterial growth [65], suggesting
that purifying selection may favour loss of plasmids from the
population. Although it should be noted that pSym loss can
also be associated with loss of other functions that may be
beneficial in the rhizosphere [35,65], making the implications
of plasmid loss context dependent. Natural rhizobia
populations are repeatedly found to contain a significant pro-
portion of strains that lack sym elements entirely. Outside the
plant host, rates of Sym− strains can be very high; one study
in Bradyrhizobium, where symbiosis genes are encoded on
ICEsyms, found approximately 50% of soil isolates lacked
key symbiosis genes [66]. Another study in Rhizobium
found that more than 97% of soil isolates were non-symbiotic
[67]. Sym− strains can even be isolated within plant nodules,
demonstrating that positive selection for symbiosis is not
necessarily consistent within host plants. In Mesorhizobium,
approximately 16% of strains isolated from nodules lacked
the symbiosis genes, creating symbiotic ‘cheats’ that benefit
from the plant resources without providing nitrogen fixation
services in exchange [68]. Indeed, it is clear that rhizobia
strains have many ‘other lives’ beyond the role of the ‘good
symbiont’ [69] in which sym genes may be superfluous or
even detrimental. Analysis of Bradyrhizobium populations in
and around Lotus plants found soil populations contained
far higher diversity than plant-associated populations [70],
suggesting a multitude of other niches in which rhizobia
may specialize. For Sym+ strains, demand from legume
hosts represent spatial and temporal hotspots of positive
selection for sym elements, which may act to favour sym
element mobility.
(ii) Evolutionary bet-hedging
In diverse host populations, conjugation allows MGEs to
sample alternative genomic environments (figure 3). This
has been proposed as a mechanism for plasmid persistence
in the absence of positive selection; transfer increases the like-
lihood of associating with a strain undergoing a selective
sweep targeting other sites on the genome and thus carrying
the MGE to high frequency [71,72]. In the presence of selec-
tion, however, conjugation can be thought of as akin to
sexual recombination, reshuffling the genomic deck and
potentially generating beneficial combinations [73]. Rhizobial
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effectiveness can vary widely between strains within symbio-
vars, depending on the bacterial genomic background and
also the resident MGE community and the plant genotype.
Transfer of soya-specific pSyms between E. fredii strains, for
example, created unpredictable patterns of host specificity
across different soya bean cultivars [74]. Consequently,
sampling novel bacterial host backgrounds through conju-
gation could benefit the sym element by increasing the
probability of producing a more successful bacterial symbiont
for locally specific plant host × environment combinations.

(iii) Intracellular competition
Finally, it is possible that competition between mobile sym
elements may itself contribute to selection for mobility
within the population. Nodulating populations can carry a
wide diversity of sym elements, which can be drawn from
very different incompatibility types, suggesting they are
able to co-infect. In R. leguminosarum, for example, strains
can be found with coexisting potential sym plasmids (i.e.
non-sym plasmids that in other strains act as the pSym),
suggesting compatibility between plasmid backbones [23].
Strains with multiple pSyms are rare, however, suggesting
conflict between plasmids when they are performing the
same function. Similar destabilization has been observed
among co-infecting mercury resistance plasmids. In the
absence of selection for a shared trait, co-infection of two
plasmids carrying the same mercury resistance operon
enhances plasmid stability [75]. However, counterintuitively,
in the presence of mercury selection coexistence is destabi-
lized and one plasmid is lost [75]. Most rhizobial genomes
have been isolated from functioning nodules—i.e. from con-
ditions in which symbiosis genes are under positive
selection. It is possible, therefore, that co-infection of a bacter-
ium with multiple sym elements is disruptive during
infection, leading to the loss of redundant versions of the
sym element (figure 3). Where this is the case, competition
within the host may drive selection for sym element mobi-
lity—as more mobile genotypes will be expected to displace
non-mobile genotypes over time through co-infection.

Intracellular competition between sym elements has been
proposed as the driver of ICEsym evolution inMesorhizobium,
albeit with a very different outcome. Chickpea-nodulating
Mesorhizobium strains carry a distinctive tripartite ICEsym
that integrates and excises as one replicon, but when inte-
grated undergoes a series of recombination events that
divides the ICE replicon into three non-contiguous sections
[76,77]. Haskett et al. [76] proposed that this organization
gives the tripartite ICE greater resistance to competition
from other ICEs, such that tripartite ICEs should be resistant
to excision triggered by incoming competitors. Consistent
with this prediction, an analysis of Mesorhizobium genomes
revealed that monopartite ICEs were more prone to transfer
compared with the tripartite ICEs, which show greater host
fidelity [78]. In addition, it was noted that strains carrying
multiple ICEsyms only carry monopartite and not tripartite
ICEs [78]. Thus competition between sym elements appears
to have contributed to the evolution of strategies to resist
superinfection—in this case leading to competitive exclusion
of one clade of elements over another.

(b) Strategies for minimizing the costs of mobilization
While sym element mobility may be beneficial, the process of
HGT can be costly for both bacterial donor and recipient. As
MGEs depend on their bacterial hosts for survival (via repli-
cation during cell division), the persistence of sym elements
will also depend on reducing the costs imposed during
transfer.

For the bacterial donor the act of conjugation is a costly
endeavour. Conjugation is initiated by the conjugative
element and requires the cell to invest in plasmid/ICE
genome replication, conjugation pilus construction and the
time required for transfer between host and recipient [55].
During this time the cell can become susceptible to phages
which target the conjugative pilus [79]. Secondly, successful
transfer requires that the recipient cell lacks a copy of the
incoming element or an element sufficiently related to cause
incompatibility, in the case of a plasmid. Some—though not
all—ICEs require integration sites that are unoccupied, and
plasmids cannot coexist if their replication or partitioning sys-
tems are too closely related [80].

Once transferred, MGEs can be highly costly to new
hosts. This has been well documented for plasmid transfer
in other systems and is often associated with significant
growth costs due to a wide range of factors. These include
the costs of plasmid maintenance and transfer, disruption
to cellular regulation and antagonistic interactions with
existing genes [81,82]. These costs can often be unpredict-
able, e.g. owing to interactions between incoming
plasmids and MGEs already resident in the genome [83].
Over time, however, the cost of plasmid acquisition is
likely to be resolved through compensatory mutations
[84]. The success of transfer to a novel host will thus
depend on the size of the initial cost, and the accessibility
of compensatory mutations to relieve it [85]. Experimental
transfer of sym plasmids into strains lacking sym elements
has demonstrated that transfer can result in functional sym-
bionts, with no detectable cost to symbiotic efficiency [67],
but further work to understand the cost of pSym or
ICEsym transfer to the bacterial cell is needed.

The tight regulation of sym element transfer is one mech-
anism by which these costs can be minimized. QS regulation
means that transfer occurs under conditions of high popu-
lation density, which are likely to occur within the
rhizosphere. However, such QS systems could still be prone
to ‘misfiring’. The rhizosphere environment is likely to be
enriched with sym plasmid carriers already, and may well
not be the rhizosphere of the correct plant! Fine-tuning
these mechanisms, for instance by specifically targeting
non-carriers [40,41], or sensitivity to specific plant flavonoids
[18], can reduce the probability of unsuccessful transfer
events but these appear—for now—to be rare.

Successful establishment can also be increased through
linkage with other beneficial traits beyond the core sym
genes. Experimental curing of symbiosis plasmids is often
associated with specific growth costs, such as loss of metabolic
functions [35], bacteriocin production [22,23,25] and competi-
tive ability [65], which could be disadvantageous in the
rhizosphere. Linkage with functions not associated with sym-
biosis will increase the range of environments in which
acquisition of a sym element can be beneficial and thus
reduce the conditions under which plasmids may be lost.
(c) Modular genomes maintain mobility
Finally, the success of sym element transfer is also dependent
on the integration and function of sym genes once acquired.



Box 1. Future directions for the evolutionary ecology of rhizobia MGEs.

What role does (co)evolution play in sym element transfer? Experimental transfer of sym elements suggests that the success of sym
element mobilization varies widely with background. Transfer between closely related strains appears to incur little cost and
often (though not always) results in a functioning symbiosis. By contrast, pSym curing frequently constrains bacterial viabi-
lity. This could be explained by pre-adaptation to accommodating symbiosis genes as well as—in some cases—a wider
variety of other non-symbiosis plasmids. Across large genetic distances, where the opportunities for co-adaptation are lim-
ited, sym element transfer is less successful and can require extensive adaptation to acquire only partial functionality.
Evidence from other host–plasmid relationships suggests that some degree of adaptation—sometimes co-adaptation—of
host or plasmid is the norm following MGE acquisition. Future studies are required to understand the role of pre-adaptation
in sym element transfer and function and how this may constrain transmission through rhizobial populations.

Why are dual-sym rhizobia so rare? Many rhizobial populations are home to diverse sym elements which encode compar-
able functions, i.e. symbiosis with a specific host, but are not obviously incompatible. Yet strains carrying more than one sym
element are rare. Are ‘dual-sym’ strains more common in soil environments—where their symbiosis functions are down-
regulated—and does nodulation lead to displacement of one element by the other?

How do sym elements mobilize through the rhizobial metapopulation? The legume symbiosis is just one of numerous niches that
rhizobial populations inhabit, and studies suggest that sym-gene-carrying rhizobia may in fact be in the minority in the popu-
lation as a whole. The vast majority of studies have focused on rhizobial strains isolated from plant nodules, but it remains
unclear how sym elements are shared across the wider metapopulation. For example, are all rhizobia within a population
potential sym element hosts, or are rhizobia occupying alternative niches maladapted to conversion to symbiosis via HGT?

Experimental approaches in sym element ecology and evolution. The rhizobium–legume symbiosis is one of the best studied
mutualisms in the world, but there remains a great deal to understand about the rhizobial populations, as outlined
above. Addressing these questions requires two key approaches: firstly a greater exploration of rhizobial populations
beyond the nodule environment. Studies that have investigated these populations suggest that there is a great deal of diver-
sity outside the host. Whole genome sequencing of these populations would reveal more about the structure of sym element
populations in addition to that of the host. Secondly, use of evolutionary ecology techniques such as experimental evolution
and competition experiments can help to explore the fitness consequences of plasmid transfer, and the downstream adap-
tations that are required to accommodate a new sym element into the genome. The use of such experiments in
combination with molecular approaches can be a powerful tool to reveal the routes and barriers to sym transmission.
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Bacterial accessory genes, i.e. genes prone to horizontal gene
transfer, are highly diverse, encoding functions, such as
resistance traits, virulence factors or novel metabolic func-
tions, that are often made up of comparatively small
operational units. The rhizobial symbiosis stands out as a
particularly large and complex trait involving three or four
sets of genes, typically arrayed together in an approximately
100 kb sequence, that control a series of processes culminat-
ing in nitrogen fixation. One interesting comparison for the
symbiosis traits is among bacterial pathogenicity genes [86],
which are likewise complex, large and well known to be
transferred through horizontal gene transfer (HGT). Notably,
like symbiosis genes, they provide the blueprint for infection
of a eukaryotic host. In both cases, these complex gene cas-
settes are composed of smaller operational units that have
become linked over time through selection [87,88].

There is also evidence to suggest that the symbiosis cas-
sette operates as a (relatively) self-contained operational
unit. Genes that are heavily integrated into gene networks
are extremely costly to acquire as they are likely to lead to
regulatory disruption [89]. Consequently, accessory genes
typically have a relatively low level of transcriptional connec-
tivity [90]. Analysis of regulatory cross-talk across the three
replicons of E. meliloti, the chromosome, the symbiosis plas-
mid pSymA and the chromid pSymB (not actually a pSym,
despite its name), showed a significant absence of cross-regu-
lation, particularly between pSymA and other replicons [91].
Curing of the symbiosis plasmid resulted in very little tran-
scriptional disruption across the rest of the genome [92]. In
comparison, curing of the chromid led to differential
expression in 8% of chromosomal genes [92]. A similar pat-
tern has been observed in R. etli, where predicted
connectivity between genes carried on all replicons was
lowest for two plasmids, the pSym pRetCFN42d and pRe-
tCFN42a, the plasmid known to co-transfer with the pSym
[93]. Modularity of sym elements within the genome—and
potentially symbiosis genes within their mobile replicons—
demonstrates how such complex traits are able to maintain
mobility in rhizobial populations. One counterpoint to this,
however, is the existence of direct regulatory control between
replicons in several known cases related to fixNOQP and fix-
GHIS genes [94–96]. In pRetCFN42d, expression of fix genes
is regulated by genes on another, less mobile, plasmid,
pRetCFN42f [95]. Dependence on these regulatory networks
likely limits the range of hosts that can effectively use
newly acquired symbiosis genes.

It is worth noting, however, that the nod, nif, fix and fxd
genes of the symbiosis cassette—while essential for symbio-
sis—are far from the only genes used during symbiosis.
Many other parts of the genome, both chromosomal and
plasmid-encoded, collaborate to hone the symbiotic relation-
ship between a bacterium and each host plant [97–99]. For
this reason, transfer of the sym plasmid alone cannot create
new rhizobial symbionts. Attempts to experimentally
evolve novel nitrogen-fixing symbionts demonstrate that
transfer of the symbiosis function to non-rhizobial hosts can
be extremely challenging [100–102], implying that a signifi-
cant level of pre-adaptation is required for successful
utilization of the symbiosis genes. Guan et al. transferred
the pSym of a Mimosa symbiont to the pathogen Ralstonia
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solanacearum. The evolved ‘symbiont’ was able to initiate
nodulation but not nitrogen fixation, despite repeated
rounds of selection in planta. Indeed, close relatedness
alone is not necessarily a guarantee of successful transfer.
Transfer of symbiosis plasmids between the symbiont
R. leguminosarum and more closely related Agrobacterium
did not result in a functional symbiosis, even when multiple
plasmids known to affect symbiosis were combined [103].
 .org/journal/rstb

Phil.Trans.R.Soc.B
377:2020
4. Conclusion and future directions
Horizontal transfer of symbiosis genes has played a founda-
tional role in the origin of rhizobial symbionts and
facilitates rapid adaptation of the symbiosis to new environ-
ments. Within populations, sym element exchange appears
to be occurring on an ecological scale, generating diverse
symbiont populations from which legume hosts can
sample. Both the rhizobial symbionts that gain the functions
and the plant hosts that depend on them can benefit greatly
from this process, but control of conjugation rests predomi-
nantly with the MGEs that mediate sym gene transfer.
Future work examining the evolutionary and ecological
forces acting on these elements is therefore key to under-
standing the dynamics of this important symbiosis (box 1).
Decades of detailed work has revealed a complex and diverse
ecosystem of MGEs within rhizobial genomes as well as a
meticulous understanding of—at least some of—the diverse
mechanisms that underlie this process. The recent discoveries
of novel conjugation machineries among rhizobial plasmids
demonstrates that this diversity is far from understood—
but provides a firm grounding for future work applying eco-
logical and evolutionary perspectives to this intracellular
community.
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