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A current paradigm in plant science is that plant fitness partly relies on the association 

with the root- and shoot-associated microbiota (Vandenkoornhuyse et al., 2015; Martin 

et al., 2017; Wallenstein, 2017). Across the different stages of plant development, an 

intricate chemical communication occurs between plants and microbes, resulting in the 

selection, enrichment and activation of specific microbial groups (Badri et al., 2009; 

Aleklett and Hart, 2013; Lebeis et al., 2015). The plant’s influence on the soil microbiota 

starts immediately after seed imbibition, when organic and inorganic compounds are 

released by the germinating seed in its direct surroundings, a compartment referred to as 

the spermosphere (Lemanceau et al., 2017; Nelson, 2018) After radicle protrusion and 

root development, plants exert a strong influence on the surrounding soil promoting an 

overall change in its physical, chemical and biological nature (Badri and Vivanco, 2009; 

Jones et al., 2009). This root-soil interface, referred to as the rhizosphere, is a dynamic, 

complex and multifaceted environment that is critical for plant growth and health 

(McNear Jr., 2013). The rhizosphere is home to a diverse group of (micro)organisms, 

which includes viruses, bacteria, archaea, protozoa, organotrophic and mycorrhizal fungi 

(Buée et al., 2009; Thompson et al., 2017). The taxonomically and functionally diverse 

microbial communities inhabiting and interacting in the rhizosphere are referred to as the 

rhizosphere microbiome (Boon et al., 2013). The complex interplay in the rhizosphere 

microbiome can result in neutral, beneficial or deleterious effects on plant growth. For 

instance, inhibition of soil-borne pathogens by specific beneficial members of the 

rhizosphere microbiome is of pivotal importance for plant health and productivity 

(Raaijmakers et al., 2009). Beneficial effects provided to the plant by specific members 

of the rhizosphere microbiome can also be attributed to nutrient acquisition, hormone-

mediated plant growth promotion, induced systemic resistance and tolerance to abiotic 

stresses (Mendes et al., 2013).   

 

 
 

Soil and plant influence rhizosphere microbiome assembly 

Soil physical-chemical characteristics and plant genotypic traits are the main drivers of 

microbiome assembly in the rhizosphere (Garbeva et al., 2004; Berg and Smalla, 2009; 

Delgado-Baquerizo et al., 2016). As soil is an enormous reservoir of microbial diversity 

and serves as the inoculum for rhizosphere microbiome assembly, abiotic characteristics 

of the soil environment, such as pH, organic carbon content, moisture availability, texture 

and structure, shape the composition of the rhizosphere microbiome (Fierer, 2017). Also 

the plant itself shapes the rhizosphere microbiome via the release of root exudates, 

volatile compounds, mucilage, and border cells into the surrounding soil (Jones et al., 

2009). Plant species modulate rhizosphere assembly in a genotype-dependent way (Ofek 

et al., 2014; Ofek-Lalzar et al., 2014). Interestingly, phylogenetically closely related plant 

species often present more similar rhizosphere microbiome compositions. For instance, 

in a study with maize inbred lines, teosinte (Zea mays ssp. parviglumis), sorghum and 

wheat, Bouffaud et al. (2014) showed that the composition of the microbiome was more 

divergent with increasing phylogenetic distances between the plant species tested. The 

intensity of this plant genotype effect can be stronger for specific plant species on the 

same soil type as was shown by Turner et al. (2013b) by RNA-based metatranscriptomics 

of the rhizosphere microbiomes of pea, oat and wheat. How plant species and cultivars of 

a given species affect the rhizosphere microbiome composition and activities is still 

largely unknown. Nevertheless, there are several studies that give some first insight into 

the genetic and chemical mechanisms underlying rhizosphere microbiome assembly. For 

instance, it was found in maize that two plant-genes (su1, sh2), involved in different 

carbon storage patterns affecting root exudate composition, promoted different microbial 

communities in the rhizosphere (Aira et al., 2010). Differential recruitment of beneficial 

microorganisms was also shown for wheat, where the root colonization by specific 

antifungal Pseudomonas species was highly cultivar dependent (Mazzola et al., 2004; 
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Kwak et al., 2012). Another very good example of host genotype-dependent recruitment 

was shown for eleven Arabidopsis thaliana accessions, each with a distinct rhizosphere 

community composition, probably as a result of genotype-specific patterns of root 

exudation (Micallef et al., 2009b). 

 

Plant exudates and microbiome assembly 

Seed and root exudates comprise low-molecular weight compounds, i.e. sugars, amino 

acids, organic acids, phenolics and several secondary metabolites, but also high-

molecular weight compounds like proteins and mucilage (Nelson, 2004; Bais et al., 2006; 

Carvalhais et al., 2011; Kawasaki et al., 2016; Sasse et al., 2018). Other compounds 

commonly found in natural blends of plant exudates are flavonoids, strigolactones and 

salicylic acid (Cesco et al., 2010; Lebeis et al., 2015; Zwanenburg et al., 2016). Plant 

genotype, soil type and abiotic factors largely determine the type and quantity of exudates 

released by seeds and roots (Lareen et al., 2016; Mönchgesang et al., 2016; Iannucci et 

al., 2017; Lemanceau et al., 2017). Through active and passive mechanisms of exudation, 

plants impact soil physical-chemical conditions (Rohrbacher and Marc St-Arnaud, 2016; 

Wang et al., 2017) and the composition and activities of spermosphere and rhizosphere 

microbiomes (Pérez-Jaramillo et al., 2016; Nelson, 2018). Depending on the type and 

amount of exudates released, the plant may select and enrich a subset of microbes from 

the diverse microbial populations inhabiting the soil, or may also act as modulators of soil 

biogeochemical processes (Hassan and Mathesius, 2012; Coskun et al., 2017). Symbiotic 

associations with mycorrhizal fungi and rhizobia are initially triggered by plant exudates, 

and followed by an intricate chemical communication (Chagas et al., 2018). For instance, 

under N and P limitations, plants release strigolactones into the rhizosphere, which induce 

several responses in mycorrhizal fungi such as spore germination, hyphal growth and 

hyphal branching, triggering the symbiotic association with the plant (Lanfranco et al., 

 
 

2017; Waters et al., 2017). Similarly, in the nodulation process of legumes, the plant root 

secretes specific flavonoids which are recognized by bacterial Nod factors. This initial 

step triggers the formation of intracellular structures in the plant that allows compatible 

rhizobia to enter the inner root tissues, form the nodule and start the N-fixation process 

(Liu and Murray, 2016). However, not only symbiotic rhizobia inhabit legume nodules. 

In the model legume Lotus japonicus, it was shown that next to Rhizobiales also other 

bacterial taxa such as Burkholderiales, Flavobacteriales, Pseudomonadales, and 

Actinobacteridae are found associated with the nodules (Zgadzaj et al., 2016). In the same 

study, it was shown that an impaired symbiosis ability of the host plant can have a large 

impact on the bacterial community of the root and rhizosphere compartments (Zgadzaj et 

al., 2016). Also plant hormones released to the soil environment can impact on the root 

microbiome assembly. Specifically, it has been shown that wild type Arabidopsis levels 

of  salicylic acid (SA) promoted a particular set of families in the root compartment while 

limiting colonization of several other bacterial taxa as compared to Arabidopsis mutants 

deficient in SA biosynthesis (Lebeis et al., 2015). Phenolic acids can also impact the 

composition of the endophytic microbiome. For instance, cinnamoyl-CoA reductase 

(CCR)-down-regulated poplar trees, which simultaneously display reduced lignin levels 

and accumulation of extractable phenolic compounds in the xylem, showed an increase 

in bacterial cell counts as compared to wild type poplar trees. This finding suggested that 

the capacity to degrade phenolic compounds, in particular pherulic acid, was enhanced in 

the endosphere of CCR-down-regulated poplar trees, directly affecting the endophytic 

bacterial community (Beckers et al., 2016).  

 

Plant exudates may be also released in order to trigger microbiome-dependent defensive 

responses. Chapelle et al. (2016), found an overrepresentation of ppGpp metabolism, 

which is a mechanism associated with stress perception and stress response regulation in 
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bacteria, in the rhizosphere microbiome of sugar beet grown in a soil suppressive to the 

fungal root pathogen Rhizoctonia solani. They hypothesized that this defensive response 

may have been triggered by plant-derived compounds following initial root infection by 

R. solani or directly by organic acids produced by the pathogenic fungus prior to or during 

infection, such as oxalic and phenylacetic acid (Chapelle et al., 2016). Besides soluble 

compounds, plants can also release volatile organic compounds (VOCs) to communicate 

with bacterial communities. In a recent study by Schulz-Bohm et al. (2018), it was shown 

that roots of Carex arenaria infected with the fungal pathogen Fusarium culmorum 

emitted a blend of VOCs that attracted bacteria with antifungal properties. In conclusion, 

plants can release several types of compounds into the soil environment to directly impact 

the composition of the microbiome assembly.  Furthermore, these and other studies 

indicated that plants under attack alter their exudation profiles to recruit specific members 

of the microbiome with the ability of antagonize subsequent pathogen attacks. For 

instance, infection of Arabidopsis leaves with Pseudomonas syringae pv tomato induced 

an increased secretion of malic acid from the roots, promoting the colonization and 

biofilm formation by the beneficial rhizobacterium strain Bacillus subtilis FB17 

(Rudrappa et al., 2008). Similarly, under foliar pathogen infection, Arabidopsis plants 

activated a salicylic acid dependent defensive response in order to recruit specific 

bacterial taxa in the rhizosphere which provided systemic protection against the pathogen 

(Berendsen et al., 2018). This ‘cry for help’ was already well-described aboveground as 

an indirect defense mechanism of plants in response to insect herbivory (Dicke, 2009) but 

is less well studied belowground. One of the first conclusive studies on the “crying for 

help” hypothesis belowground was shown for maize. Upon attack by insect larvae, a 

volatile sesquiterpene (E)-β-caryophyllene was emitted via the roots attracting an 

entomopathogenic nematode (Rasmann et al., 2005). It is highly likely that the same 

principle holds for plant-pathogen interactions in the rhizosphere environment, where 

 
 

specific members of the microbiome may act as an indirect plant defense mechanism 

(Cook et al., 1995). 

 

The search for beneficial rhizosphere traits 

Because the importance of the microbiome for plant growth and health has been largely 

underestimated, there is a renewed interest in identifying plant and microbial traits 

involved in the beneficial relationships between microbes and plants (Busby et al., 2017; 

Kroll et al., 2017; Wallenstein, 2017). One of the first attempts to identify plant traits and 

genes involved in beneficial interactions with soil microorganisms, other than rhizobia 

and arbuscular mycorrhizal fungi (AMF), was in a study by Smith et al. (1997) with six 

tomato lines and the biocontrol strain Bacillus cereus UW85. In this study, the authors 

found significant differences between the tomato lines for resistance to the pathogen 

Pythium torulosum and for support of root colonization and disease suppression by the 

biocontrol strain UW85. Subsequent analysis of recombinant inbred line (RIL) 

populations, derived from a cross between a cultivated tomato and a wild tomato relative, 

showed that three quantitative trait loci (QTL) were associated with disease suppression 

by B. cereus UW85, and three other QTL were associated with the growth of B. cereus 

on the seed (Smith et al., 1999). More recently, genetic loci have been identified for their 

involvement in the ability of Arabidopsis accessions to respond to the activity of plant 

growth-promoting bacteria (Wintermans et al., 2016). Furthermore, Mendes et al. (2018) 

showed that resistance breeding in common bean against the root pathogen Fusarium 

oxysporum also had unintentionally co-selected for plant traits that support rhizosphere 

microbes with potential antagonistic activities to this fungal root pathogen. On the other 

side, some genes and traits related to bacterial adaptation to plants have been also recently 

characterized. Briefly, gene categories related to carbohydrate metabolism and transport 

were enriched in the genomes of several plant- and root- associated bacteria, while mobile 
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involvement in the ability of Arabidopsis accessions to respond to the activity of plant 

growth-promoting bacteria (Wintermans et al., 2016). Furthermore, Mendes et al. (2018) 

showed that resistance breeding in common bean against the root pathogen Fusarium 

oxysporum also had unintentionally co-selected for plant traits that support rhizosphere 

microbes with potential antagonistic activities to this fungal root pathogen. On the other 

side, some genes and traits related to bacterial adaptation to plants have been also recently 

characterized. Briefly, gene categories related to carbohydrate metabolism and transport 

were enriched in the genomes of several plant- and root- associated bacteria, while mobile 
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genetic elements were found underrepresented in plant-associated taxa (Levy et al., 

2018). However, several conceptual and experimental efforts are yet to be made to enable 

the use of these traits in rhizosphere-based plant breeding programs (Bakker et al., 2012). 

These efforts include the identification of the specific plants traits involved and 

complementing the still limited knowledge of the microbial diversity responsible for the 

beneficial effects on plant growth and health. Meta-‘omics approaches have opened new 

possibilities to also identify those microbial groups and their functional genes in the 

rhizosphere involved in biocontrol or in plant growth promotion that were invisible due 

to poor culturability (Ramírez et al., 2017; Thompson et al., 2017). These technologies 

also allow us to unravel changes in the abundance, evenness and richness as well as in 

their functions, and provide a first step in the selection of prominent plant genotypes that 

are better equipped in shaping a beneficial rhizosphere microbiome.  

 

Plant domestication and microbiome assembly 

Over the past decades, plant breeders have exploited genes from wild relatives of modern 

crop species to improve plant growth and health (Hajjar and Hodgkin, 2007). Similarly, 

entomologists explore native habitats and wild ancestors of crop plants to identify natural 

enemies of insect pests (Chen, 2016). In plant microbiome research, however, relatively 

few efforts have been made to study the identity and diversity of beneficial microbial 

communities present in the native habitats of ancestors of modern agricultural crop 

species. Smith et al. (1999) postulated that plant genotypic traits involved in beneficial 

plant-microbe interactions may have been lost in the process of plant breeding, primarily 

as a consequence of the targeted selection of a few specific traits related with higher yields 

or other profitable plant traits. In fact, it is known that loss of genetic diversity is a 

common feature of domesticated crops as compared to their wild relatives (Bitocchi et 

al., 2013). This reduction in genetic diversity could have undermined the abilities of 

 
 

modern plant cultivars to interact with and benefit from the microbiome. Genes involved 

in active root exudation and/or root development could have been inadvertently lost in 

domesticated plant accessions. Therefore, I postulate that wild relatives of crop plants, 

which are more genetically diverse, represent a valuable source of genotypic and 

phenotypic traits associated with the recruitment and assembly of the microbiome. 

Furthermore, domestication also led to environmental changes associated with 

agricultural practices which in turn made biotic interactions with belowground diversity 

presumably less relevant to sustain plant growth and health (Wissuwa et al., 2009). 

Consequently, I postulate that native habitats may harbor a soil microbial diversity that 

co-evolved with wild relatives of crop plants and that agricultural management and 

habitat expansion of domesticated varieties caused a decoupling between plants and their 

microbiome. This could have led to the loss of microbial diversity, the ‘missing plant 

microbes’, which we hypothesized were formerly a functionally important component of 

the microbiome of wild plants in their native habitats. This concept has been explored in 

human microbiome research, where antibiotic overuse and modern lifestyle also are 

proposed to have caused a loss of several components of the microbiota (Blaser, 2017). 

In this context, I postulate that modern crops grown in soils under agricultural 

management have lost specific members of the rhizosphere microbiome typically found 

on roots of their wild relatives growing in the native soils in the centres of origin. 

 

Common bean as a ‘model’ in plant microbiome and domestication research 

Common bean (Phaseolus vulgaris L.) is currently the most important legume crop, 

grown worldwide in a broad range of environmental conditions. It is of high importance 

in developing countries because it is a good source of protein, carbohydrate and 

micronutrients. Furthermore, common bean is the basis of subsistence economy for low 

income farmers especially in Latin America and Africa, currently the largest common 
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bean producing regions (Broughton et al., 2003; Akibode and Maredia, 2011; CGIAR, 

2013). The common bean rhizosphere microbiome has been studied primarily because of 

the symbiotic associations with nitrogen-fixing bacteria of the genus Rhizobium. Briefly, 

five Rhizobium species have been recognized as microsymbionts of P. vulgaris (Amarger, 

2001), and the species R. etli as the most commonly associated with beans in the Americas 

(Aguilar et al., 2004). The regulation of this symbiotic association is dependent on 

compounds produced by the plant (flavonoids) for the induction of nodulation genes in 

the bacterial species, which in turn secrete nodulation factors essential for nodule 

formation (Schultze and Kondorosi, 1998). Apart from this well-studied plant-microbe 

association, the relation between rhizobia and several nonsymbiotic bacteria in the 

rhizosphere of common bean has been assessed, searching for an increment in nodule 

formation mediated by bacterial inoculants (Burdman et al., 1996; Petersen et al., 1996). 

To our knowledge, the differences between wild relatives, landraces and cultivars of 

common bean in the composition and functions of the microbial communities in the 

rhizosphere have not been established, nor the relative influence of plant genotype and 

soil type. 

 

Wild common bean (Phaseolus vulgaris) originated in central Mexico (Bitocchi et al., 

2012; Desiderio et al., 2013) and from there spread throughout Central and South 

America (Gepts, 1998). This wide distribution led to the establishment of two different 

genetic pools: Mesoamerican and Andean (Gepts and Bliss, 1985). Additional to these 

genetic pools, a third intermediate genetic pool can be distinguished composed of wild 

common bean accessions from Ecuador and northern Peru with a combination of both 

Mesoamerican and Andean alleles (Debouck et al., 1993) (Fig. 1). The Mesoamerican 

and Andean wild common bean populations were the basis for two independent 

domestication processes, which presumably occurred in the Oaxaca Valley in Mexico for 

 
 

Mesoamerica and eastern Bolivia or northern Argentina for the Andes (Beebe et al., 2001; 

Bitocchi et al., 2013). After domestication, common bean started a journey across the 

American continent with human groups as its main dispersion force and successfully 

adapted to several dissimilar environments and human preferences, leading to several 

morphological and physiological changes (Gepts and Debouck, 1991). Simultaneously, 

domesticated common bean races experienced a reduction in genetic diversity as 

compared to its wild counterparts, a fact that encouraged plant breeders to look into wild 

common bean genotypes for useful traits that could be used for the improvement of 

domesticated races. The broadening of the cultivable gene pool through the use of wild 

relatives or through the recombination of Mesoamerican and Andean gene pools has been 

postulated as a response to abiotic and biotic stresses, and also as a strategy to improve 

the yield of commercial bean varieties (Gepts, 1998; Singh, 2001).  

 

 

Fig. 1. Distribution of wild common bean (Phaseolus vulgaris) in Central and South America. 
Accessions of common bean have been collected from Mexico to Argentina and three genetic pools can be 
recognized based on phenotypic and molecular data: Mesoamerican, Andean and an intermediate gene pool 
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in northern Peru and Ecuador. Adapted from “Origin and evolution of common Bean: Past events and recent 
trends”, Gepts, (1998). 
 

Wild beans have coevolved with several pests and diseases, symbiotic organisms such as 

rhizobia and mycorrhizal fungi, and at the same time acquired adaptations to several 

abiotic conditions (Toro et al., 1990). Recently, it was proposed that wild relatives could 

be reservoirs of genes associated with drought tolerance (Cortés et al., 2012). An example 

of successful wild bean gene mining was the transfer of genes associated with high grain 

yield from wild beans to cultivars of domesticated common bean (Blair et al., 2006). In 

another study, it was observed that when a wild common bean was used as one of the 

parents, more plants with a higher yield were found in the segregating populations 

compared to the domesticated parent (Herrera-Flores and Acosta-Gallegos, 2008). 

However, in a recent survey in which 19 important crops were evaluated with regard to 

the contributions of wild relatives to their overall crop performance, it was noticed that 

common bean is amongst those species, together with soybean, pigeon pea, sorghum, 

lentil, and cowpea, that have not incorporated wild genes into the cultivated varieties, 

whilst for the remaining 13 crops over 100 traits have been acquired from over 60 wild 

species (Hajjar and Hodgkin, 2007). The lack of wild traits in modern common bean 

varieties indicates that from the plant breeding perspective more efforts are yet to be made 

in order to identify and integrate beneficial traits from wild common bean genotypes into 

modern cultivars. As mentioned above, these traits could be used to address problems 

associated with biotic and abiotic stress factors and to improve plant productivity, but 

also the potential of a still unknown genetic diversity could be used to overcome the future 

production constraints in the scenery of climate change (Porch et al., 2013). Thousands 

of accessions of modern common bean cultivars, landraces and wild relatives are held in 

the Program of Genetic Resources from the International Centre for Tropical Agriculture 

(CIAT) to perform basic and applied research (Toro, 1990; CIAT-PRG, 2018). With the 

 
 

aforementioned plant material we can determine the inherent rhizosphere microbial 

diversity of cultivated varieties, landraces and wild relatives, allowing comparisons which 

can be used to assess whether there is a core microbiome of the numerous common bean 

accessions. By contrast, it can be also determined whether wild relatives and landraces, 

which possess a more diverse genetic background, can promote different rhizosphere 

microbial communities as compared to those present in domesticated modern varieties. 

Finally, the relative importance of the plant genotype in shaping the rhizosphere microbial 

diversity can be unraveled with common bean as a model plant and if/how microbiome 

diversity impacts the plant’s overall performance.  

 

Thesis Outline 

The overall aim of my thesis was to decipher the impact of plant domestication on the 

spermosphere and rhizosphere microbiome composition of common bean (Phaseolus 

vulgaris). Common bean is currently the most important legume crop, grown worldwide 

in a broad range of environmental conditions with an outstanding nutritional importance 

in developing countries. In order to explore the effect of domestication on the plant 

microbiome, an extensive literature review was undertaken (Chapter 2). This chapter 

also presents the “Back-to-the-Roots” approach, which is a general workflow to 

investigate the impact of domestication on microbiome composition and functioning and 

how you can use that knowledge to reinstate beneficial partnerships in modern cultivars 

by studying the microbiome of wild plants in native soils. Chapter 3 links genotypic and 

phenotypic traits of wild and domesticated common bean accessions with their 

rhizosphere microbiome composition. Genotypic and root morphology analyses of the 

common bean accessions, followed by a detailed characterization of the rhizosphere 

microbiome by 16S rDNA amplicon sequencing, allowed a robust statistical analysis to 

find associations between genotypic and root phenotypic traits of common bean and the 
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abundance of certain rhizobacterial families. Chapter 4 addresses how the transition of 

common bean from a native soil to an agricultural context impacts the composition of the 

rhizosphere microbiome. Soil sampling was performed in Colombia, one of the centres 

of diversification of common bean. Subsequently, the native and the agricultural soils 

collected were used to grow different wild and modern common bean accessions in a pot 

trial under controlled conditions. An integral assessment was undertaken, including 

diversity measurements, niche-neutral abundance modelling, core microbiome 

assessment, differential abundance and co-ocurrence network analyses to search for the 

‘missing plant microbes’, i.e. microbes that were lost during domestication of common 

bean including the transition from a native to an agricultural soil. Chapter 5 describes 

how domestication of plant species other than common bean impacted the root-associated 

microbiome. To this end, we analyzed publicly available metagenomic data from 

microbiome studies on different modern crop cultivars and their wild relatives. Following 

the same pipeline in this ‘computational walk on the wild side’, we determined 

differences in root microbiome composition between wild relatives and their 

domesticated counterparts. We specifically identified the relative abundance of specific 

taxa within the Bacteroidetes phylum.   

Different plant developmental stages may recruit and enrich different microbial groups. 

The spermosphere, which is a short-lived, dynamic developmental stage, can also have 

an impact on microbiome assembly. Chapter 6 evaluates through amplicon sequencing 

the magnitude of the spermosphere effect on the bacterial diversity and abundance to 

assess if a plant genotype-dependent influence is already discernible in the spermosphere 

of common bean. Subsequently, collection, characterization and quantification of seed 

exudates were performed. In a further experiment, one of the most abundant amino acids 

(i.e. glutamate) released by common bean seeds was used as inoculant of a soil solution, 

in order to evaluate if a single seed exudate can simulate the compositional shifts observed 

 
 

between the spermosphere microbiomes of wild and modern bean accessions. Chapter 7 

brings together the research findings of this thesis, discusses the implications of the 

conceptual and experimental work and proposes further directions on how to translate the 

fundamental knowledge on rhizosphere microbiomes of wild relatives and native habitats 

to modern agriculture. 
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Abstract 

The rhizosphere microbiome is pivotal for plant health and growth, providing defence 

against pests and diseases, facilitating nutrient acquisition and helping plants to withstand 

abiotic stresses. Plants can actively recruit members of the soil microbial community for 

positive feedbacks, but the underlying mechanisms and plant traits that drive microbiome 

assembly and functions are largely unknown. Domestication of plant species has 

substantially contributed to human civilization, but also caused a strong decrease in the 

genetic diversity of modern crop cultivars that may have affected the ability of plants to 

establish beneficial associations with rhizosphere microbes. Here, we review how plants 

shape the rhizosphere microbiome and how domestication may have impacted 

rhizosphere microbiome assembly and functions via habitat expansion and via changes in 

crop management practices, root exudation, root architecture, and plant litter quality. We 

also propose a “back to the roots” framework that comprises the exploration of the 

microbiome of indigenous plants and their native habitats for the identification of plant 

and microbial traits with the ultimate goal to reinstate beneficial associations that may 

have been undermined during plant domestication.  

Keywords: rhizosphere microbiome, plant domestication, wild relatives, plant-microbe 

interactions 

 

 

 

 

 

 

 

 

 
 

Introduction 

Plants rely on their rhizosphere microbiome for functions and traits related to plant 

growth, development and health (Berendsen et al., 2012; Mendes et al., 2013). Members 

of the rhizosphere microbiome harbour a range of beneficial properties contributing to 

nutrient acquisition, enhanced stress tolerance, protection against soil borne pathogens 

and host immune regulation (Berendsen et al., 2012; Bakker et al. 2013; Mendes et al., 

2013; Turner et al., 2013a; Berg et al., 2014; Lakshmanan et al., 2014). In this context, 

Cook et al. (1995) postulated that natural selection resulted in only few examples of plant 

genetic resistance against belowground pathogens and that plant rely, in part, on the 

natural defence provided by rhizosphere microorganisms. This is the case for natural 

disease suppressive soils where specific microbial consortia protect the host from 

infection (Mendes et al., 2011). Assuming that plants depend, at least in part, on the 

rhizosphere microbiome as a product of natural selection, modern cultivars of crop plants 

may have lost some of the traits needed to recruit host-specific root microbiota as 

compared to their wild relatives, which are genetically more diverse and adapted to pre-

agricultural soils (Wissuwa et al., 2009; Bulgarelli et al., 2013). Whether the ability of 

crop plants to recruit beneficial rhizosphere microbes is undermined by plant 

domestication and plant breeding is not well known to date. In this review, we discuss the 

potential influence of plant domestication on rhizosphere microbiome assembly and 

function, focusing on how domestication may have impacted the ability of modern crops 

to establish beneficial interactions with the rhizosphere microbiome. Finally, we propose 

a framework for identification and recovery of beneficial plant-microbe interactions to 

meet the need for a more sustainable and productive agriculture. 
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and host immune regulation (Berendsen et al., 2012; Bakker et al. 2013; Mendes et al., 

2013; Turner et al., 2013a; Berg et al., 2014; Lakshmanan et al., 2014). In this context, 

Cook et al. (1995) postulated that natural selection resulted in only few examples of plant 

genetic resistance against belowground pathogens and that plant rely, in part, on the 

natural defence provided by rhizosphere microorganisms. This is the case for natural 

disease suppressive soils where specific microbial consortia protect the host from 

infection (Mendes et al., 2011). Assuming that plants depend, at least in part, on the 

rhizosphere microbiome as a product of natural selection, modern cultivars of crop plants 

may have lost some of the traits needed to recruit host-specific root microbiota as 

compared to their wild relatives, which are genetically more diverse and adapted to pre-

agricultural soils (Wissuwa et al., 2009; Bulgarelli et al., 2013). Whether the ability of 

crop plants to recruit beneficial rhizosphere microbes is undermined by plant 

domestication and plant breeding is not well known to date. In this review, we discuss the 

potential influence of plant domestication on rhizosphere microbiome assembly and 

function, focusing on how domestication may have impacted the ability of modern crops 

to establish beneficial interactions with the rhizosphere microbiome. Finally, we propose 

a framework for identification and recovery of beneficial plant-microbe interactions to 

meet the need for a more sustainable and productive agriculture. 
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Plant domestication: changes and trade-offs  

One of the biggest accomplishments in human history has been the domestication of 

plants, providing a more continuous food supply and promoting the conformation of 

sedentary agricultural groups (Purugganan and Fuller 2009). The process of plant 

domestication involves selection, modification and adoption of wild plants species with 

useful characteristics for human use (Gepts, 2004). The first changes commonly 

associated with plant domestication were a large seed size, loss of seed dispersal 

mechanisms, and determinate growth and apical dominance (Gross and Olsen 2010). 

Other changes comprise the loss of seed dormancy, decrease of bitter substances in edible 

structures and changes in photoperiod sensitivity (Purugganan and Fuller 2009). 

Domestication also led to a reduction in genetic diversity of plant cultivars as shown for 

common bean (Bitocchi et al., 2012; Bittochi et al., 2013), rice (Ram et al., 2007) and 

wheat (Haudry et al., 2007). Genes associated with desirable phenotypes underwent a 

diversity loss because only the desired alleles were spread in the subsequent progenies, 

whilst unwanted diversity of the same allele was inadvertently suppressed (Doebley et 

al., 2006). In addition, genomic regions next to the target genes suffered selective sweeps 

as was shown for the adjacent regions of the Y1 phytoene synthase gene for endosperm 

colour in maize (Palaisa et al., 2004) and of the Waxy granule-bound starch synthase	gene 

for amylose synthesis in rice (Olsen et al., 2006). Thus, a possible side effect of plant 

domestication is the loss of traits neglected during human selection. In a recent review, 

Chen et al. (2015) indicated that the ability of plants to deal with herbivorous insects is 

undermined in domesticated crops, in part as a consequence of changes in morphological 

traits and in levels of secondary metabolites, which make domesticated plants a better 

resource than their wild relatives. Chen et al. (2015) further highlighted that 

domestication led to lower levels of volatile emissions as compared to wild relatives, 

which in turn may affect the attraction of natural enemies. Whether plant traits needed to 

 
 

recruit and sustain beneficial microbial populations in the rhizosphere was also negatively 

impacted remains to be elucidated.  

 

 

Fig. 1. In this image, the natural ecosystem is illustrated by the native Amazon rainforest (background) that 
was converted to a modern crop system (front). This conversion leads to changes in the environment and 
use of management techniques ultimately impacting the rhizosphere microbiome assembly and functions 
(Photo by L. W. Mendes). 

 

Many of the changes in plant traits during domestication were accompanied by 

progressive changes in the environment and management practices (Fig. 1). Hence, plant 

domestication associated with anthropogenic interference to sustain high yields led to low 

self-support production systems with an increased need for external inputs such as 

chemical pesticides and fertilizers to overcome problems related to pests and diseases, 

vulnerability to abiotic stress and nutrient depletion (Matson et al., 1997). Moreover, the 

transition from natural to agricultural systems may have hampered beneficial interactions 

between plants and microbes due to loss of soil microbial diversity. For instance, it was 

shown that long-term nitrogen fertilization resulted in the evolution of less-mutualistic 

rhizobia, providing fewer benefits to the host (Weese et al., 2015). Nitrogen amendments 
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have also been shown to suppress soil respiration and microbial biomass, promoting 

copiotrophs such as Actinobacteria and Firmicutes while reducing the abundance of 

oligotrophs such as Acidobacteria and Verrucomicrobia (Ramirez et al., 2012). This was 

substantiated by Rodrigues et al. (2013) who showed that conversion of the Amazon 

rainforest to agriculture resulted in biotic homogenization of soil bacterial communities 

and reduction of microbial diversity. Fierer et al. (2013) further showed that in a native 

tallgrass prairie ecosystem, bacterial communities did not resemble those harboured by 

the surrounding cultivated soils where Verrucomicrobia represented more than 50% of 

the 16S rRNA sequences identified. Also soil attributes can be affected by plant 

domestication, which in turn influence the soil microbial community composition. 

García-Palacios et al. (2013) demonstrated, in microbial-rich and microbial-poor soils, 

that plant domestication increased litter quality, resulting in lower C:N ratio and higher 

NO3 availability. In addition to changes in the production systems, domesticated lineages 

experienced range expansions far beyond their centres of origin due to human migrations 

and trade (Purugganan and Fuller 2009). Hence, the lack of a co-evolutionary trajectory 

between plants, microbial communities and pathogens in dissimilar agricultural 

landscapes, made human interventions even more critical to maintain a healthy and 

productive crop (Fig. 2). 

 

 

 
 

 

Fig. 2. Changes associated to the domestication process effect plant traits and soil properties undermining 

rhizosphere microbiome composition and functions. 

 

Effect of plant genotype on rhizosphere microbiome assembly 

Plants can modulate their rhizosphere microbiome in a host-dependent way. Each plant 

species promotes a particular set of rhizosphere microbes (Haichar et al., 2008; Turner et 

al., 2013b; Ofek et al., 2014). With an increase in the phylogenetic distance between plant 

species also differences in the composition of their rhizosphere microbial assemblages 

appear to increase (Wieland et al., 2001; Pongsilp et al., 2012; Bouffaud et al., 2014). 

Not only different plant species, but also different genotypes of the same species may 

differ in their rhizosphere microbiome composition. For example, Weinert et al. (2011) 

showed for three different potato cultivars that a portion of the detected OTUs was 

cultivar-specific and that the Streptomycetaceae responded in a cultivar-dependent 

manner. Similar cultivar-dependent effects were observed for the rhizobacterial 

communities in the rhizosphere of young potato plants (Inceoglu et al., 2011). In a recent 
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study with 27 modern maize inbred lines, grown in five field environments, Peiffer et al. 

(2013) showed that OTU richness was affected by maize genotypes and that the variation 

in β-diversity was partially explained by the maize genotype. Similarly, in a study with 

different barley genotypes, Bulgarelli et al. (2015) found that the host genotype accounts 

for approximately 5.7% of the variance in the rhizosphere microbiome composition. In 

sweet potato (Ipomoea batatas), Sphingobium, Pseudomonas, Acinetobacter, 

Stenotrophomonas, and Chryseobacterium were enriched on the low starch genotype as 

compared to two high starch genotypes (Marques et al., 2014). Next to genotype-specific 

effects, also the plant developmental stage is a strong driver shaping the rhizobacterial 

community structure. In soybean, Bradyrhizobium, Bacillus and Stenotrophomonas were 

more abundant at the flowering stage as compared to vegetative and mature stages 

(Sugiyama et al., 2014a). For fungal communities, however, no significant effects of the 

soybean growth stage were detected (Sugiyama et al., 2014b). These effects, however, 

are not general as some studies highlighted a stronger selective rhizosphere effect at 

young plant growth stages (Gomes et al., 2001; Jin et al., 2009; Micallef et al., 2009a; 

Xu et al., 2009; Chaparro et al., 2014) whilst other studies documented stronger selective 

effects on the microbiome at flowering (Smalla et al., 2001; Inceoglu et al., 2010).  

 

Plant root exudates and the recruitment of beneficial microbes 

Plants actively release exudates, volatile compounds, border cells and polymers into the 

soil, a process referred to as rhizodeposition (Jones et al., 2009). Root exudates are 

composed of low-molecular weight compounds, i.e. sugars, amino acids, organic acids, 

phenolics, secondary metabolites, and high-molecular weight compounds like proteins 

and mucilage (Badri and Vivanco 2009). For more details on the chemical diversity of 

compounds in the rhizosphere we refer to other reviews (Bais et al., 2006; Badri et al., 

2009; Moe 2013; Weston and Mathesius 2013; Baetz and Martinoia 2014; Haichar et al., 

 
 

2014). Root exudates may impact the functioning of the microbial community. For 

instance, in soil amended with maize mucilage a higher production of N2O was recorded 

than in non-amended soil (Mounier et al., 2004). Likewise, additions of artificial root 

exudates (ARE) to a soil microcosm, mimicking maize exudates, promoted nitrate 

reduction and denitrification (Henry et al., 2008). A study with eight Arabidopsis thaliana 

accessions revealed that each accession released a particular set of exudate compounds 

and that each accession had a distinct rhizobacterial community composition based on 

RISA and 16S-TRFLP analyses (Micallef et al., 2009b). Some root exudates may impact 

the microbial community structure to a greater extent than other compounds as was shown 

for organic acids with a 10-22 fold increase in the bacterial taxa while sugars showed only 

a 2.5 fold increase (Shi et al., 2011). When Arabidopsis exudates collected from 18-21 

days old plants were applied to a fallow soil, phenolic compounds had a significant 

positive correlation with the highest number of bacterial OTUs (742) whereas lower 

number of OTUs were found for amino acids (319), sugar alcohols (166), and sugars 

(161) (Badri et al., 2013). Root exudates such as flavonoids or strigolactones play key 

roles in symbiotic relationships between plants and rhizobia, mycorrhiza and also 

parasites (Jones et al., 2004; Bouwmeester et al., 2007; Bednarek et al., 2010; Wang et 

al., 2012; Haichar et al., 2014). Likewise, root exudates may impact specific groups of 

beneficial bacteria referred as plant growth promoting rhizobacteria (PGPR). For 

example, Pseudomonas fluorescens WCS365, a rhizosphere competent colonizer of 

tomato roots, was chemotactically attracted towards malic acid and citric acid exuded by 

tomato roots (de Weert et al., 2002). Also beneficial rhizobacterium Bacillus subtilis 

FB17 exhibited a positive chemotactic response towards L-malic acid. Interestingly, 

infection of Arabidopsis leaves with Pseudomonas syringae pv tomato induced an 

increased secretion of malic acid from the roots, promoting the colonization and biofilm 

formation by strain FB17 (Rudrappa et al., 2008). Furthermore, foliar pathogens or foliar 
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treatment with microbe-associated molecular patterns (MAMPs) of Arabidopsis leaves 

promoted the expression of the root malic acid (MA) transporter (ALMT1), stimulating 

the colonization by Bacillus subtilis strain FB17 (Lakshmanan et al., 2012). Malic acid 

and citric acid exuded by watermelon roots were shown to induce motility and root 

colonization by the PGPR Paenibacillus polymyxa SQR-21 (Ling et al., 2011). Similar 

effects of malic acid and citric acid were found for chemotaxis and biofilm formation by 

Bacillus amyloliquefaciens SQR9 in cucumber and for fumaric acid in promoting 

colonization of banana roots by Bacillus subtilis N11 (Zhang et al., 2014). Also other 

compounds found in root exudates may recruit beneficial bacteria. The aromatic 

compound 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) exuded 

by maize roots, showed a chemoattractant effect on and an increased root colonization by 

Pseudomonas putida KT2440 (Neal et al., 2012). Finally, plant derived compounds may 

also have an effect on the expression of bacterial antifungal biosynthetic genes. For 

instance, the expression of phlA and pltA genes in Pseudomonas fluorescens CHA0, 

involved in the biosynthesis of the antifungal compounds 2,4-diacetylphloroglucinol 

(DAPG) and pyoluteorin (PLT) respectively, was induced or repressed by 40 different 

plant-derived compounds, including several plant phenolics and pectin (de Werra et al., 

2011). Similarly, phenolic and organic acids exuded by barley plants infected with the 

fungus Pythium ultimum induced the expression of the phlA gene of P. fluorescens CHA0, 

presumably as a plant systemic response to deal with the pathogen (Jousset et al., 2011). 

Also Zea mays subsp. parviglumis and European maize lines emitted the volatile 

sesquiterpene (E)-β-caryophyllene via the roots attracting an entomopathogenic 

nematode in response to insect attack; North American lines failed to release this 

compound probably as a consequence of the breeding process (Rasmann et al., 2005; 

Köllner et al., 2008).  

 
 

These results exemplify the potential of plants to recruit and activate, via specific 

components in root exudates, beneficial members of the rhizosphere microbiome. 

However, plant exudates may also exert a negative effect on belowground communities. 

In a study evaluating the effect of the invasive weed Centaurea maculosa on the 

composition of arbuscular mycorrhizal fungal (AMF) communities, the abundance and 

diversity of AMF was reduced compared to native grassland samples (Mummey and 

Rillig 2006). The same deleterious effect of C. maculosa was also shown for the overall 

soil fungal community. Broz et al. (2007) further observed that high density weed 

populations had a reduced fungal biomass and diversity as compared to low density weed 

populations mixed with native species. Badri and Vivanco (2009) suggested that root 

exudates released by invasive weeds disrupt the indigenous microbial communities 

probably through an antimicrobial effect. Although the available results are still limited, 

fragmentary and not conclusive, one may assume that plant domestication can lead to 

changes in root exudation profiles and thereby impact on the rhizosphere microbiome 

composition and function (Fig. 2).  

 

Effect of plant domestication on belowground interactions 

Undermined mycorrhizal symbiosis  

The effect of domestication and plant breeding on belowground interactions with soil 

microorganisms was addressed by pioneering studies with wheat evaluating the ability of 

ancestors, landraces and modern genotypes to sustain mycorrhizal symbiosis (Kapulnik 

and Kushnir 1991). The mycorrhizal dependence (MD), i.e. the degree of dependence on 

mycorrhizal symbiosis for maximum plant growth and yield, was determined for wild and 

cultivated wheat genotypes. The results showed that a diploid wheat ancestor, Triticum 

tauschii, displayed a higher MD compared to tetraploid or modern hexaploid wheat 

genotypes (Kapulnik and Kushnir 1991). Hetrick et al. (1992) further showed that 



33Impact of plant domestication on rhizosphere microbiome assembly and functions | 
 

treatment with microbe-associated molecular patterns (MAMPs) of Arabidopsis leaves 

promoted the expression of the root malic acid (MA) transporter (ALMT1), stimulating 

the colonization by Bacillus subtilis strain FB17 (Lakshmanan et al., 2012). Malic acid 

and citric acid exuded by watermelon roots were shown to induce motility and root 

colonization by the PGPR Paenibacillus polymyxa SQR-21 (Ling et al., 2011). Similar 

effects of malic acid and citric acid were found for chemotaxis and biofilm formation by 

Bacillus amyloliquefaciens SQR9 in cucumber and for fumaric acid in promoting 

colonization of banana roots by Bacillus subtilis N11 (Zhang et al., 2014). Also other 

compounds found in root exudates may recruit beneficial bacteria. The aromatic 

compound 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) exuded 

by maize roots, showed a chemoattractant effect on and an increased root colonization by 

Pseudomonas putida KT2440 (Neal et al., 2012). Finally, plant derived compounds may 

also have an effect on the expression of bacterial antifungal biosynthetic genes. For 

instance, the expression of phlA and pltA genes in Pseudomonas fluorescens CHA0, 

involved in the biosynthesis of the antifungal compounds 2,4-diacetylphloroglucinol 

(DAPG) and pyoluteorin (PLT) respectively, was induced or repressed by 40 different 

plant-derived compounds, including several plant phenolics and pectin (de Werra et al., 

2011). Similarly, phenolic and organic acids exuded by barley plants infected with the 

fungus Pythium ultimum induced the expression of the phlA gene of P. fluorescens CHA0, 

presumably as a plant systemic response to deal with the pathogen (Jousset et al., 2011). 

Also Zea mays subsp. parviglumis and European maize lines emitted the volatile 

sesquiterpene (E)-β-caryophyllene via the roots attracting an entomopathogenic 

nematode in response to insect attack; North American lines failed to release this 

compound probably as a consequence of the breeding process (Rasmann et al., 2005; 

Köllner et al., 2008).  

 
 

These results exemplify the potential of plants to recruit and activate, via specific 

components in root exudates, beneficial members of the rhizosphere microbiome. 

However, plant exudates may also exert a negative effect on belowground communities. 

In a study evaluating the effect of the invasive weed Centaurea maculosa on the 

composition of arbuscular mycorrhizal fungal (AMF) communities, the abundance and 

diversity of AMF was reduced compared to native grassland samples (Mummey and 

Rillig 2006). The same deleterious effect of C. maculosa was also shown for the overall 

soil fungal community. Broz et al. (2007) further observed that high density weed 

populations had a reduced fungal biomass and diversity as compared to low density weed 

populations mixed with native species. Badri and Vivanco (2009) suggested that root 

exudates released by invasive weeds disrupt the indigenous microbial communities 

probably through an antimicrobial effect. Although the available results are still limited, 

fragmentary and not conclusive, one may assume that plant domestication can lead to 

changes in root exudation profiles and thereby impact on the rhizosphere microbiome 

composition and function (Fig. 2).  

 

Effect of plant domestication on belowground interactions 

Undermined mycorrhizal symbiosis  

The effect of domestication and plant breeding on belowground interactions with soil 

microorganisms was addressed by pioneering studies with wheat evaluating the ability of 

ancestors, landraces and modern genotypes to sustain mycorrhizal symbiosis (Kapulnik 

and Kushnir 1991). The mycorrhizal dependence (MD), i.e. the degree of dependence on 

mycorrhizal symbiosis for maximum plant growth and yield, was determined for wild and 

cultivated wheat genotypes. The results showed that a diploid wheat ancestor, Triticum 

tauschii, displayed a higher MD compared to tetraploid or modern hexaploid wheat 

genotypes (Kapulnik and Kushnir 1991). Hetrick et al. (1992) further showed that 



| Chapter 234  
 

ancestors and primitive hexaploid wheat landraces benefitted more from mycorrhizal 

symbiosis than modern cultivars. Subsequently, Hettrick et al. (1993) determined that the 

ancestral genotype Triticum tauschii var. strangulata, the donor of the D genotype in 

hexaploid modern wheat, showed a higher MD as reported in previous studies, whilst AB 

genome ancestors did not show mycorrhizal dependence. In these studies, the highly 

fertile conditions used during the plant breeding process were proposed as a possible 

explanation for the reduced mycorrhizal dependence of modern genotypes. To support 

this observation, Hetrick et al. (1995) further showed that wheat varieties released before 

1975 displayed a higher mycorrhizal responsiveness (MR), defined as the effect of the 

mycorrhizal symbiosis on plant growth as compared to plants without mycorrhiza, while 

those released after this date were less responsive. Accordingly, Zhu et al. (2001) also 

found a reduction in MR in Australian modern wheat cultivars as compared to old 

cultivars. However, these findings were recently contrasted in a meta-analysis of 

mycorrhizal responsiveness in wild and annual crop plants. Lehmann et al. (2012) found 

that newer genotypes were more mycorrhiza-responsive compared to the ancestral 

genotypes although less intensively colonized. A possible explanation for this observation 

is that ancient genotypes, and to a larger extent wild relatives, may have developed 

adaptations to low nutrient environments and are less dependent on mycorrhizal infection 

than newer genotypes (Koide et al., 1988). However, a decrease in the ability to sustain 

AMF symbiosis in modern cultivars has been also found for other crops. For instance, it 

was shown that domesticated breadfruit cultivars (Artocarpus altilis) were less able to 

support AMF as compared with wild ancestors as revealed by significant reductions of 

vesicular and arbuscular colonization (Xing et al., 2012). In maize, the response of four 

landraces and one hybrid to AMF in two different phosphorus (P) regimes was evaluated; 

two local landraces were significantly more colonized by AMF and acquired more 

phosphorus in shoots under low and medium P regimes as compared to the modern maize 

 
 

hybrid. Interestingly, one of the landraces presented an outstanding mycorrhizal 

colonization and presented the highest percentage increase in root volume under both P 

regimes (Sangabriel-Conde et al., 2014). The diversity of AMF in the roots of the four 

landraces and the hybrid was assessed through nested PCR of AMF rDNA and it was 

shown that the landrace with higher mycorrhizal colonization and P acquisition efficiency 

also presented the highest number of Glomeromycota OTUs (Sangabriel-Conde et al., 

2015). The authors proposed that the adoption of native landraces of maize may preserve 

mycorrhizal symbiosis in these agricultural landscapes. 

 

Domestication effect on rhizobia and other microbes 

The effect of plant domestication has also been assessed for the symbiosis between 

legumes and rhizobia. In a study with pea (Pisum sativum), broad bean (Vicia faba) and 

several wild legumes from the genera Vicia and Lathyrus, grown in a non-agricultural 

soil, it was shown that the ability to interact with symbionts was limited for pea and broad 

bean as compared to promiscuous wild legumes that were able to exploit the diverse 

rhizobial community (Mutch and Young, 2004). Similarly, it was found that Cicer 

reticulatum, ancestor of cultivated chickpea, showed association with a more diverse 

Mesorhizobium population than modern chickpea (Kim et al., 2014). In the legume-

rhizobia symbiosis, Kiers and Denison (2008) described that plants can sanction less 

effective symbionts and invest more resources in highly efficient strains. In order to assess 

whether the ability to sanction non-effective rhizobia strains was also affected in the 

breeding process, six soybean cultivars representing 60 years of breeding were evaluated 

in the simultaneous presence of effective and ineffective rhizobia strains. Kiers et al. 

(2007) showed that newer cultivars had less seed yields as compared to older cultivars 

and also that the yield difference ratio, i.e. the ability of cultivars to reach their full 
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symbiotic potential in the presence of mixed rhizobial strains, was higher for older 

cultivars as compared to newer cultivars.  

For the effects of plant domestication on other rhizosphere microbes only few examples 

exist to date. Germida and Siciliano (2001) revealed that the rhizosphere bacterial 

community of ancient landraces was more diverse than that of two modern cultivars. In 

the rhizosphere of the ancestral landrace, Pseudomonads were the dominant genus and 

also higher numbers of Aureobacter were found as compared to modern cultivars 

(Germida and Siciliano 2001). Also in maize, the influence of its progenitor Zea mays 

subsp. parviglumis (Balsas teosinte) and two domesticated maize cultivars on the 

rhizosphere bacterial and fungal community composition was evaluated (Szoboszlay et 

al., 2015). Shannon’s and Simpson’s diversity indices for bacterial T-RLFP profiles were 

higher for teosinte compared with one domesticated cultivar and the same as the other 

cultivar and the control. Interestingly, the same domesticated cultivar with lower bacterial 

diversity also showed a lower fungal diversity compared with bulk soil controls 

(Szoboszlay et al., 2015).  

 

Domestication and changes in root architecture 

Differences in root architecture between modern cultivars and their wild relatives have 

been described for a number of crops. For instance, cultivated lettuce (Lactuca sativa) 

produced a shallower root system compared with wild lettuce (Lactuca serriola). In 

cultivated lettuce an inadvertent selection of more laterals roots at the top of the tap root 

helps plants to respond to surface application of water and fertilizer in crop fields, whereas 

wild lettuce showed a root system able to access deeper portions of soil (Jackson, 1995). 

Changes in root architecture have also been described for drought tolerant plant cultivars. 

For example, a drought tolerant accession of wild barley presented different root length, 

root dry weight and root volume compared with a modern cultivar, both under control 

 
 

and drought conditions (Naz et al., 2012; 2014). Similarly, the teosinte Zea mays subsp. 

parviglumis showed a higher root to shoot dry weight ratio and a higher number of very 

fine and thick roots than two domesticated maize cultivars. Although the Shannon’s and 

Simpson’s diversity indices for the bacterial communities were higher for teosinte 

compared with one the domesticated cultivar, the relative contribution of the root 

architecture for the observed microbiome differences was not investigated (Szoboszlay et 

al., 2015). It has been postulated that changes in root architecture due to breeding process 

may have an effect on the rhizosphere microbiome (Micallef et al., 2009b), however, 

more detailed studies will be needed to investigate this.  

 

Reinstating beneficial partnerships in modern crop cultivars 

Over the past decades, plant breeders have exploited genes from native relatives of 

modern crop species to improve plant growth and health. For instance, wild relatives have 

been used as sources of alleles to improve the ability of modern cultivars to withstand 

biotic and abiotic stresses in wheat (Nevo et al., 2010; Budak et al., 2013; Placido et al., 

2013), barley (Schmalenbach et al., 2008) and lettuce (Johnson et al., 2000; Simko et al., 

2013). Similarly, entomologists have explored native habitats to identify natural enemies 

of insect pests. In the area of plant microbiome research, relatively few efforts have been 

made to study the biodiversity and functions of beneficial microbial communities present 

in the native habitats of ancestors of modern crop species. In a study comparing the 

microbiome of sugar beet and its ancestor Beta vulgaris spp. maritime, plants were grown 

in agricultural and in native soils (natural habitat). Wild beet plants showed a more diverse 

bacterial community compared with domesticated sugar beet, as was shown by single 

strand conformation polymorphism (SSCP) analysis of the 16S-rRNA genes from total 

community DNA and 16S amplicon pyrosequencing (Zachow et al., 2014). A first 

approach to identify plant loci associated with root colonization and pathogen protection 
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by beneficial microorganisms involved a study with six inbred tomato lines and the 

biocontrol bacterium Bacillus cereus UW85 (Smith et al., 1997). Based on a dose-

response model, they found differences for both intrinsic plant resistance to pathogen 

infection and support of biological control in the tomato lines. In a follow-up study with 

several recombinant inbred line (RIL) populations derived from an interspecific cross of 

cultivated tomato and the related wild species Lycopersicon cheesmanii, Smith et al. 

(1999) showed that several quantitative trait loci (QTL) were associated with support of 

growth of the biocontrol agent B. cereus UW85 and the disease suppressive effects. 

However, several conceptual and experimental efforts have yet to be made in order to 

identify and exploit these traits in a rhizosphere-based breeding program (Bakker et al., 

2012). The search for plant traits linked to microbial recruitment by wild relatives holds 

a huge potential to elucidate and exploit beneficial interactions between plants and 

microbes. This hypothesis relies on the assumption that wild plant relatives have 

coevolved with the microbial community of native soils, performing an active selection 

of microbes with beneficial effects on plant growth and health. We hypothesize that wild 

relatives are able to establish, with higher frequency, beneficial interactions with 

microbes as compared to domesticated cultivars. In this context, we propose a pipeline 

for this emerging research area (Fig. 3).  

 

 
 

 

Fig. 3. General workflow to investigate the possibility to reinstating beneficial partnerships in modern 
cultivars by assessing the rhizosphere microbiome of wild plants in native soil. 

 

First, it is necessary to know the evolutionary history and process of domestication of the 

host plant to make a proper selection of wild plant materials, as well landraces and modern 

cultivars. If possible, the modern cultivars should be derived from the selected landraces; 

however this is not possible for all cultivated species, where the full domestication 

trajectory is unknown. In parallel, the centre of origin and centres of diversification should 

be known. Botanic and archaeological records have been used to determine where the 

wild relatives of many modern crops were originally formed as a species, followed by the 

domestication process and possible routes of dispersion by humans. Using this 

information, the collection of native soils in pristine sites located in the centre of origin 

and its use in the experimental setup will provide the native microbial assemblage in 

which wild relatives presumably recruit and sustain a more beneficial microbiome 

compared with less competent landraces and modern cultivars. To evaluate the impact of 
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the different plant genotypes on the rhizosphere microbiome composition and functional 

potential, the use of metagenomics and metatranscriptomics together with culture-

dependent approaches can be used to identify shifts in taxonomic and functional diversity 

of the microbiomes of the different plant genotypes. Based on these “omics” data, a 

screening with culture-dependent approaches can be performed by targeted isolation of 

those microbial genera that are specifically or more predominantly recruited by wild plant 

relatives. Evaluation of antagonistic activities against soil-borne pathogens, nutrient 

solubilisation or improved drought tolerance of the plant species after introduction will 

help to pinpoint those beneficial activities that plants look for in microbial partners. 

Finally, once the recruitment of particular taxa is confirmed and the utility of this 

association is determined, a plant genotyping strategy, quantitative trait loci (QTL) 

mapping and genome wide association studies (GWAS) with wild relatives, landraces, 

modern cultivars and preferably crosses between these plant genotypes must be 

performed in order to identify specific regions in the genome where the recruitment traits 

are located. Consequently, molecular breeding and marker-assisted selection can be 

applied to improve beneficial plant-microbe interactions in crop systems. Therefore, this 

approach of ‘going back to the roots’, i.e. assessing and accessing the microbiome of 

indigenous plants and their native habitats, represents a yet untapped avenue to further 

exploit microbes and plant traits in modern agriculture. 
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Abstract 

Plant domestication was a pivotal accomplishment in human history, but also led to a 

reduction in genetic diversity of crop species compared to their wild ancestors. How this 

reduced genetic diversity affected plant-microbe interactions belowground is largely 

unknown. Here, we investigated the genetic relatedness, root phenotypic traits and 

rhizobacterial community composition of modern and wild accessions of common bean 

(Phaseolus vulgaris) grown in agricultural soil from the highlands of Colombia, one of 

the centres of common bean diversification. DArT-based genotyping and phenotyping of 

local common bean accessions showed significant genetic and root architectural 

differences between wild and modern accessions, with a higher specific root length for 

the wild accessions. Canonical Correspondence Analysis indicated that the divergence in 

rhizobacterial community composition between wild and modern bean accessions is 

associated with differences in specific root length. Along the bean genotypic trajectory, 

going from wild to modern, we observed a gradual decrease in relative abundance of 

Bacteroidetes, mainly Chitinophagaceae and Cytophagaceae, and an increase in relative 

abundance of Actinobacteria and Proteobacteria, in particular Nocardioidaceae and 

Rhizobiaceae, respectively. Collectively, these results establish a link between common 

bean domestication, specific root morphological traits and rhizobacterial community 

assembly. 

Keywords: common bean, root phenotyping, rhizosphere microbiome, plant 

domestication, wild relatives. 

 

 

 

 

 

 
 

Introduction 

The rhizosphere microbiome has a profound impact on plant health and growth by 

providing key functions involved in nutrient acquisition, abiotic stress tolerance and 

protection against pathogen infection (Mendes et al., 2011; 2013; Bulgarelli et al., 2013). 

Edaphic factors and plant genotype shape, to a certain extent, the composition and 

metabolic activities of the bacterial communities in the rhizosphere (Berg and Smalla, 

2009; Bulgarelli et al., 2012; Lundberg et al., 2012; Philippot et al., 2013). The effects of 

the plant genotype on rhizosphere microbiome composition has been proposed to be, at 

least in part, mediated by quantitative and qualitative differences in root exudate 

composition (Lakshmanan et al., 2012; Badri et al., 2013; Carvalhais et al., 2013; Lebeis 

et al., 2015). Hence, the composition of a particular rhizosphere microbial assemblage is 

dependent on the plant species (Turner et al., 2013; Ofek et al., 2014) and even on the 

cultivar of a given plant species (Peiffer et al., 2013).  

Plant domestication was essential to human history but also resulted in a significant 

reduction in genetic diversity of crop species as compared to their wild ancestors 

(Doebley et al., 2006). Whether this reduction in genetic diversity affected specific root 

morphological traits and microbial diversity and activity in the rhizosphere is still largely 

unknown. To date, a limited number of studies have indicated that rhizosphere 

microbiome assembly may have been affected in modern cultivars of plants as compared 

to their wild ancestors (Bulgarelli et al., 2015; Pérez-Jaramillo et al., 2016; Leff et al., 

2016). In this context, wild relatives and also landraces have been proposed to provide 

valuable new insight into plant traits and genes associated with microbiome assembly, 

allowing an integral role of microbiome assembly in future plant breeding programs. For 

most economically important food crops, however, little knowledge is available on the 

impact of plant domestication on root traits and rhizosphere microbiome assembly. Here, 

we determined the genetic relatedness and root morphological traits of wild and modern 
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assembly. 
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Introduction 

The rhizosphere microbiome has a profound impact on plant health and growth by 

providing key functions involved in nutrient acquisition, abiotic stress tolerance and 

protection against pathogen infection (Mendes et al., 2011; 2013; Bulgarelli et al., 2013). 

Edaphic factors and plant genotype shape, to a certain extent, the composition and 

metabolic activities of the bacterial communities in the rhizosphere (Berg and Smalla, 

2009; Bulgarelli et al., 2012; Lundberg et al., 2012; Philippot et al., 2013). The effects of 

the plant genotype on rhizosphere microbiome composition has been proposed to be, at 

least in part, mediated by quantitative and qualitative differences in root exudate 

composition (Lakshmanan et al., 2012; Badri et al., 2013; Carvalhais et al., 2013; Lebeis 

et al., 2015). Hence, the composition of a particular rhizosphere microbial assemblage is 

dependent on the plant species (Turner et al., 2013; Ofek et al., 2014) and even on the 

cultivar of a given plant species (Peiffer et al., 2013).  

Plant domestication was essential to human history but also resulted in a significant 

reduction in genetic diversity of crop species as compared to their wild ancestors 

(Doebley et al., 2006). Whether this reduction in genetic diversity affected specific root 

morphological traits and microbial diversity and activity in the rhizosphere is still largely 

unknown. To date, a limited number of studies have indicated that rhizosphere 

microbiome assembly may have been affected in modern cultivars of plants as compared 

to their wild ancestors (Bulgarelli et al., 2015; Pérez-Jaramillo et al., 2016; Leff et al., 

2016). In this context, wild relatives and also landraces have been proposed to provide 

valuable new insight into plant traits and genes associated with microbiome assembly, 

allowing an integral role of microbiome assembly in future plant breeding programs. For 

most economically important food crops, however, little knowledge is available on the 

impact of plant domestication on root traits and rhizosphere microbiome assembly. Here, 

we determined the genetic relatedness and root morphological traits of wild and modern 



| Chapter 344  
 

accessions of common bean (Phaseolus vulgaris) and analyzed their rhizosphere 

microbiome composition. Common bean is the most important legume crop for low-

income farmers in Latin America and Africa (Broughton et al., 2003; Akibode and 

Maredia, 2011). Wild common bean originated in central Mexico and spread throughout 

Central and South America (Gepts, 1998; Bitocchi et al., 2012; Desiderio et al., 2013). 

This wide distribution led to geographical isolation of wild common bean and resulted in 

well characterized genetic pools (Gepts and Bliss, 1985). A vast collection of available 

accessions, ranging from wild relatives to highly productive modern varieties, makes 

common bean a good model system to investigate the impact of domestication on root 

phenotypic traits and on rhizobacterial community composition of an economically 

important food crop. Furthermore, common bean and other leguminous plant species 

provide excellent experimental systems to study the intertwined relationships between 

nodulation and rhizosphere microbiome assembly (Zgadzaj et al., 2016). 

In this study, we adopted the approach of ‘going back to the roots’ (Pérez-

Jaramillo et al., 2016) and selected eight Colombian accessions of common bean, 

including wild relatives, landraces and modern cultivars and characterized their genetic 

relatedness by Diversity Array Technology (DArT) (Jaccoud et al., 2001). Subsequently, 

the selected bean accessions were grown in agricultural soil collected from the highlands 

of Antioquia, Colombia. Colombian mountains are considered an important centre of 

common bean diversification where wild and landraces of common bean from the two 

main genetic pools (Mesoamerican and Andean) can still be found in their natural habitats 

(Gepts and Bliss, 1986). The selected common bean accessions were subjected to 

phenotypic analyses of different root traits as well as rhizobacterial community analyses 

by 16S rRNA amplicon sequencing.   

 

 

 
 

Materials and Methods 

Selection of common bean accessions and Colombian soil 

Two wild, three landraces and three improved varieties (modern cultivars) of common 

bean (Phaseolus vulgaris) were selected based on the following characteristics: they 

belong to the Colombian Mesoamerican genetic pool; landraces and modern accessions 

are the same race, they exhibit the Mesoamerican phaseolin protein type; they originate 

from the same altitudinal range; and they have the same growth type (i.e. climbing instead 

of bushy). The latter characteristic is the case for all selected accessions, except for 

accession G5773, which is a bushy commercial variety widely distributed and commonly 

used in Latin America and Africa. The seeds were kindly provided by the Genetic 

Resources Program at the International Centre for Tropical Agriculture - CIAT – in 

Palmira, Colombia. The plant passport is given in Table S1. The soil used in this study 

was collected from an agricultural field in the rural area of the municipality of El Carmen 

de Viboral (Antioquia - Colombia, 6°4’55’’ N, 75º20‘3’’W). Common bean has been 

cropped in this region for decades and soil conditions are optimal for the growth of several 

common bean varieties. The soil was collected at 3 random sites in the field from a depth 

up to 30-cm, air dried, passed through a 2-mm mesh sieve to remove (plant) debris and 

stored for further use. Physicochemical analyses were performed in the Soil Science 

Laboratory from the National University of Colombia in Medellín, using standard 

procedures (Table S2).  

 

Genotyping of common bean accessions 

The bean seeds were surface-sterilized and germinated on filter paper wetted with sterile 

tap water. After 2-5 days, germinated seeds were transferred to 500-ml pots filled with 

agricultural soil. For each bean accession, two seedlings were transplanted to a pot (1 pot 

per accession), arranged randomly in a growth chamber (25ºC, 16h daylight) and watered 
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every day. After 10 days, the youngest leaf of each plant was collected and DNA was 

isolated with the PowerPlant® Pro DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, 

CA, USA). The manufacturer’s instructions were followed and the yield and quality of 

the DNA was assessed via agarose gel electrophoresis and a Qubit 2.0 fluorimeter 

(Invitrogen, Life technologies). Genome profiling was performed using the complexity 

genome reduction method developed by Diversity Arrays Technology Pty Ltd (DArT 

P/L, Bruce, Australia) (Jaccoud et al., 2001). A proprietary analytical pipeline developed 

by DArT P/L was used to produce single nucleotide polymorphisms (SNP) tables; in total 

10,732 SNPs were obtained. The SNP calling was performed using a custom R script (R 

Core Team, 2015) and after filtering, a total of 7,527 SNPs were retained for further 

analysis. 

 

Plant genetic diversity 

An identity-by-state (IBS) distance matrix was constructed in PLINK (v. 1.9) (Chang et 

al., 2015) and a neighbor-joining phylogenetic tree was created using the Phylip software 

package (v.3.695). For the quantitative assessment of the number of groups in the panel, 

a Bayesian clustering analysis was performed using the model based approach 

implemented in the STRUCTURE software (Pritchard et al., 2000). This approach uses 

multi-locus genotypic data to assign individuals to clusters or groups (K) without prior 

knowledge of their population affinities and assumes loci in Hardy-Weinberg 

equilibrium. The software was ran considering K-values ranging from 1 to 6 (hypothetical 

number of groups) with an admixture model with correlated allele frequencies. Each run 

was implemented with 20,000 burnin iterations followed by 200,000 MCMC (Markov 

Chain Monte Carlo) iterations for accurate parameter estimates. Five independent runs 

for each K were performed. The number of genetic groups was estimated using the 

STRUCTURE HARVESTER software (Earl, 2012), by the Evanno criterion (Evanno et 

 
 

al., 2005). A multidimensional scaling analysis was also performed using PLINK. The 

inbreeding coefficient and occurrence of homozygous segments were computed using the 

commands ‘–het’ and ‘—homozyg’ in PLINK. The number of homozygous regions as 

well as their genomic locations was determined for each bean accession. Similarity of 

bean accession G51283K1 to the other accessions was determined by computing pairwise 

IBS. The genome was divided into 109 blocks and within each block pairwise IBS was 

calculated for all bean accessions; zero is completely different and two is completely 

identical. The accession G51283K1 was compared with the whole genomes of G22304 

and landrace G23998 as wild accessions, with modern accessions G5773 and G51695 as 

modern accessions and with landrace G50632I1. All the genetic diversity and 

homozygosity analyses were performed in PLINK (v1.9) and visualized in R. 

 

Root morphology 

Seeds were germinated as described above and transferred to 3L pots filled with the 

agricultural soil described above. Three plants per genotype were used. The plants were 

grown under ambient environmental conditions, with an average temperature of 25ºC and 

12h of daylight. When the V4 stage (3rd trifoliate leaf) was reached, the plants were 

carefully harvested and the root system was gently washed with tap water until no more 

soil particles were attached to the roots. Subsequently the entire root system was dyed 

with methylene blue, laid out on a Scanjet G4050 Scanner (Hewlett-Packard, USA) and 

scanned with a resolution of 600dpi. The images were then analyzed with the software 

WinRHIZO (Regent Instruments Inc., Canada), and several root measurements were 

recorded (Table S3). After scanning, roots were dried and root dry weight (rdw) 

measured. Subsequently, we computed the Specific Root Length (SRL) using the 

equation rl/rdw, and the Root Tissue Density (D), using the equation rdw/rv (Martin-

Robles et al., 2015). These parameters were calculated, normality and homogeneity of 
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variances were checked using Shapiro-Wilk test and Levene’s test, respectively, and one 

way ANOVA and post hoc tests were used to assess differences in root morphology 

between the bean accessions. 

 

Rhizospheric soil collection and DNA isolation 

The same procedure for seed germination described above was followed. Seedlings were 

transferred to 3L pots containing the agricultural soil. For each accession, four replicates 

were used with one plant per replicate pot. The plants were arranged randomly in a 

greenhouse with ambient environmental conditions with an average temperature of 25ºC 

and 12h of daylight. Four pots with the same amount of soil but without plants were used 

as controls and served as bulk soil samples. Plants were harvested at flowering to 

synchronize microbiome analyses for all accessions at the same phenological growth 

stage. Rhizospheric soil was collected according to the method of Lundberg et al. (2012). 

Briefly, the entire root system was sampled from the pots, soil loosely attached to the 

roots was removed and subsequently the entire root system was divided in three parts and 

each was transferred to a 15mL tube containing 5mL of LifeGuard Soil Preservation 

Solution (Mo Bio Laboratories, Carlsbad, CA, USA). The tubes were vigorously shaken, 

the roots were removed and at least 1g (wet weight) of rhizospheric soil was recovered 

per sample for DNA isolation. For the bulk soils, approximately 1g of soil was harvested 

from each control pot and also submerged in 5mL of LifeGuard solution. Root dry weight, 

number of days to reach flowering and the total numbers of nodules per root system were 

scored. To obtain rhizospheric DNA, a RNA PowerSoil® DNA Elution Accessory Kit 

(Mo Bio Laboratories, Carlsbad, CA, USA) was used according to manufacturer’s 

instructions after a previous step for RNA extraction and elution with a RNA PowerSoil® 

Total RNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA). Each obtained DNA 

sample was then cleaned with the PowerClean® DNA Clean-Up Kit (Mo Bio 

 
 

Laboratories, Carlsbad, CA, USA). Agarose gel electrophoresis and a ND1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) were used to check 

DNA yield and quality. DNA samples were stored at -80°C until further use. 

 

16S rRNA amplicon sequencing 

The DNA extracted from the rhizosphere was used for amplification and sequencing of 

the 16S rRNA, targeting the variable V3-V4 regions (16S Amplicon PCR Forward 

Primer=5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC

WGCAG;16S Amplicon PCR Reverse Primer = 

5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCT

AATC) resulting in amplicons of approximately ~550 bp. Dual indices and Illumina 

sequencing adapters using the Nextera XT Index Kit were attached to the V3-V4 

amplicons. Subsequently, library quantification, normalization and pooling were 

performed and MiSeq v3 reagent kits were used to finally load the samples for MiSeq 

sequencing. For more info please refer to the guidelines of Illumina MiSeq System 

(Illumina, 2013).  

The RDP extension to PANDASeq (Masella et al., 2012), named Assembler (Cole et al., 

2014), was used to merge paired-end reads with a minimum overlap of 10 bp and at least 

a Phred score of 25. Primer sequences were removed from the per sample FASTQ files 

using Flexbar version 2.5 (Dodt et al., 2012). Sequences were converted to FASTA 

format and concatenated into a single file. All reads were clustered into operational 

taxonomic units (OTUs) using the UPARSE strategy by de-replication, sorting by 

abundance with at least two sequences and clustering using the UCLUST smallmem 

algorithm (Edgar, 2010). These steps were performed with VSEARCH version 1.0.10 

(Rognes et al., 2015), which is an open-source and 64-bit multi-threaded compatible 

alternative to USEARCH. Next, chimeric sequences were detected using the UCHIME 
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algorithm implemented in VSEARCH (Edgar et al., 2011). All reads before the 

dereplication step were mapped to OTUs using the usearch_global method implemented 

in VSEARCH to create an OTU table and converted to BIOM-Format 1.3.1 (McDonald 

et al., 2012). Finally, taxonomic information for each OTU was added to the BIOM file 

by using the RDP Classifier version 2.10 (Cole et al., 2014). All steps were implemented 

in a Snakemake workflow (Köster and Rahmann, 2012). The OTU table was filtered using 

QIIME (1.9.1) custom scripts (Kuczynski et al., 2012). The Bacteria domain was 

extracted using the command split_otu_table_by_taxonomy.py and singletons, 

doubletons and chloroplast sequences were discarded with the command 

filter_otus_from_otu_table.py, obtaining a filtered OTU table for further analysis. 

 

Rhizobacterial diversity and link with genotypic and root phenotypic traits  

The alpha diversity was calculated using QIIME customs scripts. The command 

alpha_rarefaction.py was used to rarefy the OTU table to counts up to 50,000 reads. This 

was the lowest sequencing depth obtained from a sample and therefore used as a threshold 

for rarefaction and alpha diversity calculations (Gotelli and Colwell, 2001). The 

alpha_diversity.py command was applied to rarefied data and observed OTUs, Shannon, 

Chao1 and Faith’s Phylogenetic Diversity metrics were obtained. One-way ANOVA and 

Tukey HSD were performed in R. For the Beta-diversity calculations, the entire filtered 

OTU table was used and normalized using the function cumNorm from the R package 

metagenomeSeq (v.1.12) (Paulson et al., 2016). We used a cumulative-sum scaling (CSS) 

method, which calculates the scaling factors equal to the sum of counts up to a particular 

quantile to normalize the read counts in order to avoid the biases generated with current 

sequencing technologies due to uneven sequencing depth (Paulson et al., 2013). Bray-

Curtis dissimilarity matrix was calculated and used it to build Principal Coordinate 

Analyses and Constrained Principal Coordinate Analysis (CAP) constrained by 

 
 

phylogenetic group, i.e., ancestral (A1 and A2) and modern (M1 to M5), using the 

function capscale retrieved from Vegan package (Oksanen et al., 2016) (v.2.3-2) and 

implemented in the Phyloseq package (McMurdie and Holmes, 2013) (v.1.10), both in R. 

The nonparametric adonis test was used to assess the percentage of variation explained 

by the Phylogenetic grouping along with its statistical significance. Permutational 

multivariate analyses of variance were performed to evaluate the significance of the 

constrained principal coordinate analyses, both retrieved from Phyloseq and Vegan 

packages. A Regularized Canonical Correlation Analysis was also performed in order to 

graphically depict whether the genetic make-up of the bean accessions correlates with 

their rhizobacterial community structures, using the R package CCA (González and 

Déjean, 2012). The function rcc was used, which is an extension of the Canonical 

Correlation Analysis to seek correlations between two data matrices. Subsequently, the 

function plt.cc was used to generate the plots. Canonical Correspondence Analysis (CCA, 

Canoco 5.0) was also conducted with a complete set of CSS normalized counts of the 16S 

rRNA data and the root morphological traits specific root length (SRL), root density, root 

dry weight and number of nodules. The adjusted explained variation was determined, 

unrestricted permutations were calculated to determine the significant contribution of 

each variable and Bonferroni corrections were applied to adjust the P-values. Constrained 

ordinations were built using rhizobacterial phyla or families together with plant genotypic 

and root morphological traits as explanatory variables.  

 

Species abundance distribution and differential abundance analysis 

Species abundance distribution models were used to determine whether neutral or niche-

based mechanisms were governing the bacterial assembly. We used the command Radfit 

from the R package Vegan to evaluate broken stick, pre-emption, log-normal, Zipf and 

Zipf–Mandelbrot rank abundance models and a zero-sum multinomial (ZSM) model 
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quantile to normalize the read counts in order to avoid the biases generated with current 

sequencing technologies due to uneven sequencing depth (Paulson et al., 2013). Bray-

Curtis dissimilarity matrix was calculated and used it to build Principal Coordinate 

Analyses and Constrained Principal Coordinate Analysis (CAP) constrained by 

 
 

phylogenetic group, i.e., ancestral (A1 and A2) and modern (M1 to M5), using the 

function capscale retrieved from Vegan package (Oksanen et al., 2016) (v.2.3-2) and 

implemented in the Phyloseq package (McMurdie and Holmes, 2013) (v.1.10), both in R. 
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multivariate analyses of variance were performed to evaluate the significance of the 

constrained principal coordinate analyses, both retrieved from Phyloseq and Vegan 
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graphically depict whether the genetic make-up of the bean accessions correlates with 

their rhizobacterial community structures, using the R package CCA (González and 

Déjean, 2012). The function rcc was used, which is an extension of the Canonical 

Correlation Analysis to seek correlations between two data matrices. Subsequently, the 

function plt.cc was used to generate the plots. Canonical Correspondence Analysis (CCA, 

Canoco 5.0) was also conducted with a complete set of CSS normalized counts of the 16S 

rRNA data and the root morphological traits specific root length (SRL), root density, root 

dry weight and number of nodules. The adjusted explained variation was determined, 

unrestricted permutations were calculated to determine the significant contribution of 

each variable and Bonferroni corrections were applied to adjust the P-values. Constrained 

ordinations were built using rhizobacterial phyla or families together with plant genotypic 
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Species abundance distribution and differential abundance analysis 

Species abundance distribution models were used to determine whether neutral or niche-

based mechanisms were governing the bacterial assembly. We used the command Radfit 

from the R package Vegan to evaluate broken stick, pre-emption, log-normal, Zipf and 

Zipf–Mandelbrot rank abundance models and a zero-sum multinomial (ZSM) model 
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using the TeTame2 software (Jabot et al., 2008). The comparison of the models fit was 

done based on the Akaike Information Criterion (AIC) using the equation AIC = -2 log-

likehood + 2 x npar (Mendes et al., 2014). AIC values were compared, being the lowest 

selected as the best fit to the data (Dumbrell et al., 2010). To compare the differences in 

taxonomic composition and to assess whether some bacterial taxa were differentially 

abundant, we conducted a three step analysis in which we assessed separately the read 

counts based on Phylum, Family and OTU level. For Phylum and Family level, custom 

R commands were used in order to aggregate all the reads according to the level chosen. 

For the OTU level analysis, the function calculateEffectiveSamples from the 

metagenomeSeq R package was applied to the filtered OTU table and features with less 

than the average number of effective samples in all features were removed. For the 

analysis at Phylum, Family and OTU level, we used normalized tables applying the CSS 

normalization as described above. Then, a Zero-Inflated Gaussian (ZIG) Distribution 

Mixture Model was applied using the fitZig function from metagenomeSeq. With the 

coefficients from the model, we applied moderated t-tests between accessions using the 

makeContrasts and eBayes commands retrieved from the R package Limma (v.3.22.7) 

(Ritchie et al., 2015). Obtained P-values were adjusted using the Benjamini-Hochberg 

correction method. Differences in the abundance of taxa between accessions were 

considered significant when adjusted P-values were lower than 0.1 at Phylum and Family 

level, and 0.05 at OTU level. Volcano plots were built to graphically represent the results 

of the moderated t-tests using the R package ggplot2 (v.2.0.0) (Wickham et al., 2009). To 

graphically represent the results obtained at Phylum and Family level, a script developed 

by Bulgarelli et al. (2015) was adapted, in which relative abundance of read counts per 

mil was used, as well as box plot representations using the R package ggplot2. Taxa above 

5‰ relative abundance were plotted for Phylum and Family level analysis. Treemap 

(v.3.7.3) was used to visualize the significantly abundant OTU’s, the annotated 

 
 

taxonomy, the adjusted P-value and per mil relative abundance in bubble graphs, in which 

the size of the bubbles indicates de relative abundance per mil of the raw read counts. 

 

Data access and bioinformatic analyses 

The sequence data are deposited at the European Nucleotide Archive (ENA) under 

accession number PRJEB19467. Data, scripts and codes used for statistical and 

bioinformatic analyses are available at: https://doi.org/10.5281/zenodo.580027and 

https://doi.org/10.5281/zenodo.556538, respectively. 
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Fig. 1. Origin and genetic structure of the common bean accessions. (a) Map of Colombia depicting the 
geographic origin, accession number and classification of the bean accessions based on DArT genotyping 
performed in this study; (b) Neighbor joining and phylogenetic relatedness; (c) STRUCTURE analysis 
(k=3); (d) Number of homozygous segments, and (e) Inbreeding coefficients (F values). Green color is 

assigned to ancestral accessions A1 and A2, blue to the landrace accession L1 and red to modern accessions 
M1 to M5. 

 

 
 

Results and discussion 

Genetic relatedness of common bean accessions 

DArT analysis resulted in 7,527 SNPs as genetic markers for the eight selected local 

common bean accessions. Phylogenetic and Bayesian clustering approaches as well as 

multidimensional scaling allowed us to decipher the divergence among the selected bean 

accessions (Figs. 1b and c; Fig. S1). Bean accessions G22304 and G23998, originally 

selected for this study as wild and landrace, respectively, showed strong genetic 

concordance and were classified as wild or ‘Ancestral’ accessions A1 and A2, 

respectively (Fig. 1 and Table S1). For the accession G51283K1, selected originally as a 

wild, a genome-wide comparison showed that it is more similar to the modern bean 

accessions than to the wild accessions (Fig. S2). We postulate that G51283K1 is probably 

a weedy accession, i.e. the product of a cross between wild common bean and a modern 

cultivar (Toro et al., 1990). Hence, accession G51283K1 was classified together with 

G50398, G14947, G51695 and G5773, as ‘Modern’. Hereinafter, these five accessions 

are referred to as M1-M5, respectively (Fig. 1 and Table S1). Accession G50632I1, 

selected as a landrace, did not show significant similarity with any of the other bean 

accessions and was named L1 (Figs. 1b and c; Fig. S3). Inference of the genetic diversity 

of the selected bean accessions further supported our classification: accessions M1-M5 

have a higher number of homozygous segments and higher inbreeding coefficients than 

landrace L1 and wild accessions A1 and A2 (Figs. 1d and e). Accessions A1 and A2 

originate from the same geographic area where several wild relatives of common bean 

have been collected (Blair et al., 2012) (Fig. 1a). The proximity between collection sites 

might partly explain the genotypic similarities between these two wild accessions. 
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Fig. 2. Root morphology parameters of common bean accessions. (a) Specific Root Length is the 

product of root length divided by the root dry weight, and (b) Root density is the product of root dry weight 
divided by root volume. Root length and root volume were determined by WinRHIZO. The colors of the 
lines below the labels of the accessions represent the groups based on their genetic similarity (DArT 
analysis). Statiscally significant differences between group means for SRL and for Root Density were 
determined by one-way ANOVA (P < 0,05). Three replicates per accession were used. Different letters 

indicate statistically significant differences (Fisher LSD test). 

 

Root phenotypic traits of wild and modern bean accessions 

Wild accessions A1 and A2 had a similar specific root length (SRL: ratio of root length 

and dry weight) and a similar root density (ratio of dry weight and volume), different 

 
 

from the other bean accessions (Fig. 2). These results confirm and extend earlier results 

found for wild common bean as compared to cultivars (Martin-Robles et al., 2015). Taken 

together, a high SRL and small diameter point to thinner roots and may provide a higher 

efficiency of water search and uptake, traits that are important for wild beans to prosper 

and survive in the dry native habitats (Toro, 1990; Comas et al., 2013). When harvested 

at flowering stage, significant differences were observed between the bean accessions in 

the number of days to reach flowering, the root dry weight and the number of nodules 

(ANOVA, P<0.005; Fig. S4). Consistent with previous findings (Toro et al., 1990), bean 

plants of the ancestral group require more days to reach flowering than the modern 

accessions. Only A2 presented a significant higher number of nodules per root system, 

while no significant differences were found between the other accessions (Fig. S4c).  

 

The common bean rhizobacterial diversity 

As root exudation profiles may change due to specific root architectural features 

(Marschner et al., 2002), we hypothesized that the observed contrasting root 

morphologies and the genetic divergence between accessions may affect the 

rhizobacterial community composition. Plants were harvested at flowering to synchronize 

microbiome analyses for all bean accessions at the same phenological stage. Through 

sequencing of the V3-V4 region of the 16S rRNA, 2.4 million quality reads were 

recovered, identifying 12,293 operational taxonomic units (OTUs) at 97% sequence 

similarity (Table S4). For the α-diversity, we observed a significant reduction in the 

rhizosphere of all bean accessions as compared to the bulk soil (ANOVA, P < 0.05) (Figs. 

S5 and S6). Between accessions, however, we did not find significant differences in the 

diversity indexes, except for the number of observed OTUs which was higher for M1 than 

for A1 (Tukey HSD, P < 0.05). Bray-Curtis metrics and Constrained Analyses of 

Principal Coordinates (CAP) further showed that the microhabitat (soil, rhizosphere) 
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explained 30.2% of the β–diversity, i.e. the total variability in bacterial community 

structure between groups (PERMANOVA, P < 0.001). Accordingly, a significant 

separation between rhizosphere and bulk soil was observed (PERMANOVA P < 0.005) 

(Fig. 3a). This selective pressure of the rhizosphere on microbiome composition is well 

known (Lakshmanan et al., 2012; Badri et al., 2013) and most likely driven by the 

quantity and quality of root exudates in combination with different growth rates, substrate 

utilization spectra and competitive abilities of the rhizobacterial genera. The results 

further showed that 13.5% of the total variability in rhizobacterial community 

composition was explained by the bean genotype (PERMANOVA, P<0.001). The 

constrained analysis of the principal coordinates by phylogenetic group was significant 

(PERMANOVA, P < 0.005) (Fig. 3b). A Regularized Canonical Correlation Analysis 

further confirmed that the genetic make-up of the wild bean accessions correlates with 

their rhizobacterial community composition (Fig. S7). These results are in accordance 

with previous findings on maize and barley, where the impact of the plant genotype 

shapes host-dependent rhizosphere bacterial communities (Peiffer et al., 2013; Bulgarelli 

et al., 2015). 

 
 

 

Fig. 3. Rhizosphere bacterial community structure of common bean. Constrained Analysis of Principal 
Coordinates (CAP) of 16S rRNA diversity in the rhizosphere of the eight common bean accessions used in 
this study, with (a) and without (b) 16S rRNA diversity in the bulk soil, respectively. CSS transformed 

reads were used to calculate Bray-Curtis distances and a constrained analysis was performed by 
microhabitat (a) (30.2% of the overall variance; P<0.005) and bean group (b) (13.47% of the overall 
variance; P<0.005). Statistical significance of the Constrained analysis was assessed by Permanova 
(P<0.005).  

 

Niche-based processes in rhizobacterial community assembly 

The SAD models and the comparison of AIC values showed that the rhizobacterial 

species abundance in the rhizosphere of all accessions and in the bulk soil are explained 

by niche-based distributions (Fig. S8 and Table S5). In the case of the rhizosphere 
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environment, root exudation is a strong modulating factor of rhizobacterial communities, 

where several taxa can thrive and become highly abundant whilst other community 

members exhibit low abundance (Jones et al., 2009). We also tested a neutral model in 

order to generate a SAD to be compared with the other niche-based models. With this 

model, a parameter (m) which accounts for the immigration rate into local communities 

from a regional pool is obtained (Etienne et al., 2005). Values closer to 1 indicate no 

dispersal limitation. The m values for bulk soil samples were closer to 1 as compared to 

those of the rhizosphere samples, suggesting a possible effect of neutral-driven processes 

in the bulk soil and at the same time a stronger niche-driven process in the rhizosphere of 

all the bean accessions tested (Table S6).   

 

Linking rhizobacterial community composition with the common bean genotype  

To determine which rhizobacterial taxa were affected in a bean genotype-dependent 

manner, a ZIG model was used to assess the differential abundance. At phylum level, all 

eight bean accessions presented an enrichment of Proteobacteria and a lower abundance 

of Acidobacteria as compared to the bulk soil (Fig. S9a). The phyla Bacteroidetes and 

Verrucomicrobia were significantly more abundant in the rhizosphere of the wild bean 

accessions, whereas the Actinobacteria were more abundant in the rhizosphere of the 

modern bean accessions (FDR<0.1; Figs. 4a and b). At family level, a significant increase 

in the relative abundance of the Rhizobiaceae and Sphingomonadaceae was observed for 

all bean accessions as compared to the bulk soil (Fig. S9b). Following the bean genotypic 

trajectory from A1 thru M5 (based on inbreeding coefficient and homozygosity), we 

observed a gradual decrease in the relative abundance of Chitinophagaceae and 

Cytophagaceae, both of the Bacteroidetes phylum (FDR<0.1; Figs. 4c and d). 

 
 

 

Fig. 4. Relative abundance of bacterial phyla and families in the rhizosphere of the different bean 
accessions. The relative abundance (‰) of the phyla and families of 4 replicates per accession was used. 

At phylum level, results are shown for (a) Bacteroidetes and Actinobacteria, and (b) Firmicutes and 
Verrucomicrobia. At family level, results are shown for representatives of the Bacteroidetes 
(Chitinophagaceae (c) and Cytophagaceae (d)). For the Firmicutes and Actinobacteria, results are shown 
for Bacillaceae (e), Streptomycetaceae (f) and Nocardioidaceae (g). For the phylum Proteobacteria, the 
relative abundance of the Rhizobiaceae (h) is shown. Different letters indicate significant differences 

between accessions (moderated t test, FDR < 0.1). 
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for Bacillaceae (e), Streptomycetaceae (f) and Nocardioidaceae (g). For the phylum Proteobacteria, the 
relative abundance of the Rhizobiaceae (h) is shown. Different letters indicate significant differences 

between accessions (moderated t test, FDR < 0.1). 
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Following this same trajectory, gradual increases in relative abundance were observed for 

the Nocardiodaceae (Actinobacteria) and Rhizobiaceae (Proteobacteria) (Figs. 4g and h) 

and to some extent also for the Streptomycetae (Fig. 4f). For Bacillaceae, however, no 

specific pattern in relative abundance was observed along the bean genotypic trajectory; 

this family was significantly more abundant only in the M5 rhizosphere (Fig. 4e). Next, 

we zoomed in on specific OTUs that were differentially enriched or depleted among the 

bean accessions by using the filtered OTU table. Based on the inbreeding coefficients and 

number of homozygous segments (Figs. 1d and e), bean accessions A1 and M5 were the 

most divergent and therefore compared first to see if this divergence was also reflected in 

the rhizobacterial community composition. We found 221 OTUs enriched in the A1 

rhizosphere and 181 OTUs enriched in the M5 rhizosphere (Fig. 5 and Table S7). A1 was 

significantly enriched with representatives of the Chitinophagaceae family (25 OTUs). 

The genus Dyadobacter from the Cytophagaceae family was particularly enriched in the 

rhizosphere of A1. For the M5 rhizosphere, three out of the ten most abundant OTUs were 

significantly enriched, belonging to Rhizobium (OTU9047), Streptomyces (OTU7) and 

Burkholderiales (OTU8). Also enriched in M5 were 2 highly abundant OTUs of the genus 

Arthrobacter (OTU17 and OTU886) and several OTUs from the family Nocardioidaceae 

(13 OTUs) and the genus Lysobacter (8 OTUs). All microbiome comparisons between 

A1 and the other bean accessions showed similar enrichments (Figs. S10-S14). 

Collectively, these analyses showed that OTUs from Bacteroidetes and Verrucomicrobia 

were enriched in the rhizosphere of accession A1, whereas OTUs from Actinobacteria 

were consistently enriched in the rhizosphere of accession M5. Similarly, when 

comparing A2 to M4 and to M5, we observed that OTUs from Chitinophagaceae family 

were consistently enriched in the A2 rhizosphere (Figs. S15-S16). Also when we merged 

the data of the individual bean accessions into a collective data set for each of the two 

bean genotypic groups (i.e. ancestral and modern), similar overall patterns and differences 

 
 

in rhizobacterial community composition were observed: Bacteroidetes (8 OTUs) and 

Verrucomicrobia (5 OTUs) were enriched in the ancestral group, whereas the phylum 

Actinobacteria (2 OTUs) was enriched in the modern group (Fig. S17).  

 

 

 

Fig. 5. Differential abundance of bacterial OTUs between the wild bean accession A1 and modern 
bean accession M5. The comparison was made using a zero-inflated Gaussian distribution mixture model 

followed by moderated t-test and a Bayesian approach. Data from 4 replicates per accession was used. Only 
OTUs significantly enriched in one of the two accessions are shown (FDR<0.05). The largest circles 
represent Phylum level. The inner circles represent Class and Family level. The color of the circles 
represents the OTUs enriched in the rhizosphere of wild accession A1 (green) or of modern accession M5 
(red), with the assigned Genus in italics. The size of the circle is the mean read relative abundance of the 

differentially abundant OTU.  

Intriguingly, Bacteroidetes have also been reported at higher relative abundance in the 

rhizosphere of other wild plant species and wild crop relatives, including Cardamine 

hirsuta (Schlaeppi et al., 2013), Beta vulgaris subsp. maritima (Zachow et al., 2014) and 
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Hordeum vulgare subsp. spontaneum (Bulgarelli et al., 2015). In human microbiome 

research, Bacteroidetes have received considerable attention for their association with 

low carbohydrate diets, lean mice and weight loss in humans (Ley et al., 2006; Turnbaugh 

et al., 2006; De Filippo et al., 2010; Brown et al., 2012). Considering the increased 

abundance of Bacteroidetes on the thin roots of wild relatives of common bean and the 

higher relative abundance of Actinobacteria and Proteobacteria on the thicker roots of 

modern varieties it is tempting to make an analogy of ‘lean beans’ and ‘obese beans’. 

Whether the association with Bacteroidetes might result in a healthier development for 

plants as shown for animals, and whether its increased abundance on the roots of the wild 

relatives is a signature of coevolution remains speculative and opens exciting avenues for 

further research. More specifically, the putative link between the abundance of this 

bacterial Phylum in the rhizosphere of wild crop relatives and its ability to degrade 

complex biopolymers (Thomas et al., 2011) will be subject of future experiments. Also 

in terms of plant health, the Chitinophagaceae family, which belongs to the 

Bacteroidetes, has been proposed for their potential role in protection against soil-borne 

pathogens (Yin et al., 2013; Chapelle et al., 2016). 

 

Linking rhizobacterial community composition with root phenotypic traits  

Canonical Correspondence Analysis revealed that the overall variation in rhizobacterial 

community composition is explained for 11.4% (Bonferroni adjusted P=0.002) by the 

different root phenotypic traits (Fig. 6a), which resembles the percentage of variation 

(13.5%) in rhizobacterial composition explained by the common bean genotype (Fig. 3b). 

Amongst the root morphological and phenological traits included in the analysis, the 

specific root length (SRL) was responsible for most of the explained variation (Bonferroni 

adjusted P=0.008) followed by the number of nodules (Bonferroni adjusted P=0.016). 

The percentages of explanation for the variables Root Density and Root Dry Weight were 

 
 

not statistically significant. Interestingly, the dissimilarities between wild accessions A1 

and A2 appears to be largely driven by the number of nodules. When the explanatory 

variables are used together with the bacterial phyla (Fig. 6b) and bacterial families (Fig. 

6c), the results show that the abundance of Bacteroidetes families is explained by SRL, 

in contrast to the abundance of Actinobacterial families.   

 

Fig. 6. Constrained Canonical Correspondence Analysis of 16S sequence data and root 
morphological traits. (a) Root morphological traits as explanatory variables for the divergence between 
the overall rhizobacterial community composition of the eight different bean accessions. The rhizobacterial 
community composition is based on CSS normalized counts. Green triangles represent the replicates of the 

wild bean accessions A1 and A2, blue squares represent the landrace accession L1, and red circles represent 
the modern bean accessions M1 to M5. The colored arrows represent the root morphological traits: Number 
of nodules and Dry root weight (black), Specific Root Length (SRL) and Root Density (red). (b) Same as 
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in panel a depicting the root morphological traits as explanatory variables for the divergence between the 
different bacterial phyla. Only phyla with a relative abundance higher than 1% are colored: Acidobacteria 

(orange), Actinobacteria (red), Bacteroidetes (green), Firmicutes (blue), Proteobacteria (yellow) and 
Verrucomicrobia (light blue). (c) Same as in panel b, depicting the root morphological traits as explanatory 
variables for the divergence between the bacterial families. Here, only the bacterial families belonging to 
Actinobacteria (red), Bacteroidetes (green), Verrucomicrobia (light blue) and Firmicutes (blue) were 
highlighted. 

 

Conclusions 

In this study, we found significant associations between the rhizobacterial community 

composition, the common bean genotype and specific root phenotypic traits. The phyla 

Bacteroidetes and Verrucomicrobia were consistently more abundant in the rhizosphere 

of wild common bean accessions, whereas representatives of the phyla Actinobacteria 

and Proteobacteria were enriched on roots of modern bean accessions. What the impact 

of the observed shifts in microbiome composition is on growth and health of common 

bean will be subject of future studies, ultimately providing an answer to the larger 

question if plant domestication compromised (or not) the beneficial effects of the 

rhizosphere microbiome. The divergence in rhizobacterial community composition 

between wild and modern bean accessions suggest a plant genetic basis of rhizosphere 

microbiome assembly. While these concepts apply also to other important food crops 

(e.g., cereals), only with legumes it is possible to study how nodulation, the rhizosphere 

microbiota and the relationships between these two types of plant-microbe interactions 

are intertwined. In our study, only wild bean accession A2 presented a higher number of 

nodules per root system, while no significant differences were found between the other 

bean accessions. This suggests that symbiotic nitrogen fixation per se may not be the 

major driver of the root microbiome composition as was elegantly shown recently for 

Lotus japonicum (Zgadzaj et al., 2016). These results also imply that other or additional 

host-derived cues shape the bean rhizosphere microbiota. The relatively small sample size 

used in our study precludes a statistically robust GWAS analysis but did provide a well 

 
 

differentiated set of traits in wild and modern accessions associated with a number of 

bacterial taxa. In-depth genetic and phenotypic analyses of a larger population of plant 

accessions (Kraft et al., 2010) will be needed for the identification of genes or molecular 

markers that ultimately can be used in plant breeding programs for the recruitment of 

specific plant-beneficial microbial taxa.  
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Supplementary materials  
 

 
Fig. S1. Multidimensional scaling of common bean accessions. MDS is based on IBS distance matrix 
analysis. Green color is assigned to the wild bean accessions (A1 and A2); red color is assigned to modern 
accessions (M1-M5); and blue color is assigned to Landrace L1. 

 
 
 

 
 
Fig. S2. Genome comparisons between bean accession 51283K1 (M1), landrace L1 and wild 
accessions A1 and A2. The bean genome was divided into 109 blocks (the x-axis, ordered according to 
chromosomes and position). Then it was calculated for each block how similar the genotypes between two 
accessions are: 0 is different, 2 is identical. The red line indicates how similar the accession 51283K1 (M1) 

is to two modern accessions M4 and M5. The black line indicates how similar the accession M1 is to the 
wild accessions A1 and A2; the green line represents the similarity of M1 to landrace accession L1. For 
most of the genome, M1 is more similar to the modern bean accessions. 
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Fig. S3. Divergence between the common bean accessions. Molecular differentiation between 
accessions, ranging from 0 (identical) to 1 (different for each SNP) in pairwise comparisons. The horizontal 

axis shows the overall length of the accumulated differences of one accession with all the other accessions, 
giving a graphical indication of how unique a particular accession is. 
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Fig. S4. Phenological traits of the common bean accessions grown in agricultural soil. (a) Number of 
days to reach flowering, (b) root dry weight, and (c) number of nodules per plant. The colors of the lines 

below the labels of the accessions represent the groups based on their genetic similarity (DArT analysis). 
Four replicates per accession were used. Statistically significant differences were found between group 
means as determined by one-way ANOVA (P < 0.05). Different letters denote statistically significant 
differences between accessions according to Fisher LSD. 

 
 

 
 
Fig. S5. Comparative analysis of the Alpha diversity of 16S sequence data of the rhizosphere of 

common bean accessions and bulk soil. (a) Chao1; (b) Observed OTUs; (c) Shannon and (d) Phylogenetic 
diversity for all bean accessions and the bulk soil rarefied to 50,000 counts per sample. The colors of the 
lines below the labels of the accessions represent the groups based on their genetic similarity (DArT 
analysis). There were statistically significant differences between the means as determined by one-way 

ANOVA (P<0.05). Different letters denote statistically significant differences according to Tukey HSD 
test. The bulk soil is, in general, more diverse than the rhizosphere microbiome of the bean accessions. 
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Fig. S6. Rarefaction curves for bulk soil and the bean accessions. In the columns, the rarefaction curves 
are shown by index as follows: 1. Faith’s phylogenetic diversity; 2. Number of observed OTUs; 3. chao1 
index for estimated OTUs. In the rows, rarefaction curves are shown by (a) Bean accession; (b) Bean group 
classification according to DArT analysis, and (c) by sample replicate. 

 
 
 
 
 
 
 

 
 

 
 

 
 
Fig. S7. Correspondence between similarity matrices of bean genotypic data and rhizobacterial 
families. (A) Correlation matrices retrieved from the rcc command (CCA package) for genotypic matrix 

(1), 16S microbiome matrix (2) and cross-correlation of both matrices (3). Blue indicates a negative 
association, green indicates null association and red indicates a positive association. (B) Bidimensional plot 
of Regularized Canonical Correspondence Analysis. Codes in blue were computed from bean DArT 
genotypic data and codes in red were computed from 16S microbiome data. 
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Fig. S8. Species abundance distributions (SAD) models. Broken stick (Null), Geometric (pre-emption), 
lognormal, Zipf and Zipf-Mandelbrot models were calculated using the bacterial read counts from the 
rhizosphere of the eight bean accessions as well as from the bulk soil. The legend indicates the bean 

accession to which the four plots in a same row belong. 
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Fig. S9. Rhizosphere bacterial community structure of the bean accessions. Average relative 
abundance (RA ± SEM) of four replicates per accession of the most abundant bacterial Phyla (a) and (b) 
Families (taxonomically assigned) in the rhizosphere of the eight bean accessions and in bulk soil. 

 
 
 
 
 

 
 
 
 

 
 

 
 
 
Fig. S10. Differential abundance of rhizobacterial OTUs between bean accessions A1 and L1.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession L1 (blue). The plot was constructed using the significance and the log fold change of the 

comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and L1. For this, the same data as for the volcano plot 

is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A1 (green) or enriched in the rhizosphere of accession L1 (blue). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 
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Families (taxonomically assigned) in the rhizosphere of the eight bean accessions and in bulk soil. 

 
 
 
 
 

 
 
 
 

 
 

 
 
 
Fig. S10. Differential abundance of rhizobacterial OTUs between bean accessions A1 and L1.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession L1 (blue). The plot was constructed using the significance and the log fold change of the 

comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and L1. For this, the same data as for the volcano plot 

is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A1 (green) or enriched in the rhizosphere of accession L1 (blue). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 
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Supplementary Figure S11. Differential abundance of rhizobacterial OTUs between bean accessions 
A1 and M1.  (a). Volcano plot showing the differentially abundant OTUs between wild accession A1 
(green) and landrace accession M1 (gold). The plot was constructed using the significance and the log fold 

change of the comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture 
model followed by an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the 
significance of the differential abundance; the x-axis represents the log2 of the fold change for each OTU. 
Colorful dots are differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot 

showing the differentially abundant OTUs between accessions A1 and M1. For this, the same data as for 
the volcano plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum 
level, the inner circles Class and Family levels. The colored circles represent OTUs enriched in the 
rhizosphere of accession A1 (green) or enriched in the rhizosphere of accession M1 (gold). The size of the 
circle represents the mean read abundance of the differentially abundant OTU. 

 
 
 
 
 

 
 

 
 
Fig. S12. Differential abundance of rhizobacterial OTUs between bean accessions A1 and M2.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession M2 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 

an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and M2. For this, the same data as for the volcano 

plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A1 (green) or enriched in the rhizosphere of accession M2 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 
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A1 and M1.  (a). Volcano plot showing the differentially abundant OTUs between wild accession A1 
(green) and landrace accession M1 (gold). The plot was constructed using the significance and the log fold 

change of the comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture 
model followed by an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the 
significance of the differential abundance; the x-axis represents the log2 of the fold change for each OTU. 
Colorful dots are differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot 

showing the differentially abundant OTUs between accessions A1 and M1. For this, the same data as for 
the volcano plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum 
level, the inner circles Class and Family levels. The colored circles represent OTUs enriched in the 
rhizosphere of accession A1 (green) or enriched in the rhizosphere of accession M1 (gold). The size of the 
circle represents the mean read abundance of the differentially abundant OTU. 

 
 
 
 
 

 
 

 
 
Fig. S12. Differential abundance of rhizobacterial OTUs between bean accessions A1 and M2.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession M2 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 

an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and M2. For this, the same data as for the volcano 

plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A1 (green) or enriched in the rhizosphere of accession M2 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 
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Fig. S13. Differential abundance of rhizobacterial OTUs between bean accessions A1 and M3.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession M3 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 

differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and M3. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 

A1 (green) or enriched in the rhizosphere of accession M3 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 

 
 
 

 
 

 
 
Fig. S14. Differential abundance of rhizobacterial OTUs between bean accessions A1 and M4.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession M4 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 

an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and M4. For this, the same data as for the volcano 

plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A1 (green) or enriched in the rhizosphere of accession M4 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 
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Fig. S13. Differential abundance of rhizobacterial OTUs between bean accessions A1 and M3.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession M3 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 

differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and M3. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 

A1 (green) or enriched in the rhizosphere of accession M3 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 

 
 
 

 
 

 
 
Fig. S14. Differential abundance of rhizobacterial OTUs between bean accessions A1 and M4.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A1 (green) and landrace 
accession M4 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 

an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 
differentially abundant OTUs between accessions A1 and M4. For this, the same data as for the volcano 

plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A1 (green) or enriched in the rhizosphere of accession M4 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 
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Fig. S15. Differential abundance of rhizobacterial OTUs between bean accessions A2 and M4.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A2 (green) and landrace 
accession M4 (red). The plot was constructed using the significance and the log fold change of the 

comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 

differentially abundant OTUs between accessions A2 and M4. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A2 (green) or enriched in the rhizosphere of accession M4 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 

 
 

 
 

 
 
 
Fig. S16. Differential abundance of rhizobacterial OTUs between bean accessions A2 and M5.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A2 (green) and landrace 

accession M5 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 

differentially abundant OTUs between accessions A2 and M5. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A2 (green) or enriched in the rhizosphere of accession M5 (red). The size of the circle represents the mean 

read abundance of the differentially abundant OTU. 
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Fig. S15. Differential abundance of rhizobacterial OTUs between bean accessions A2 and M4.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A2 (green) and landrace 
accession M4 (red). The plot was constructed using the significance and the log fold change of the 

comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 

differentially abundant OTUs between accessions A2 and M4. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A2 (green) or enriched in the rhizosphere of accession M4 (red). The size of the circle represents the mean 
read abundance of the differentially abundant OTU. 

 
 

 
 

 
 
 
Fig. S16. Differential abundance of rhizobacterial OTUs between bean accessions A2 and M5.  (a). 
Volcano plot showing the differentially abundant OTUs between wild accession A2 (green) and landrace 

accession M5 (red). The plot was constructed using the significance and the log fold change of the 
comparison of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by 
an empirical Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the 
differential abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are 
differentially abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the 

differentially abundant OTUs between accessions A2 and M5. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of accession 
A2 (green) or enriched in the rhizosphere of accession M5 (red). The size of the circle represents the mean 

read abundance of the differentially abundant OTU. 

 
 



| Chapter 384  
 

 
 
Fig. S17. Differential abundance of rhizobacterial OTUs between groups of bean accessions. (a). 
Volcano plot showing the differentially abundant OTUs between the wild accessions (green) vs modern 

accessions (red). The plot was constructed using the significance and the log fold change of the comparison 
of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by an empirical 
Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the differential 
abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are differentially 

abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the differentially abundant 
OTUs between ancestral accessions vs the modern accessions. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of ancestral 
accessions (green) or enriched in the rhizosphere of modern accessions (red). The size of the circle 

represents the mean read abundance of the differentially abundant OTU. 
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Fig. S17. Differential abundance of rhizobacterial OTUs between groups of bean accessions. (a). 
Volcano plot showing the differentially abundant OTUs between the wild accessions (green) vs modern 

accessions (red). The plot was constructed using the significance and the log fold change of the comparison 
of the OTU abundances using a zero-inflated Gaussian distribution mixture model followed by an empirical 
Bayesian model. The y-axis represents the -log10P.val, which shows the significance of the differential 
abundance; the x-axis represents the log2 of the fold change for each OTU. Colorful dots are differentially 

abundant OTUs with an adjusted P-value (BH) < 0.05. (b). Bubble plot showing the differentially abundant 
OTUs between ancestral accessions vs the modern accessions. For this, the same data as for the volcano 
plot is used with the taxonomy assigned to each OTU. The biggest circles represent Phylum level, the inner 
circles Class and Family levels. The colored circles represent OTUs enriched in the rhizosphere of ancestral 
accessions (green) or enriched in the rhizosphere of modern accessions (red). The size of the circle 

represents the mean read abundance of the differentially abundant OTU. 
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Table S2. Soil analysis. Physical and chemical characterization of the agricultural soil used 
to grow the common bean plants for the microbiome characterization and for the root 
morphology analysis.  

Analysis performed in the Laboratory of Soils at the National University of Colombia – Medellin. 
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Table S4. 16S rRNA Sequencing data obtained in this study. The sample ID, the number 
of base pairs, number of reads and the average length of the amplicon per sample are shown.  

This data is obtained after quality filtering and merging of paired end reads 
(see methods) 
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Table S5. AIC values for six rank abundance distribution models to test niche neutral models. 
The lowest AIC (Akaike Information Criterion) value for each sample represents the best fit model 
which is shown in bold 

The ZSM (zero-sum multinomial) was calculated with the TeTame software, which tests whether the 
data fits a null or neutral model. The other five models were retrieved from the vegan package in R, 
using the command radfit, which fits all other models. 



89Domestication and microbiome assembly | 
 

 

  

Table S4. 16S rRNA Sequencing data obtained in this study. The sample ID, the number 
of base pairs, number of reads and the average length of the amplicon per sample are shown.  

This data is obtained after quality filtering and merging of paired end reads 
(see methods) 

 
 

 

  

Table S4. 16S rRNA Sequencing data obtained in this study. The sample ID, the number 
of base pairs, number of reads and the average length of the amplicon per sample are shown.  

This data is obtained after quality filtering and merging of paired end reads 
(see methods) 

 
 

 

 

 

 

 

Table S5. AIC values for six rank abundance distribution models to test niche neutral models. 
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Table S6. Degree of immigration rate into local communities from a regional pool.  

*The m value was retrieved from a zero-sum multinomial distribution. 
Values closer to 1 indicate no dispersal limitation.  
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Table S7. Differential abundance analysis of rhizobacteria on the eight bean accessions.  

The filtered OTU table was fitted into a Zero Inflated Gaussian model (ZIG), and 
moderated t tests followed by an empirical Bayes approach were performed. P values 
were adjusted (BH) for false discovery rate (FDR < 0.05). In the table the number of 
differentially abundant OTUs in pair comparisons between bean accessions is shown.  
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Abstract  

Modern crops are typically cultivated in agriculturally well-managed soils far from the 

centres of origin where their wild relatives thrive. How this physical decoupling impacted 

plant microbiome assembly is not well understood. Here, we investigated if the transition 

from a native to an agricultural soil affected rhizobacterial community assembly of wild 

and domesticated common bean (Phaseolus vulgaris) and if this led to a loss of 

rhizobacterial diversity. The impact of the bean genotype on rhizobacterial assembly was 

more prominent in the agricultural soil than in the native soil. Only 113 operational 

taxonomic units (OTUs) out of a total of 15,925 were shared by all eight bean accessions 

in both soils, representing 25.9% of all sequence reads. More OTUs were exclusively 

found in the rhizosphere of common bean in the agricultural soil as compared to the native 

soil, and in the rhizosphere of modern bean accessions as compared to wild accessions. 

Co-occurrence analyses further showed a reduction in complexity of the interactions 

going from native to agricultural soil. Collectively, these results suggest that habitat 

expansion of common bean from its native soil environment to an agricultural context 

had an overall positive effect on rhizobacterial diversity and led to a stronger bean 

genotype-dependent effect on rhizosphere microbiome assembly. 

Keywords: native soil, agricultural soil, core microbiome, networks 

 

 

 

 

 

 

 

 

 
 

Introduction 

Plant domestication and the agricultural revolution provided a more continuous food 

supply to early human hunter-gatherer groups and were key drivers of the conformation 

of stable human settlements (Purugganan and Fuller 2009). Domestication led to major 

changes both in phenotypic and genotypic traits of crop varieties including larger seed 

size, loss of dispersal mechanisms and determinate growth (Gepts 2004; Doebley et al., 

2006). However, domestication also led to a reduction in genetic diversity, referred to as 

the domestication syndrome (Doebley et al., 2006). Recent studies further showed that 

domestication affected rhizosphere microbiome assembly of several plant species, 

including sugar beet (Zachow et al., 2014), barley (Bulgarelli et al., 2015), sunflower 

(Leff et al., 2017), and common bean (Pérez-Jaramillo et al., 2017). For common bean, 

we previously revealed that wild accessions were enriched in bacterial taxa from the 

phylum Bacteroidetes, whilst modern accessions were enriched in Actinobacteria and that 

this compositional shift was associated with plant genotypic as well as root phenotypic 

traits (Pérez-Jaramillo et al., 2017).  

Plant domestication not only comes with changes in plant traits, but is also accompanied 

by progressive changes in the habitat and crop management practices to promote high 

yields and to protect the domesticated plants from biotic and abiotic stress factors (Pérez-

Jaramillo et al., 2016). Hence, the transition from native habitats to agricultural soils may 

have led to a loss of plant-associated microbes thereby affecting specific, co-evolved 

beneficial functions of the plant microbiome. For example, long-term nitrogen 

fertilization resulted in the evolution of less-mutualistic rhizobia, providing fewer 

benefits to the host (Weese et al., 2015). Similarly, it was shown that nitrogen 

amendments suppressed soil respiration and microbial biomass, promoting copiotrophs 

such as Actinobacteria and Firmicutes while reducing the abundance of oligotrophs such 

as Acidobacteria and Verrucomicrobia (Ramirez et al., 2012). It has been also shown that 
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the occurrence of members of the phylum Bacteroidetes, whose members are known for 

their abilities to degrade complex polymeric organic matter, is negatively affected by 

agricultural soil management practices (Wolińska et al., 2017). Similarly, conversion of 

the Amazon rainforest to agriculture resulted in biotic homogenization of soil bacterial 

communities and a net loss of microbial diversity (Rodrigues et al., 2013). For most crop 

plants, however, there is little knowledge on the co-evolutionary trajectory between plants 

and their microbiomes during habitat expansion and if domestication indeed led to a 

reduced microbial diversity and a loss of specific microbial genera in these new habitats. 

In this study, we used Phaseolus vulgaris (common bean) as ‘model’ plant species. 

Common bean originated in central Mexico and as a wild species spread throughout 

Central and South America (Gepts 1998; Bitocchi et al., 2012; Desiderio et al., 2013). 

Geographical isolation of wild common bean resulted in the establishment of the 

Mesoamerican and Andean genetic pools (Gepts and Bliss 1985) which were the basis of 

two independent domestication processes. As a consequence, domesticated common bean 

underwent several morphological and physiological changes as well as a significant 

reduction in genetic diversity (Gepts and Debouck 1991; Sonnante et al., 1994; Chacón 

et al., 2005). We selected wild, landraces and modern accessions of Mesoamerican 

common bean originating from Colombia based on a number of traits (Pérez-Jaramillo et 

al., 2017). Here, we hypothesized that the transition from a native soil environment to an 

agriculturally managed soil led to a loss of bacterial diversity in the plant rhizosphere 

microbiome. Therefore, the eight bean accessions were grown in a native soil and in an 

agricultural soil, both collected in the Colombian highlands, followed by rhizobacterial 

community profiling, species abundance modelling and co-occurrence network analyses.  

 

 

 

 
 

Material and Methods 

Selection of soils and plant accessions  

Two types of soil were selected for this study in the north-west region of Colombia. The 

native soil was collected in a rural area near to the municipality of Angostura (Antioquia, 

6° 53′ 7″ N, 75° 20′ 7″ W). This region has the same climatic conditions, altitude and 

local plant diversity that have been reported for wild common bean populations collected 

in Colombia (Toro et al., 1990). A successional forest was identified in the region and 

soil samples were taken from the top layer (0-20cm) after cleaning the litter, wood and 

unwanted material. Several landraces typically associated with Mesoamerican traits were 

collected near this region; therefore we refer to this soil as “native”. The agricultural soil 

was collected in a common bean producing farm in rural area of the municipality of El 

Carmen de Viboral (6°4′55″ N, 75º20′3″W). This soil was under cultivation for the last 

30 years in a crop rotation system composed of maize, common bean and potato. Tillage, 

liming, chemical fertilization (N-P-K) and the application of poultry waste are typical 

agricultural practices in the region. The climatic conditions, the altitude and the local 

plant diversity in this region are not suitable for the growth of Colombian Mesoamerican 

wild common bean populations, but are optimal for Andean domesticated common bean 

varieties. Physicochemical analyses were performed in the Soil Science Laboratory from 

the National University of Colombia in Medellín, using standard procedures (Table S1). 

Two wild, three landraces and three improved varieties (cultivars) of common bean 

(Phaseolus vulgaris) were selected according to the following characteristics: belong to 

the Colombian Mesoamerican genetic pool, same race, similar phaseolin type, same 

altitudinal range, adapted to the same climatic conditions and same growth type. The 

seeds were kindly provided by the Genetic Resources Program at the International Centre 

for Tropical Agriculture - CIAT – in Palmira, Colombia. A genotypic analysis was 

performed on the common bean accessions to validate the domestication status provided 
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by the original passport (Pérez-Jaramillo et al., 2017). As a result, we reclassified the 

accessions as two wild (A1, A2), one landrace (L1), and five modern accessions (M1 to 

M5).  

  

Experimental Design 

Seeds of the eight bean accessions were surface-sterilized twice with sodium hypochlorite 

(0.5%) during three minutes and rinsed in sterile water four times. 100 µL of the last 

rinsing step was cultured in Tryptic Soy Agar (TSA, Oxoid) and in Potato Dextrose Agar 

(PDA, Difco) media by triplicate in order to check the growth of bacteria and fungi, 

respectively. Disinfected seeds were germinated on filter paper with sterile tap water; 

after two to five days all the seeds had germinated. The native and agricultural soils were 

air dried, passed through a 2-mm-mesh sieve and distributed into 1 L PVC pots, with 700 

g of dried soil per pot. Seedlings were transferred to the pots, with one plant per pot and 

four replicates per bean accession and per soil. The plants were cultivated in a growth 

chamber for one week and then arranged randomly in a screenhouse with an average 

temperature of 25ºC, 12h of daylight, and daily watered with tap water. Four pots with 

native soil and four pots with agricultural soil, both without plants were used as bulk soils. 

 

Sampling of rhizospheric soil  

At flowering stage, the plants were carefully removed from the pots keeping the root 

system intact. Soil loosely adhered to the roots was removed by vigorous shaking, and 

when no more soil could be removed, the root system was submerged in tubes with 5mL 

of LifeGuard Soil Preservation Solution (Mo Bio Laboratories, Carlsbad, CA, USA) and 

vigorously shaken in order to wash the roots and recover around 1g of rhizospheric soil 

per sample for total DNA isolation. For the bulk soils, approximately 1 g of soil was 

collected from each control pot and also submerged in 5 mL of the LifeGuard solution. 

 
 

The LifeGuard Soil Preservation Solution can prevent microbial growth while 

maintaining nucleic acid integrity. All samples were kept at -20ºC until further use. 

 

DNA isolation 

For each plant accession in each soil, four replicates of rhizospheric soil were used for 

total DNA extraction as well as four replicates of control soil. To obtain the total DNA, a 

two-step approach was followed in order to recover RNA and DNA from the same 

sample. First, RNA was isolated using the RNA PowerSoil Isolation Kit (Mo Bio 

Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions, with 

slight modifications as follows. After adding the phenol:chloroform:isoamyl alcohol 

solution to the bead tube containing the bead solution, solution SR1 and SR2, as well as 

the soil sample, the agitation step was applied for 40 min. This modification allowed us 

to increase the RNA yields. The RNA was stored at -80ºC for further use. For DNA 

isolation, the RNA PowerSoil® DNA Elution Accessory Kit (Mo Bio Laboratories, 

Carlsbad, CA, USA) was used. Briefly, after elution of the RNA from the RNA capture 

column, this column was transferred to another tube and the DNA elution procedure was 

performed according to manufacturer’s instructions. Each obtained DNA sample was 

then cleaned with the PowerClean® DNA Clean-Up Kit (Mo Bio Laboratories, Carlsbad, 

CA, USA). Agarose gel electrophoresis and a ND1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE, USA) were used to control RNA and DNA yield and 

quality. DNA samples were stored at -80° C until further use. 

 

16S amplicon sequencing and preparation of the OTU table 

Total DNA was used to amplify and sequence the V3-V4 region of the 16S rRNA that 

creates an amplicon of approximately ~460bp. The library preparation and the sequencing 

protocol were done according to the general guidelines of Illumina MiSeq Reagent Kit 
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v3 (Illumina 2013). The RDP extension to PANDASeq (Masella et al., 2012) named 

Assembler (Cole et al., 2014) was used to merge paired-end reads with a minimum 

overlap of 10 bp and at least a PHRED score of 25. Primer sequences were removed from 

the per sample FASTQ files using Flexbar version 2.5 (Dodt et al., 2012). Sequences 

were converted to FASTA format and concatenated into a single file. All reads were 

clustered into OTUs using the UPARSE strategy by dereplication, sorting by abundance 

with at least two sequences and clustering using the UCLUST smallmem algorithm 

(Edgar, 2010). These steps were performed with VSEARCH version 1.0.10 (Rognes et 

al., 2015), which is an open-source and 64-bit multithreaded compatible alternative to 

USEARCH. Next, chimeric sequences were detected using the UCHIME algorithm 

(Edgar et al., 2011) implemented in VSEARCH. All reads before the dereplication step 

were mapped to OTUs using the usearch_global method implemented in VSEARCH to 

create an otu table and converted to BIOM-Format 1.3.1 (McDonald et al., 2012).  

Finally, taxonomic information for each OTU was added to the BIOM file by using the 

RDP Classifier version 2.10 (Cole et al., 2014). All steps were implemented in a 

Snakemake workflow (Köster and Rahmann 2012). The sequence data are deposited at 

the European Nucleotide Archive (ENA) under accession number PRJEB26084. 

 

Diversity and abundance analysis 

For downstream analysis we took the obtained OTU table and prepared a “filtered table” 

using QIIME (1.9.1) custom scripts (Kuczynski et al., 2012). First, we extracted from the 

OTU table the Bacteria domain using the command split_otu_table_by_taxonomy.py. 

Next, we discarded singletons, doubletons, Chloroplast and Mitochondria sequences 

using the command filter_otus_from_otu_table.py. With the “filtered_OTUtable”, we 

first calculated the alpha diversity. Using the command alpha_rarefaction.py, the OTU 

table was rarefied to counts up to 35,000 reads. The reason to use this value was because 

 
 

this was the lowest sequencing depth obtained from a sample. To calculate the diversity 

indexes, we used the alpha_diversity.py and alpha_rarefaction commands, obtaining 

Shannon, Observed OTUs, Chao1 and Faith’s Phylogenetic Diversity metrics. One-way 

ANOVA and Tukey HSD, as well as statistical tests to validate ANOVA assumptions 

were performed in R (3.4.1) (R Core Team, 2015).  For the Beta diversity, the unrarefied 

“filtered_OTUtable” was first normalized using the R package metagenomeSeq (v.1.12) 

(Paulson et al., 2016). We used a cumulative-sum scaling (CSS) method to avoid the 

biases generated with current sequencing technologies due to uneven sequencing depth 

(Paulson et al., 2013). With the normalized OTU table we calculated Bray-Curtis and 

weighted and unweighted Unifrac dissimilarity matrices and use it to build Principal 

Coordinate with Phyloseq package (v.1.10) (McMurdie and Holmes, 2013). The 

nonparametric adonis test was used to assess the percentage of variation explained by the 

soil type along with its statistical significance using Vegan (v.2.4-0) package (Oksanen 

et al. 2016), all performed in R. For the differential abundance analysis and the 

construction of the heat maps the STAMP software (v.2.1.3) was used (Parks et al., 2014). 

Rarefied OTU tables from Agricultural and Native rhizosphere and bulk soil data (35,000 

reads per sample) were used for pairwise comparisons. Welch’s t-tests followed by 

Bonferroni corrections were performed at Phylum and at Family level between soils. 

Dendograms were built in STAMP with an average neighbor method (UPGMA) and the 

rows included all the bacterial phyla observed in rhizosphere and bulk soil samples along 

with their relative abundance.  

In order to compare the number of shared and exclusive rhizobacterial genera between 

common bean accessions in agricultural and native soil, we selected wild accessions A1 

and A2 and modern bean accessions M3 and M4. These 4 accessions were selected in 

order to normalize the number of samples as well as the number of reads to compare. 

Regarding the modern accessions, M3 and M4 showed to be the most modern accessions 
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available both for native and agricultural soils (Pérez-Jaramillo et al., 2017). To depict 

the taxa exclusively found in a particular soil or accession we used the online tool Venny 

(2.1) (Oliveros, 2015) and to graphically represent the exclusive genera we built euler 

diagrams using the shiny app eulerr of the homonymous R package (Larsson, 2017). Euler 

diagrams are area-proportional generalized venn diagrams for which the requirement that 

all intersections be present is relaxed. Euler diagrams were built for the exclusive and 

shared genera per soil type and plant domestication status. 

In order to have a better understanding of the composition of the bacterial diversity in the 

rhizosphere of the common bean accessions, we calculated several species abundance 

distribution models and determined whether neutral or niche-based mechanisms were 

governing the bacterial assembly. We hypothesized that the agricultural soil would be 

driven by neutral-based processes and that the native soil would respond to niche-based 

process. We used the command Radfit from the R package vegan to evaluate several 

abundance models and a zero-sum multinomial (ZSM) model. Species abundance 

distributions models and comparison of the models fit based on the Akaike Information 

Criterion (AIC) were calculated as previously reported (Pérez-Jaramillo et al., 2017). 

 

Core microbiome and co-occurrence network analyses 

For the core microbiome analyses, rarefied OTU tables (35,000 reads each sample) were 

used for both soils. The QIIME command compute_core_microbiome.py was applied in 

order to obtain a list of OTUs observed in all the common bean rhizosphere samples 

regardless of soil type. Core microbiome analyses were also performed for common bean 

on each soil type. Only core OTUs with a relative abundance > 0.5% were included for 

graphical purposes. Pie and donut charts were built in R. Network analysis was performed 

to assess the complexity of the interactions among microbial taxa in the common bean 

rhizosphere grown in the agricultural soil (n=32) and in the native soil (n=26). Best 

 
 

practices for co-occurrence network construction were strictly followed. Rarefied OTU 

tables were filtered to a minimum threshold of 25 sequences per OTU. Non-random co-

occurrence analyses were performed using SparCC (Friedman and Alm, 2012). P-values 

were obtained by 99 permutations of random selections of the data table. SparCC 

correlations with a magnitude > 0.8 or < -0.8 and statistically significant (P<0.01) were 

further included into network construction. The nodes in the reconstructed networks 

represent the OTUs at 97% identity, whereas the edges correspond to a strong and 

significant correlation between nodes. The topology of the network was inferred on a set 

of measures (number of nodes and edges, modularity, number of communities, average 

path length, network diameter, averaged degree and clustering coefficient) which were 

calculated using Gephi (v.0.9.2) (Bastian et al., 2009). Network visualizations were 

constructed using Cytoscape (v. 3.4.0) (Shannon et al., 2003). Clusters were calculated 

using a hierarchical clustering algorithm (HC-PIN) with the Cytoscape plugin Cytocluster 

(Li et al., 2017). 

 

Results 

Soil and genotype influence plant growth and development  

Eight accessions of common bean, encompassing wild relatives, landraces and modern 

cultivars were grown in agricultural and native soils collected from the Colombian 

highlands, at the same time under the same screenhouse conditions (see Material and 

Methods). The soils differed in several physicochemical characteristics (Table 1). Briefly, 

the agricultural soil had more organic matter, available phosphorus and calcium as well 

as higher pH and cation exchange capacity (CEC) as compared to the native soil. The 

native soil showed higher concentrations of iron and aluminum. At flowering stage, each 

plant was harvested to collect rhizospheric soil and to assess several plant phenotypic 

traits. In the agricultural soil, significant differences were observed between the different 
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bean accessions in root dry weight and the number of days to reach flowering stage (Table 

2). Genotype-dependent differences were also observed in the native soil (Table 2). 

Several replicates of the accession M5 did not grow in the native soil or showed a very 

poor development, and were therefore not included in further analyses. In general, the 

mean root dry weight was higher for bean accessions grown in the agricultural soil than 

in the native soil (Fig. S1a). Finally, the number of days to reach the flowering stage (R6) 

was higher in the native soil than in the agricultural soil, indicating a delayed development 

of the bean accessions in the native soil (Fig. S1b).  

 
 

 
 
 

Unit Item Agricultural  Native 

% Texture 

Clay 8 24 
Silt 30 12 
Sand 62 64 
Classification Clay loam Sandy clay loam 

 dSm-
1 

pH 
5.8 4.7 

% Organic matter 17.9 11.6 

cmolc  
kg-1 

Al ND 3.00 
Ca 15.0 0.3 
Mg 2.9 1.0 
K 0.6 0.4 

Na 0.03 0.03 
 CEC 18.50 4.80 

mg 
kg-1 

P 56 3 
S 8 8 

Fe 50 620 
Mn 2 2 
Cu 3 3 
Zn 7 4 
B 0.24 0.21 

Methods: 

Table 1. Soil physical and chemical analyses. Physical and chemical characterization of 
the agricultural and the native soil used in this study to grow the common bean plants for 
the rhizobacterial characterization. 

 
 

Texture: Bouyoucos; pH: Water (1:1); Organic matter: Walkley 
Black; Al: KCl 1M; Ca, Mg, K, Na: Ammonium acetate 1M; CEC: 
Cation exchange sum; S: monocalcium phosphate 0.008M; Fe, 
Mn, Cu, Zn: Olsen-EDTA; B: Hot water; P: Bray II. 

Units consideration:  
ND: Not detectable; dSm-1 = mmho cm-1; cmolc  kg-1 = 
meq/100 g soil; mg kg-1 = ppm 
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Fig. 1. Comparative analysis of the Alpha diversity of 16S rRNA rhizobacterial sequences from 

common bean accessions in agricultural and native soils. (a) Shannon, (b) Phylogenetic diversity, and 
(c) Chao 1 were calculated by soil type and for all bean accessions and the bulk soils. The data was rarefied 
up to 35,000 counts per sample. Statistically significant differences were determined by one-way ANOVA 
(P<0.05) followed by post hoc Tukey test. Cyan color was assigned to native soil and dark orange to 
agricultural samples.  

 

 
 

Diversity of rhizobacterial communities is driven by soil type and rhizosphere  

For bulk soil and rhizosphere samples, 4.24 million reads were recovered after quality 

filtering (Table S1), representing 16.727 bacterial operational taxonomic units (OTUs) at 

97% sequence similarity. For the α-diversity, rarefaction curves were obtained for Chao1, 

observed OTUs and Phylogenetic Diversity (PD) indices (Fig. S2). It was observed that 

the evenness, represented by the Shannon index and the phylogenetic diversity (PD), were 

in general similar between rhizosphere samples in both soil types (Figs. 1a and b), while 

the bacterial species richness was significantly higher in the agricultural soil than in the 

native soil (Fig. 1c). In the agricultural soil, all diversity indices were significantly higher 

for the bulk soil than for the rhizosphere samples. Additionally, it was observed that 

agricultural bulk soil samples showed significantly higher values for all the diversity 

indices as compared to the native bulk soil samples.  Regarding the β-diversity, Bray-

Curtis metrics and Principal Coordinate Analysis (PCoA) revealed a significant effect of 

the soil type (Fig. 2a). Soil type alone explained 71.3% of the total variability in the 

bacterial community composition (PERMANOVA, P<0.001). Subsequently, the samples 

were divided by soil type and analyzed separately. For the total variability of the 

rhizobacterial community structure, the bean genotype explained 31.2% in the 

agricultural soil (PERMANOVA, P<0.001) and 28.3% in the native soil 

(PERMANOVA, P<0.05) (Figs. 2b and c). Unifrac metrics confirmed the results 

observed with Bray-Curtis metrics (Fig. S3). The mean Bray-Curtis distances showed that 

the variability of the rhizobacterial communities within samples of the same accession 

was significantly lower as compared to the distance between the bean accessions 

(Agricultural soil, P<0.001; Native soil, P<0.05; t-test, Bonferroni-corrected). For the 

agricultural soil, the rhizobacterial community composition of wild bean accession A1 

was similar to that of wild accession A2, but significantly different from that of the 

landrace and the five modern bean accessions (P<0.001; t-test, Bonferroni-corrected). In 
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the native soil, however, rhizobacterial community composition did not differ 

significantly between the wild and modern bean accessions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Root dry weight (g) Days to flower 

Accession Native Agricultural Native Agricultural 
A1 0.082±0.015 bcd 0.438±0.141 ab 111.0±12.3 a 93.5±12.4 a 
A2 0.139±0.010 a 0.484±0.149 a 103.7±11.4 ab 83.5±5.7 ab 
L1 0.118±0.009 ab 0.282±0.080 bc 81.0±31.0 bc 62.5±10.8 c 
M1 0.112±0.056 abc 0.219±0.053 c 90.3±17.0 abc 64.8±16.7 bc 
M2 0.134±0.039 a 0.374±0.215 abc 75.0±4.0 c 66.5±21.2 bc 
M3 0.055±0.016 d 0.260±0.127 c 87.6±11.4 abc 64.8±16.7 bc 
M4 0.067±0.019 cd 0.204±0.046 c 106.6±3.5 ab 56±5.2 c 
M5 ND* 0.332±0.048 abc ND 56±5.2 c 

Table 2. Phenological traits of the common bean accessions grown in native and 
agricultural soils.  Data for root dry weight and the number of days to reach the flowering 
stage is shown.  

The mean values of 4 replicates (agricultural) and 3 replicates (native) per accession are 
shown, followed by the standard deviation of the mean. The harsh conditions of the native 
soil prevented us to have 4 replicates for all the accessions; therefore, it was decided to 
normalize the number of replicates to 3 in native soil samples. Statistical analysis of root 
dry weight and days to flowering were done between bean accessions per soil type. 
ANOVA and LSD (P<0.05) tests were applied after checking for assumptions of normality 
and homoscedasticity. Accessions with the same letter are not significantly different. 
*Accession M5 did not grow on the native soil. 

 
 

 

Fig. 2. Rhizosphere bacterial community structure in agricultural and native soils. Principal 
Coordinate Analysis (PCoA) of 16S rRNA diversity in the rhizosphere of the eight common bean 
accessions used in this study. (a) Rhizosphere bacterial community of common bean grown in agricultural 
(circles) and native (triangles) soils. Colors represent the stage of domestication and bacterial communities 
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the native soil, however, rhizobacterial community composition did not differ 

significantly between the wild and modern bean accessions. 
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Fig. 2. Rhizosphere bacterial community structure in agricultural and native soils. Principal 
Coordinate Analysis (PCoA) of 16S rRNA diversity in the rhizosphere of the eight common bean 
accessions used in this study. (a) Rhizosphere bacterial community of common bean grown in agricultural 
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from agricultural and native bulk soils. (b) PCoA including only rhizosphere bacterial communities of 
common bean plants grown in agricultural rhizosphere and bulk soil samples. Colors and shapes represent 

the stage of domestication and bacterial communities from agricultural and native bulk soils. (c) PCoA 
including only rhizosphere bacterial communities of bean plants grown in native rhizosphere and bulk soil 
samples. Colors and shapes represent the stage of domestication and bacterial communities from 
agricultural and native bulk soils. CSS transformed reads were used to calculate Bray-Curtis distances in 
(a), (b) and (c). 

 

Profound impact of soil microbiome in the rhizosphere of common bean grown in 

native and agricultural soils  

The observed differences in α and β diversity between the native and agricultural soils 

and between the eight bean accessions led us to explore more in depth the differences in 

taxonomic identity and relative abundance of the bacterial taxa for each soil. The most 

abundant bacterial phyla were Proteobacteria, Acidobacteria and Bacteroidetes in both 

soils. In the native soil, however, the phylum Acidobacteria showed a higher relative 

abundance than in the agricultural soil (Figs. S4 and S5). At phylum level, Acidobacteria 

and Verrucomicrobia were significantly more abundant in the native bulk soil than in the 

agricultural bulk soil (Welch’s t-test, P<0.05, Bonferroni-corrected) (Fig. S6a). At class 

level, Acidobacterial subgroups 1, 2 and 3 were enriched in the native soil, while 

Acidobacteria subgroup 4 and Betaproteobacteria were more abundant in the agricultural 

soil (Welch’s t-test, P<0.05, Bonferroni-corrected) (Fig. S6b). Proteobacteria and 

Bacteroidetes were consistently more abundant in the rhizosphere of common bean, 

regardless of the soil type, while Acidobacteria and Verrucomicrobia showed a consistent 

decrease in the rhizosphere compared to their abundance in bulk soil (Figs. 3a and b). 

Actinobacteria was significantly more abundant in the rhizosphere of common bean 

grown in the agricultural soil as compared to the bulk soil (Fig. 3a), whereas this 

rhizosphere effect was not observed in the native soil (Fig. 3b) (Welch’s t-test, P<0.05, 

Bonferroni-corrected).  

 
 

 

 

Fig. 3. Differential abundance of bacterial OTUs in agricultural and native soils. Welch’s t-tests 
followed by Bonferroni corrections were performed between merged rhizosphere samples and merged bulk 
soil samples from agricultural soil and native soil at Phylum (a and c) and Class (b and d) levels. Only 
differentially abundant Phyla and Classes are shown.  

 

Among the Actinobacteria enriched in the rhizosphere of all bean accessions grown in 

the agricultural soil, Streptomycetaceae and Nocardioidaceae were the most abundant 

families together with Rhizobiaceae, Sphingomonadaceae, Caulobacteraceae and 

Comamonadaceae for the Proteobacteria, and Chitinophagaceae and Cytophagaceae for 

the Bacteroidetes (Fig. 3c). The smaller yet significant rhizosphere effect observed for 

the bean accessions grown in the native soil was explained by higher relative abundances 

of Burkholderiaceae, Caulobacteraceae, Oxalobacteraceae, Sphingomonadaceae and 

Bradyrhizobiaceae for the Proteobacteria and Sphingobacteriaceae for the Bacteroidetes 

(Fig. 3d). To further dissect these differences in microbiome composition between 

rhizosphere and bulk soils, the abundance of the read counts was fitted to several species 
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from agricultural and native bulk soils. (b) PCoA including only rhizosphere bacterial communities of 
common bean plants grown in agricultural rhizosphere and bulk soil samples. Colors and shapes represent 

the stage of domestication and bacterial communities from agricultural and native bulk soils. (c) PCoA 
including only rhizosphere bacterial communities of bean plants grown in native rhizosphere and bulk soil 
samples. Colors and shapes represent the stage of domestication and bacterial communities from 
agricultural and native bulk soils. CSS transformed reads were used to calculate Bray-Curtis distances in 
(a), (b) and (c). 
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abundance distribution (SAD) models. Comparison of Akaike’s Information Criterion 

(AIC) allowed us to find the best-fit value from six distribution models. The results 

showed that the OTU abundance distributions in the rhizosphere of the bean accessions 

grown in agricultural and native soils, and the respective bulk soils, are explained by 

niche-based distributions (Pérez-Jaramillo et al. 2017) (Table S2).   

 

Higher bacterial diversity recruited by common bean grown in agricultural soil 

We performed a comparison of the bean rhizobacterial community at genus level between 

soil types and between wild and modern accessions in order describe how habitat 

expansion and agricultural soil management could have depleted or enriched rhizosphere 

bacterial genera. The results showed that 143 rhizobacterial genera, representing 28.7% 

of the total number of genera, were exclusively represented in the agricultural soil (Fig. 

S7a). Exclusive genera accounted for 2.3% of the total relative abundance in agricultural 

soil. Some of these ‘exclusive’ genera such as Lysobacter and Aeromicrobium accounted 

for 0.6% and 0.4% of the total relative abundance, respectively. Thirty-one genera 

including Cytophaga and Acidicapsa were exclusively found in the native soil, 

representing 6.2% of the total number of bacterial genera (Fig. S7a). Exclusive genera 

accounted for 0.2% of the total relative abundance in native soil.  

Two wild accessions (A1 and A2) and two modern bean accessions (M3 and M4) were 

selected in order to compare the number of shared and exclusive bacterial genera in the 

rhizosphere. We found that in the agricultural soil, 85.9% of the rhizobacterial genera 

were shared between wild and modern accessions, 8.7% was exclusively found in the 

rhizosphere of the modern bean accessions and 5.4% was exclusively found in the 

rhizosphere of the wild accessions (Fig. S7b). In the native soil, a similar trend was 

observed, with 84.8% of the rhizobacterial genera shared between wild and modern bean 

accessions, 9.0% exclusively found in the rhizosphere of the two modern accessions and 

 
 

6.3% in the two wild accessions (Fig. S7c). In conclusion, we found more bacterial genera 

in the rhizosphere of the eight bean accessions grown in the agricultural soil than in the 

native soil. Additionally, we found more bacterial genera in the rhizosphere of the modern 

bean accessions than in wild accessions irrespective of the soil type. It should be noted 

that the abundance of these ‘exclusive’ bacterial genera in the common bean rhizosphere 

was relatively low for both soils.  

 

The core microbiome of common bean was represented by a small subset of 

microorganisms 

From the total of 16,727 clustered OTUs, we found 113 OTUs consistently present in the 

rhizosphere of all eight bean accessions grown in the native and agricultural soils. These 

113 OTUs, classified up to genus level, represented only 0.67% of the total number of 

OTUs but 25.9% of all the sequence reads. This core bean rhizosphere microbiome 

consisted of 61 Proteobacterial OTUs that made up 68.8% of the mean relative abundance 

with the genus Rhizobium as the most abundant contributor (2 OTUs, 33.4%), followed 

by Bradyrhizobium (2 OTUs, 6.7%), Burkholderia (3 OTUs, 4.9%), Novosphingobium 

(3 OTUs, 3.0%) and Sphingomonas (1 OTU, 2.2%) (Fig. 4). Other Phyla represented in 

the core rhizosphere microbiome were Acidobacteria (27 OTUs, 12.2% relative 

abundance), Actinobacteria (6 OTUs, 4.1%), Verrucomicrobia (8 OTUs, 2.5%) and 

Planctomycetes (5 OTUs, 1.1%). A core microbiome analysis was done also per soil type 

in order to dissect the specific contribution of each habitat to the overall core. For the 

agricultural soil, the core rhizosphere microbiome was composed of 611 OTUs 

representing 4.97% of the total number of OTUs and 33.07% of the reads. Proteobacteria 

(219 OTUs), Bacteroidetes (62 OTUs) and Actinobacteria (58 OTUs) were the three most 

abundant phyla within the core (Fig. S8) with again Rhizobium as the most abundant 

genus (26.7%) followed by Dyadobacter (3.3%) and Streptomyces (2.1%). In the native 
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soil, the core rhizosphere microbiome was composed of 812 OTUs representing 12.6 % 

of the total number of OTUs and 46.4% of the reads. Proteobacteria (237 OTUs), 

Acidobacteria (190 OTUs), Verrucomicrobia (68), Bacteroidetes (53 OTUs), 

Actinobacteria (48) and Chloroflexi (17 OTUs) were the most abundant phyla (Fig. S9). 

Within Proteobacteria, Ralstonia was the most abundant genus (4.6%) followed by 

Burkholderia (4.0%), Herbaspirillum (1.6%) and Rhizobium (1.2%). In the core 

rhizosphere microbiome of beans grown in the native soil, Acidobacteria was mainly 

represented by the Acidobacteria subgroups 1, 2 and 3, with 27.4% of the reads. In fact, 

less than 3% of the OTUs classified in the core as Acidobacteria summed up 12.7% of 

the total number of reads, evidencing the strong dominance of this phylum in the native 

soil habitat. Verrucomicrobia represented in total 6.6% of the core microbiome with most 

of the reads assigned as incerta_sedis. Finally, the genus Mucilaginibacter and 

unclassified members of the Chitinophagaceae family accounted for most of the 

abundance of Bacteroidetes representing 5.4% of the core; for Actinobacteria, small 

contributions mostly by unclassified Acidimicrobiales and Actinomycetales collectively 

accounted for a relative abundance of 3.1%. In conclusion, these comparative analyses 

indicated that only a small number of 113 OTUs was consistently present in the 

rhizosphere of all eight bean accessions grown in the agricultural and native soils, and 

also revealed that these OTUs represent on average more than a quarter (25.9%) of the 

total of 4.2 million sequence reads. 

 

 

 
 

 

 

Fig. 4. Core microbiome of the rhizosphere of common bean. The different portions within the inner pie 
chart represent the bacterial phyla that are part of the common bean core microbiome. The outer donut plot 
represents the genera that are part of the core, and each genus assigned to the phylum they belong to. The 
size of the different pie and donut portions represents the contribution of each phylum/genus to the total 
relative abundance. Satellite box plots depict the relative abundance of selected genera by bean accession 

(A1 and A2, wild; L1, Landrace; M1 to M5, Modern) and by soil type. Cyan and dark orange colors were 
assigned to native soil and agricultural samples, respectively.  
 

Higher network complexity in native soil based on co-ocurrence 

Co-occurrence network analyses were performed to assess the complexity of the 

interactions between the rhizobacterial taxa detected in the rhizosphere of common bean 

grown in native and agricultural soils. The correlations between the occurrence of the 

rhizobacterial genera were calculated using SparCC (Friedman and Alm, 2012) followed 

by the graphical inference of the network and the estimation of several topological 

properties (Table S3). The rhizobacterial network in agricultural soil consisted of 63 

nodes and 61 significant correlations, with only one negative connection between OTUs 
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Co-occurrence network analyses were performed to assess the complexity of the 

interactions between the rhizobacterial taxa detected in the rhizosphere of common bean 

grown in native and agricultural soils. The correlations between the occurrence of the 

rhizobacterial genera were calculated using SparCC (Friedman and Alm, 2012) followed 

by the graphical inference of the network and the estimation of several topological 

properties (Table S3). The rhizobacterial network in agricultural soil consisted of 63 

nodes and 61 significant correlations, with only one negative connection between OTUs 
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identified as Lysobacter and Ohtaekwangia (Fig. 5a). In general, this network presented 

a simple structure, with four main clusters and few OTUs per cluster. For the native soil, 

the obtained network contained 89 nodes and 176 significant correlations, with 158 

positive and 18 negative (Fig. 5b). Three main clusters were identified, with a high 

number of nodes per cluster and with a high number of interconnections within each 

cluster. Remarkably, cluster 2 was connected to the other two clusters only through 

negative correlations. Global networks statistics were determined for both networks 

(Table S3). Briefly, modularity and the number of communities were higher in the 

agricultural soil than in the native soil. Conversely, the average path length and the 

average degree were higher in the native soil. Using Betweenness Centrality (BC), we 

aimed to find keystone species within each network. In the agricultural soil, the highest 

BC values were found for the genera Lysobacter (OTU_136), Rhizobium (OTU_1), 

Niastella (OTU_10281, OTU_44 and OTU_56), Ohtaekwangia (OTU_69), Terrabacter 

(OTU_46), and Arthrobacter (OTU_886). For the native soil, the highest BC values were 

found for Aquisphaera (OTU_537, Planctomycetes phylum), two 

unclassified_Acidobacteria (OTU_62 and OTU_12725), an 

unclassified_Acetobacteraceae (OTU_175) and Burkholderia (OTU_45).  

 

 

 

 

 

 

 

 

 
 

 

Fig. 5. Common bean rhizobacterial co-occurrence networks in agricultural and native soils. (a) Co-
occurrence network of common bean rhizosphere samples in agricultural soil. Cluster 1 was composed of 
bacterial taxa from several classes of the Proteobacteria phylum. Cluster 2 contained exclusively bacterial 
taxa from the Chitinophagaceae family. Cluster 3 included actinobacterial taxa and one Bacillus, and 

cluster 4 was composed of the genus Rhizobium. (b) Co-occurrence network of common bean rhizosphere 
samples in native soil. From the three main clusters identified, two were highly abundant in nodes from the 
Proteobacteria phylum (1 and 3) which held negative connections to cluster 2, mainly composed of phyla 
Acidobacteria and Verrucomicrobia. Positive interactions are depicted as green edges and the negative 
interactions are depicted as red edges. 
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Discussion  

In this study we showed that rhizobacterial diversity of both wild and domesticated 

common bean (Phaseolus vulgaris) was higher in an agricultural soil as compared to a 

native soil. Furthermore, species abundance analyses revealed niche-based processes for 

both soils suggesting selection pressures. For the agricultural soil, management practices 

(fertilization, addition of organic matter) are the most likely drivers of the observed 

differences in species abundance distributions, whereas edaphic factors, in particular low 

pH, are the most probable selection pressures for the native soil. Bacterial diversity is 

generally lower in acidic soils (Fierer and Jackson, 2006; Lauber et al., 2009) and pH 

largely determines the composition of the soil bacterial communities (Kuramae et al., 

2012). Our results further showed that the impact of the bean genotype on rhizobacterial 

assembly was more prominent in the agricultural soil than in the native soil where the 

rhizosphere effect was much smaller and where genotype-dependent effects on 

rhizobacterial community composition were more homogeneous. An underlying 

mechanism of this minor and more homogenous rhizosphere effect is that the harsh 

abiotic conditions in the native soil may have affected the amount and quality of root 

exudates released into the soil. In the native soil used in this study, the bean plants faced 

a low soil pH, high aluminum concentrations and low P availability, characteristics that 

are common for tropical undisturbed soils (Rodrigues et al., 2013; Sánchez and Logan, 

2013). Also, the lack of nodulation in these acidic conditions (Ferguson et al., 2013) could 

have undermined symbiotic associations for nitrogen uptake and concomitantly the 

growth and development of the common bean plants with an adverse effect on root 

exudation.  

Common bean grown in the agricultural soil harbored more exclusive OTUs than bean 

grown in the native soil and we also found more exclusive OTUs in the rhizosphere of 

modern bean accessions as compared to wild accessions, irrespective of the soil type. The 

 
 

genera exclusive for the agricultural soil were Lysobacter and Aeromicrobium. The genus 

Lysobacter is commonly found in agricultural soils (Puopolo et al., 2018) and their 

abundance is strongly modulated by soil type and negatively affected by low pH (Postma 

et al., 2011; Tardy et al., 2015). Liming is a common agricultural practice in tropical 

croplands to increase soil pH (Raboin et al., 2016) and is also typically applied in the 

region in Colombia where the agricultural soil used in our study was collected. 

Consequently, their exclusive presence in the agricultural soil might be related with the 

higher pH as compared to the native acidic soil. Also the exclusive genus Aeromicrobium 

prefers neutral to alkaline pH and has been previously isolated from agricultural fields 

(Yoon et al., 2005; Cui et al., 2007). In terms of activity, both Lysobacter and 

Aeromicrobium species are known to produce diverse secondary metabolites with 

antimicrobial properties (Miller et al., 1991; Hayward et al., 2010; de Bruijn et al., 2015; 

Gómez-Expósito et al., 2015) which may aid in the protection of the bean plants against 

biotic stress caused by soil-borne pathogens. Further experimentation is needed to 

decipher the impact of these ‘enriched’ microbes for common bean growth and health in 

agricultural and native habitats.   

Bacteria exclusively found in the native habitat of wild relatives of crop plants, comprise 

representatives of Cytophaga and Acidicapsa genera. The genus Cytophaga is known for 

its cellulose-degrading capabilities and species such as Cytophaga hutchinsonii can be 

found as indigenous soil inhabitants (Wilhelm et al., 2017; Zhu and McBride, 2017). 

Their exclusive presence in the native soil may be associated with their ability to 

decompose complex carbohydrates such as plant litter and decaying wood, thereby 

contributing to carbon cycling in the undisturbed native soils. The genus Acidicapsa, 

which belongs to the phylum Acidobacteria, encompasses strictly aerobic chemo-

organotrophs that are adapted to acidic conditions (Kulichevskaya et al., 2012; Falagán 

et al., 2017). Acidobacteria members are in general considered oligotrophs and have been 
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found positively associated with low soil pH (Fierer et al., 2007; Jones et al., 2009). The 

diversity and abundance of acidobacterial species in soil, as well as their diversity in 

metabolic traits, makes this phylum a potential player in soil nutrient cycling (Ward et 

al., 2009; Kielak et al., 2016). If these rhizobacterial genera, when re-introduced into 

agricultural soils, will be able to establish and survive in the rhizosphere of modern bean 

cultivars and, if they can, provide additional life-support functions (growth, health) for 

the bean plants remains to be investigated. It is important to highlight that the enriched or 

depleted bacterial taxa explored in this study are based on amplicon sequences that were 

classified up to genus level. It may be possible that bacterial species that were classified 

up to genus level in our analysis are absent in one of the soil types. Therefore, additional 

analyses that allow taxonomic resolution at the species or even strain level are needed. 

 

A highly abundant taxonomic core was shared by all eight bean accessions in both soils. 

The core microbiome genera we observed included Rhizobium, Bradyrhizobium, 

Mesorhizobium, Sphingomonas, and Streptomyces. These results showed that a 

significant portion of the core microbiome of common bean is composed of bacterial 

genera with nitrogen fixing capabilities, an important feature of microbes associated with 

leguminous plant species. However, also for other non-leguminous plant species these 

rhizobacterial genera are members of the core rhizosphere microbiome (Peiffer et al., 

2013; Yeoh et al., 2016; 2017). We further observed that Rhizobium was by far the most 

dominant core member in the agricultural soil while in the native soil the genera 

Burkholderia, Ralstonia and unclassified Rhizobiales were the dominant core members. 

These latter genera are most likely better adapted to acidic conditions in the native soil 

and probably responded more efficiently to root signals, such as flavonoids released by 

roots of common bean. Burkholderia species are indeed well represented in acidic soils 

(Stopnisek et al., 2014) and have been found as nodule-forming rhizobia in symbiosis 

 
 

with leguminous plants (Moulin et al., 2001; Elliot et al., 2009; Lemaire et al., 2016) 

including common bean (Talbi et al., 2010). To form nodules, however, compatibility 

between Burkholderia spp. and the legume host is a key factor (Lemaire et al., 2016). In 

fact, common bean nodulation in tropical acid soils in South America has been associated 

with only a few Rhizobium species (Martínez-Romero et al., 1991; Aguilar et al., 2004) 

which were found in low abundances in the native soil. Despite the high abundance of 

Ralstonia in the native soil, a genus known to harbour soil-borne bacterial pathogens, no 

disease symptoms in common bean roots were evidenced in our study. Ralstonia species 

may occupy several ecological niches and have been isolated from different 

environments, including soil (Chen et al., 2001). It has been shown that tropical 

leguminous plants can be nodulated by Ralstonia taiwanensis that display functional 

nitrogenase activity (Chen et al., 2003). Nevertheless, whether the Burkholderia and 

Ralstonia OTUs detected here in the rhizosphere can establish symbiotic associations 

with common bean is not known yet. 

 

The co-occurrence network analyses further indicated that the interactions between 

rhizobacterial taxa in the rhizosphere of common bean accessions grown in a native soil 

environment were more complex than those in an agriculturally managed soil, where the 

establishment of copiotrophs in the rhizosphere compartment was favored. Therefore, we 

hypothesize that the rhizobacterial community assembly for common bean grown in the 

agricultural soil is less complex and more modular than for common bean in native soil. 

This in turn, makes it relatively more easy for a given soil bacterial species to invade and 

establish in the rhizosphere of bean plants grown in the agricultural soil. Following this 

hypothesis, the higher rhizobacterial diversity observed for common bean in the 

agricultural soil may represent a less specialized microbiome. Accordingly, N-

fertilization into soil has been shown to induce shifts in bacterial community composition, 
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These latter genera are most likely better adapted to acidic conditions in the native soil 

and probably responded more efficiently to root signals, such as flavonoids released by 

roots of common bean. Burkholderia species are indeed well represented in acidic soils 

(Stopnisek et al., 2014) and have been found as nodule-forming rhizobia in symbiosis 

 
 

with leguminous plants (Moulin et al., 2001; Elliot et al., 2009; Lemaire et al., 2016) 

including common bean (Talbi et al., 2010). To form nodules, however, compatibility 

between Burkholderia spp. and the legume host is a key factor (Lemaire et al., 2016). In 

fact, common bean nodulation in tropical acid soils in South America has been associated 

with only a few Rhizobium species (Martínez-Romero et al., 1991; Aguilar et al., 2004) 

which were found in low abundances in the native soil. Despite the high abundance of 

Ralstonia in the native soil, a genus known to harbour soil-borne bacterial pathogens, no 

disease symptoms in common bean roots were evidenced in our study. Ralstonia species 

may occupy several ecological niches and have been isolated from different 

environments, including soil (Chen et al., 2001). It has been shown that tropical 

leguminous plants can be nodulated by Ralstonia taiwanensis that display functional 

nitrogenase activity (Chen et al., 2003). Nevertheless, whether the Burkholderia and 

Ralstonia OTUs detected here in the rhizosphere can establish symbiotic associations 

with common bean is not known yet. 

 

The co-occurrence network analyses further indicated that the interactions between 

rhizobacterial taxa in the rhizosphere of common bean accessions grown in a native soil 

environment were more complex than those in an agriculturally managed soil, where the 

establishment of copiotrophs in the rhizosphere compartment was favored. Therefore, we 

hypothesize that the rhizobacterial community assembly for common bean grown in the 

agricultural soil is less complex and more modular than for common bean in native soil. 

This in turn, makes it relatively more easy for a given soil bacterial species to invade and 

establish in the rhizosphere of bean plants grown in the agricultural soil. Following this 

hypothesis, the higher rhizobacterial diversity observed for common bean in the 

agricultural soil may represent a less specialized microbiome. Accordingly, N-

fertilization into soil has been shown to induce shifts in bacterial community composition, 
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promoting copiotrophs that rely on labile carbon sources (Ramirez et al., 2012) as well as 

promoting the evolution of less-mutualistic microbes (Weese et al., 2015). In the 

‘agricultural’ and ‘native soil’ networks, we observed positive interactions between 

nodes, which suggest niche overlap, and we also observed negative interactions, 

suggesting competition or amensalism (Faust and Raes, 2012). The occurrence of 

phylogenetically close OTUs was in general positively correlated, forming well-

differentiated clusters (Fig. 5). Accordingly, it has been shown that Acidobacteria and 

Verrucomicrobia phyla tend to co-occur more than expected by chance only (Barberán et 

al., 2012). In this study, we found a similar pattern in the native soil network, where 

cluster 2 is composed mainly of the oligotrophic phyla Acidobacteria and 

Verrucomicrobia. This cluster interacts negatively with clusters 1 and 3, abundant in 

copiotrophic bacterial genera, which presumably respond better to the common bean root 

exudates. Furthermore, the clustering suggests a strong niche differentiation (Faust and 

Raes, 2012). For instance, cluster 4 in the agricultural network is composed exclusively 

of rhizobial OTUs, with no interactions with other clusters. Similarly, cluster 2 consisted 

mainly of Bacteroidetes that may represent the rhizobacterial hub involved in degradation 

of complex polymers (Thomas et al., 2011; Berlemont and Martiny, 2015). Also cluster 

3 in the native soil, mainly composed of Burkholderia, might represent a specific hub of 

nodule-forming rhizobia (Talbi et al., 2010). Whether these hubs represent distinct 

functional groups remains to be investigated by metagenomics and trait-based bioassays.  

 

Conclusions 

Our study showed that the transition of common bean from a native soil to an agricultural 

soil led to a gain of rhizobacterial diversity. We found a low diverse but highly abundant 

core microbiome which resembles that of other plant species, suggesting a 

homogenization of rhizobacterial diversity of plants grown in different agricultural 

 
 

landscapes. It is important to note that the core microbiome analysis presented here is a 

descriptive analysis based solely on taxonomy, and that functional traits should be taken 

into account in future analyses for better insight into the impact of habitat expansion on 

trait-based microbiome assembly (Lemanceau et al., 2017). The network structure was 

simpler in agricultural soil as compared to native soil, which again may reflect the process 

of biotic homogenization. In this study, we also aimed for the identification of microbes 

that were lost as a consequence of domestication and habitat expansion of common bean. 

Indeed, several bacterial genera were exclusively found in the native soil and also as an 

exclusive member of the rhizosphere of wild bean accessions. These bacterial genera were 

low-abundant members of the rhizobacterial community. Conversely, the number of 

bacterial taxa exclusively found in the agricultural soil was considerably higher. The 

proportion of depleted bacterial genera appears to be overcompensated in the agricultural 

soil by the number of “gained microbes”, many of which were highly abundant in the 

rhizosphere of all eight common bean accessions. On the other hand, this increased 

bacterial diversity in the agricultural soil might also correspond to a less specialized 

microbiome. To what extent these “enriched” and “depleted” bacterial genera have an 

impact on plant growth and health is not yet known and subject of future experiments. It 

is important to emphasize that the number of agricultural and native soils tested should 

be further expanded to resolve if the significant changes we observed between the two 

soils tested in our study can be extrapolated as general trends in rhizobacterial shifts 

during domestication.  
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Supplementary materials 

 

 

Fig. S1. Phenological traits of the common bean accessions grown in native and agricultural soils.  
Data for root dry weight (a) and the number of days to reach the flowering stage (b) of common bean 

accessions grown in agricultural and native soils was merged per soil type and used to built box plots. 
Subsequently, kruskal and Wallis test was applied followed by a Bonferroni correction. (** significantly 
different with a P<0.05) 
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Fig.  S2. Rarefactions curves for chao1, observed OTUs and phylogenetic diversity metrics. In the rows, the 
rarefaction curves are shown by index as follows: 1. Faith’s phylogenetic diversity; 2. Number of observed OTUs; 3. 
chao1 index for estimated OTUs. In the rows, rarefaction curves are shown by (a) Sample; (b) Soil type. 

 
 

 

Fig. S3. Rhizosphere bacterial community structure using weighted Unifrac metrics in agricultural 
and native soils. Principal Coordinate Analysis (PCoA) of 16S rRNA diversity in the rhizosphere of the 
eight common bean accessions used in this study. (a) weighted and (b) unweighted unifrac metrics of 
agricultural rhizosphere and soil samples and (c) weighted and (d) unweighted unifrac metrics of native 
rhizosphere and soil samples. 
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Fig. S4. Relative abundance of the most abundant bacterial phyla in agricultural and native soils. Bar 
graphs of the relative abundance of the most abundant bacterial phyla in the agricultural (a) and in the native 
(b) soil are shown. Only phyla with a total relative abundance higher than 1% are depicted in the graphs.  

 

 

 

 

 

 

 
 

 

Fig. S5. Heat map of the relative abundance of all the bacterial phyla in agricultural and native soils. 
The columns indicate the common bean accessions clustered through a dendogram built with an average 
neighbor method (UPGMA) and the rows shows the bacterial phyla observed in rhizosphere and bulk soil 
samples. The darker the red squares in the heat map the more abundant the phylum of the specific row. 
Color codes for the samples are indicated in the lower section of the graph. 
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Fig. S6. Differential abundance of bacterial phyla and classes between bulk soil samples of the 

agricultural soil and the native soil. Welch’s t-tests followed by Bonferroni (P<0.05) corrections were 
performed at Phylum (a) and Class level (b). Only Phyla and Classes differentially abundant are shown. 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. S7. The enriched and depleted bacteria in the rhizosphere of wild and modern common bean 
grown in native and agricultural soils. Area-proportional Euler diagrams were built to depict the 
exclusive and the shared genera. (a) Number of genera shared between agricultural and native soils is 
depicted within the intersection while the number of genera exclusive to each soil type can be seen out of 
the intersection zone. The genera exclusive to the native soil are visible in the cyan colored area, while 

genera exclusive to the agricultural soil are visible in the dark orange colored area. (b) Euler diagram 
between modern accessions and wild accessions in the agricultural soil. The genera exclusive to the modern 
accessions is visible in the dark orange colored area, while genera exclusive to the wild accessions is visible 
in the white area. (c) Euler diagram between modern accessions and wild accessions in the native soil. The 

genera exclusive to the modern accessions are visible in the cyan colored area, while genera exclusive to 
the wild accessions are visible in the white area. 
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Fig. S7. The enriched and depleted bacteria in the rhizosphere of wild and modern common bean 
grown in native and agricultural soils. Area-proportional Euler diagrams were built to depict the 
exclusive and the shared genera. (a) Number of genera shared between agricultural and native soils is 
depicted within the intersection while the number of genera exclusive to each soil type can be seen out of 
the intersection zone. The genera exclusive to the native soil are visible in the cyan colored area, while 

genera exclusive to the agricultural soil are visible in the dark orange colored area. (b) Euler diagram 
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genera exclusive to the modern accessions are visible in the cyan colored area, while genera exclusive to 
the wild accessions are visible in the white area. 
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Fig. S8. Core microbiome in the rhizosphere of common bean grown in agricultural soil. The different 
portions within the inner pie chart represent the bacterial phyla. The outer donut plot represents the genera 
that are part of the core. The size of the different pie and donut portions represents the contribution of each 
phylum/genus to the total relative abundance. Satellite box plots depict the relative abundance of selected 

genera by accession in the agricultural soil. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. S9. Core microbiome in the rhizosphere of common bean grown in native soil. The different 
portions within the inner pie chart represent the bacterial phyla. The outer donut plot represents the genera 
that are part of the core. The size of the different pie and donut portions represents the contribution of each 

phylum/genus to the total relative abundance. Satellite box plots depict the relative abundance of selected 
genera by accession in the native soil. 
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Fig. S9. Core microbiome in the rhizosphere of common bean grown in native soil. The different 
portions within the inner pie chart represent the bacterial phyla. The outer donut plot represents the genera 
that are part of the core. The size of the different pie and donut portions represents the contribution of each 

phylum/genus to the total relative abundance. Satellite box plots depict the relative abundance of selected 
genera by accession in the native soil. 
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Table S1. Sequence characteristics obtained in the agricultural soil. In the table 
the raw read and after processing read counts are presented as well as quality 
characteristics of the raw reads. 

 
 

 

 

 

 

 

 

Table S1 (Continuation). Sequence characteristics of samples obtained in the 
native soil. In the table the raw read and after processing read counts are presented as 
well as quality characteristics of the raw reads. 
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Table S2. AIC values for six rank abundance distribution models to test niche 
neutral models in native soil samples. The lowest AIC (Akaike Information 
Criterion) value for each sample represents the best fit model which is shown in bold.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3. Co-occurrence network properties of 16S rDNA rhizobacterial reads of 
common bean rhizosphere in agricultural and native soil 

aBacterial taxa (genus level) with at least one significant (P<0.01) and strong (SparCC 
> 0.8 or < -0.8) correlation. 
bNumber of connections/correlations obtained by SparCC analysis; 
cSparCC positive correlation (> 0.8 with P < 0.01); 
dSparCC negative correlation (< -0.8 with P < 0.01) 
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Abstract 

Plants rely on their microbiome for a number of life-support functions including nutrient 

acquisition and protection against (a)biotic stress factors. For crop plants, however, the 

process of domestication may have adversely impacted the composition and functions of 

the associated microbiota, thereby undermining their beneficial effects on plant growth 

and health. Here, we conducted a meta-analysis to resolve if and how plant domestication 

affected the composition of the root-associated microbiome. For different plant species, 

we observed significant and consistent differences in the abundance of Bacteroidetes, 

Actinobacteria and Proteobacteria. Potential causes and consequences of these 

microbiome shifts following plant domestication are discussed. 

Keywords: rhizosphere and root microbiome, wild relatives, modern cultivars, 

Bacteroidetes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Introduction 

In the search for new strategies to engineer “healthy microbiomes” of plants and humans, 

considerable attention is given to coevolutionary signatures of host-microbe interactions 

and mechanisms involved in microbiome assembly and activity (Mueller and Sachs, 

2015; Schnorr et al., 2016; Crittenden and Schnorr, 2017). For example, comparative 

analyses of the human microbiome revealed a higher abundance of Bacteroidetes in the 

gut of hunter-gatherer populations of rural communities in non-industrialized regions than 

in the gut of Westernized populations, a distinct divergence that appears to be associated 

with differences in the content of starch, fiber and plant polysaccharides in the food 

(Schnorr et al, 2014; Gomez et al., 2016). Similarly, shifts in gut microbiome composition 

in captive mammals as compared to their wild counterparts have been associated with a 

loss of dietary fiber and a potential increase in protein consumption (Clayton et al., 2016; 

McKenzie et al, 2017). Interestingly, one of the most relevant changes in the gut 

microbiome of mammals in captivity is an increase in the relative abundance of the genus 

Bacteroides and a decrease of the genus Prevotella, both from the Bacteroidetes phylum, 

a pattern that has also been observed in Westernized humans (McKenzie et al, 2017). For 

plants, several studies have suggested that domestication altered the composition of the 

root microbiome with an adverse effect on the association with symbiotic nitrogen-fixing 

rhizobia and mycorrhizal fungi (Pérez-Jaramillo et al., 2016). For instance, Kiers et al., 

(2007) showed that older soybean cultivars had a higher yield difference ratio, i.e. the 

ability of soybean cultivars to reach their full symbiotic potential in the presence of a mix 

of rhizobial strains with different symbiotic effectiveness, as compared to newer soybean 

cultivars. Similarly, it has been shown that wild ancestors and primitive landraces of 

wheat, breadfruit and maize can benefit more from mycorrhizal symbiosis than modern 

cultivars (Hetrick et al., 1992, 1995; Sangabriel-Conde et al., 2012; Xing et al., 2012). 

To date, however, the impact of plant domestication on the vast majority of other root-
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cultivars (Hetrick et al., 1992, 1995; Sangabriel-Conde et al., 2012; Xing et al., 2012). 

To date, however, the impact of plant domestication on the vast majority of other root-
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associated microorganisms is not well understood. In a recent study, we revealed that the 

rhizosphere microbiome of wild relatives of common bean (Phaseolus vulgaris) harbored 

a higher abundance of Bacteroidetes, while the root microbiome of modern bean 

accessions was dominated by bacterial families belonging to the Actinobacteria and 

Proteobacteria (Pérez-Jaramillo et al., 20170). Also studies on other plants species, 

including Arabidopsis (Schlaeppi et al., 2014), sugar beet (Zachow et al., 2014), barley 

(Bulgarelli et al., 2015) and lettuce (Cardinale et al., 2015), suggested that domestication 

led to compositional changes in the root microbiome. To investigate if these effects of 

domestication cause similar shifts in microbiome composition for multiple plant species, 

we set out a meta-analysis of the root microbiome of various crop plants and their wild 

relatives. The specific objectives of this computational ‘walk on the wild side’ were to: i) 

determine differences and patterns in root microbiome composition between wild 

relatives and their domesticated counterparts, and ii) identify the relative abundance of 

specific taxa within the Bacteroidetes phylum for crop plants and their wild relatives. 

 

Methods 

Processing of the sequences 

Per sample fastq files of 16S metagenome amplicon sequences were kindly provided by 

the authors of the different studies (Schlaeppi et al., 2014; Zachow et al., 2014; Bulgarelli 

et al., 2015; Cardinale et al., 2015; Leff et al., 2017; Pérez-Jaramillo et al., 2017). The 

reads were quality filtered for single end reads with sickle (Joshi et al., 2011), and bases 

below phred score 36 and shorter than 100bp were trimmed. Only high quality filtered 

reads were mapped to full length 16S sequences from the Silva 119 release (Quast et al., 

2013) using the usearch global algorithm implemented in VSEARCH version 1.9.6 

(Rognes et al., 2016). The alignment results were directly converted to BIOM format 

using biom version 2.1.5 (McDonald et al., 2012). Consensus/majority taxonomy was 

 
 

added as metadata to the biom file. Finally, all BIOM files of each dataset were merged 

using Qiime version 1.9.1 (Caporaso et al. 2010). The Silva 119 reference phylogenetic 

tree provided by Qiime (clustered at 97%) was filtered using the Qiime command 

filter_tree.py to keep Bacteroidetes taxa which were present only in wild plants. 

Subsequently, we built phylogenetic trees using the Phyloseq package in R, and for 

graphic purposes only branches with a relative abundance higher than 0.1% from the total 

amount of reads were kept. 

 

Description of plant and soils used in the studies 

In the study by Pérez-Jaramillo et al., (2017), the wild and modern common bean 

accessions (Phaseolus vulgaris) were cultivated in the same soil in a pot trial under the 

same climatic conditions followed by characterization of the rhizosphere microbiome 

composition. For Cardinale et al. (2015),  it is described in the main text that the 

experiments with Lactuca serriola, wild relative of lettuce, and four subspecies of L. 

sativa were done in the field in an experimental farm in Austria, followed by 

characterization of the rhizosphere microbiome composition. Nevertheless, the 

description of soil characteristics is not provided and therefore it is not possible to 

describe growth conditions for the plants neither. In the study by Zachow et al. (2014), 

wild beet plants were collected in the drift line at the Mediterranean Sea coast in Slovenia. 

From the same region, soil from the coastal drift line was collected and used under 

unspecified greenhouse conditions in order to grow domesticated beet in the same soil 

than wild beet. For the study by Schlaeppi et al. (2014), several field experiments and 

greenhouse experiments were done and four different types of soil were used. The root 

microbiome composition was characterized for Arabidopsis thaliana, Cardamine hirsuta, 

A. halleri and A. lyrata, while the rhizosphere microbiome composition was characterized 

for A. thaliana and C. hirsuta. The latter is an Arabidopsis relative species which diverged 
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composition. For Cardinale et al. (2015),  it is described in the main text that the 

experiments with Lactuca serriola, wild relative of lettuce, and four subspecies of L. 

sativa were done in the field in an experimental farm in Austria, followed by 

characterization of the rhizosphere microbiome composition. Nevertheless, the 

description of soil characteristics is not provided and therefore it is not possible to 
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wild beet plants were collected in the drift line at the Mediterranean Sea coast in Slovenia. 

From the same region, soil from the coastal drift line was collected and used under 

unspecified greenhouse conditions in order to grow domesticated beet in the same soil 

than wild beet. For the study by Schlaeppi et al. (2014), several field experiments and 

greenhouse experiments were done and four different types of soil were used. The root 
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A. halleri and A. lyrata, while the rhizosphere microbiome composition was characterized 

for A. thaliana and C. hirsuta. The latter is an Arabidopsis relative species which diverged 
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∼35 Mya and is phylogenetically the most distant species. Finally, in the study by 

Bulgarelli et al. (2015), the microbiome composition of root and rhizosphere 

compartments of wild barley (Hordeum vulgare spp. spontaneum), a landrace and a 

modern variety of barley (H. vulgare spp. vulgare) were characterized. For this, two pot 

trials were performed with the three plant accessions in soils that were collected in the 

same location in two different years. All the information about plant accessions, soil type 

and experimental conditions are described in Tables S1 and S2.   

 

Statistical analysis 

In order to compare the different datasets we rarefied the OTU table up to 500 reads, 

which was the sequencing depth that allows us to work with most of the data sets 

available. All the data sets were included except for the data of Leff et al. (2017), for 

which sequencing depth, after processing with the method described above, did not reach 

the threshold implemented. For Alpha diversity metrics, the command alpha_diversity.py 

in Qiime was applied and the output files were retrieved and plotted in R using the 

package ggplot2 (v.2.0.0) (Wickham, 2009). As we did not observe significant 

differences in alpha diversity indexes between wild and domesticated accessions of the 

same plant species, the data was merged per plant species in order to illustrate exclusively 

differences between compartments (root/rhizosphere). For beta-diversity calculations, a 

Bray–Curtis dissimilarity matrix was calculated and used it to build Principal Coordinate 

Analyses and Permutational multivariate analyses of variance (Adonis function) were 

performed to evaluate the significance of the variables tested, both retrieved from 

Phyloseq (v.1.10) (McMurdie and Holmes, 2013) and Vegan (v.2.4-4) (Oksanen et al., 

2017). For the OTU level analysis, the function calculateEffectiveSamples from the 

metagenomeSeq R package (v.1.12) (Paulson et al., 2017) was applied to the filtered OTU 

table and features with less than the average number of effective samples in all features 

 
 

were removed. For the analysis at OTU level, we used normalized tables applying a 

cumulative-sum scaling normalization. Then, a Zero-Inflated Gaussian Distribution 

Mixture Model was applied using the fitZig function from metagenomeSeq. With the 

coefficients from the model, we applied moderated t-tests between accessions using the 

makeContrasts and eBayes commands retrieved from the R package Limma (v.3.22.7) 

(Ritchie et al., 2015). Obtained P-values were adjusted using the Benjamini–Hochberg 

correction method. Differences in the abundance of taxa between accessions were 

considered significant when adjusted P-values were lower than 0.05 at OTU level. 

Treemap (v.3.7.3) was used to visualize the significantly abundant OTU’s, the taxonomy, 

the adjusted P-value and per mil relative abundance in bubble graphs, in which the size 

of the bubbles indicates the relative abundance per hundred of the raw read counts.  

 

Results and discussion 

In this study, we retrieved the raw 16S rDNA sequences from 6 independent common 

garden experiments with a total of 9 plant species and adopted the same computational 

pipeline to assess the root/rhizosphere bacterial community composition (Table S1, Table 

S2). Regarding the analysis of the Arabidopsis root microbiome by Schlaeppi et al. 

(2014), our comparison was made based on divergence time estimates with Cardamine 

hirsuta considered as the ‘ancient/wild’ species and members of the genus Arabidopsis 

as the ‘modern/evolved’ counterpart. 

 

First, we observed marked differences in the diversity of bacterial communities associated 

with roots of the different plant species, which were largely explained by the study 

(29.1%, PERMANOVA, P<0.001) (Fig. S1) and the microhabitat sampled, i.e. root or 

rhizosphere (Fig. S2). These results reinforce the preponderant role of soil type in the 

assembly of the root microbiome (Peiffer et al., 2013). Also, the higher diversity in the 
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∼35 Mya and is phylogenetically the most distant species. Finally, in the study by 

Bulgarelli et al. (2015), the microbiome composition of root and rhizosphere 
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same location in two different years. All the information about plant accessions, soil type 
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2017). For the OTU level analysis, the function calculateEffectiveSamples from the 

metagenomeSeq R package (v.1.12) (Paulson et al., 2017) was applied to the filtered OTU 
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were removed. For the analysis at OTU level, we used normalized tables applying a 

cumulative-sum scaling normalization. Then, a Zero-Inflated Gaussian Distribution 

Mixture Model was applied using the fitZig function from metagenomeSeq. With the 

coefficients from the model, we applied moderated t-tests between accessions using the 

makeContrasts and eBayes commands retrieved from the R package Limma (v.3.22.7) 

(Ritchie et al., 2015). Obtained P-values were adjusted using the Benjamini–Hochberg 

correction method. Differences in the abundance of taxa between accessions were 

considered significant when adjusted P-values were lower than 0.05 at OTU level. 

Treemap (v.3.7.3) was used to visualize the significantly abundant OTU’s, the taxonomy, 

the adjusted P-value and per mil relative abundance in bubble graphs, in which the size 

of the bubbles indicates the relative abundance per hundred of the raw read counts.  

 

Results and discussion 

In this study, we retrieved the raw 16S rDNA sequences from 6 independent common 

garden experiments with a total of 9 plant species and adopted the same computational 

pipeline to assess the root/rhizosphere bacterial community composition (Table S1, Table 

S2). Regarding the analysis of the Arabidopsis root microbiome by Schlaeppi et al. 

(2014), our comparison was made based on divergence time estimates with Cardamine 

hirsuta considered as the ‘ancient/wild’ species and members of the genus Arabidopsis 

as the ‘modern/evolved’ counterpart. 

 

First, we observed marked differences in the diversity of bacterial communities associated 

with roots of the different plant species, which were largely explained by the study 

(29.1%, PERMANOVA, P<0.001) (Fig. S1) and the microhabitat sampled, i.e. root or 

rhizosphere (Fig. S2). These results reinforce the preponderant role of soil type in the 

assembly of the root microbiome (Peiffer et al., 2013). Also, the higher diversity in the 



| Chapter 5146  
 

rhizosphere as compared to the endosphere (Fig. S2) is in accordance with previous 

reports (Edwards et al., 2015). Subsequent pairwise comparisons showed that, for each 

plant species, the Bacteroidetes were consistently enriched in the root or rhizosphere of 

wild relatives and a comparable difference was observed between Cardamine hirsuta and 

Arabidopsis halleri (moderated t-tests; P<0.05, BH corrected) (Fig. 1a). For the ancestor 

of sugar beet, Beta vulgaris ssp. maritima, we also observed a higher prevalence of 

Bacteroidetes taxa as compared to modern sugar beet, although this difference could not 

be analyzed statistically as the replicate samples in that study (Zachow et al., 2014) were 

pooled. Next to the Bacteroidetes, we observed a higher relative abundance of some other 

bacterial families on roots of wild relatives of the different plant species. In common bean, 

Planctomycetes, Verrucomicrobia and Acidobacteria together with some Proteobacteria 

families were also more abundant on roots of the wild accession. For wild barley, a few 

Proteobacteria families were enriched as well as two Firmicutes families. For wild lettuce 

and Cardamine hirsuta, also several Proteobacteria families were enriched. Overall, 

Proteobacteria and Actinobacteria were consistently enriched on roots of the modern 

counterpart, while Bacteroidetes was found almost exclusively enriched on roots of the 

wild relatives irrespective of the plant species and study. The phylum Bacteroidetes has 

also been found as a prevalent and abundant member in the rhizosphere of several other 

wild plant species (Aleklett et al., 2015; Shi et al., 2015). 
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Fig. 1. Enrichment and taxonomic diversity of bacterial taxa in wild and domesticated plant species. 

a) Differential abundance of bacterial OTUs between wild plant accessions and their domesticated 
counterparts. Presented here are selected pairwise comparisons between i) wild barley (Hordeum vulgare 
ssp. spontaneum) and modern barley (Hordeum vulgare ssp. vulgare); ii) wild lettuce (Lactuca serriola) 

 
 

and cultivated lettuce (Lactuca sativa ssp. capitata); iii) wild and modern accessions of common bean 
(Phaseolus vulgaris), and iv) Cardamine hirsuta and Arabidopsis halleri. Each comparison was made using 

a zero-inflated Gaussian distribution mixture model followed by moderated t-test and a Bayesian approach. 
Only OTUs significantly enriched in one of the two accessions are shown (FDR<0.05). The largest circles 
represent Phylum level and the inner circles represent Class and Family level. The color of the circles 
represents the OTUs enriched in the rhizosphere/roots of wild relatives (cyan) or of modern crop plants 
(orange), with the assigned genus in italics. The size of the circle is the mean read relative abundance of 

the differentially abundant OTU. b) Phylogenetic tree of bacterial members of the Bacteroidetes phylum 
associated with different wild plant species. The Bacteroidetes taxa were selected from microbiome data of 
wild plant species to construct the phylogenetic tree. The size of the circles corresponds to the relative 
abundance for each Bacteroidetes taxa. Only data with a relative abundance higher than 0.1% is depicted 

in the tree. Each abundance data is the average of at least 3 samples per plant species and site.  

 

Our analysis further revealed that the extent of the Bacteroidetes enrichment on roots of 

wild plant relatives exhibits plant species-specific signatures. For example, 

approximately 50% of the bacterial species differentially enriched on roots of wild barley 

belonged to the Bacteroidetes, while for Cardamine hirsuta, wild lettuce and wild 

common bean the Bacteroidetes represented 33.3%, 24.5% and 18.9%, respectively, of 

the root-associated bacterial community. Subsequent phylogenetic analysis of the 

Bacteroidetes that were more abundant (>0.1%) on wild relatives showed two main 

clusters: one composed mainly of members of the Chitinophagaceae family and the other 

of members of the Flavobacteriaceae family (Fig. 1b). The family Flavobacteriaceae 

was represented by a high diversity in Cardamine hirsuta and wild barley, whereas 

Chitinophagaceae and Cytophagaceae families were predominant in the root microbiome 

of wild relatives of common bean (Fig. 1b). Collectively, these results indicate that plant 

domestication resulted in a similar overall taxonomic shift in the prokaryotic root 

microbiome with a reduced abundance of the Bacteroidetes phylum on modern accessions 

and a concomitant increase of members of the Actinobacteria and Proteobacteria (Fig. 2). 

At higher taxonomic levels, we observed that the plant species-specific effects observed 

on Bacteroidetes families may be probably due to differences in the physicochemical 
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Our analysis further revealed that the extent of the Bacteroidetes enrichment on roots of 

wild plant relatives exhibits plant species-specific signatures. For example, 

approximately 50% of the bacterial species differentially enriched on roots of wild barley 

belonged to the Bacteroidetes, while for Cardamine hirsuta, wild lettuce and wild 

common bean the Bacteroidetes represented 33.3%, 24.5% and 18.9%, respectively, of 

the root-associated bacterial community. Subsequent phylogenetic analysis of the 

Bacteroidetes that were more abundant (>0.1%) on wild relatives showed two main 

clusters: one composed mainly of members of the Chitinophagaceae family and the other 

of members of the Flavobacteriaceae family (Fig. 1b). The family Flavobacteriaceae 

was represented by a high diversity in Cardamine hirsuta and wild barley, whereas 

Chitinophagaceae and Cytophagaceae families were predominant in the root microbiome 

of wild relatives of common bean (Fig. 1b). Collectively, these results indicate that plant 

domestication resulted in a similar overall taxonomic shift in the prokaryotic root 

microbiome with a reduced abundance of the Bacteroidetes phylum on modern accessions 

and a concomitant increase of members of the Actinobacteria and Proteobacteria (Fig. 2). 

At higher taxonomic levels, we observed that the plant species-specific effects observed 

on Bacteroidetes families may be probably due to differences in the physicochemical 



| Chapter 5150  
 

characteristics of the diverse soils used in these independent studies, such as divergent 

pH values and the organic carbon content (Table S1).   

 

Fig. 2. Impact of domestication on soil management, plant phenotype, plant physiology and 
rhizobacterial diversity. In this hypothetical schematic representation, the root morphology of the wild 
relative substantially differs from that of the modern counterpart. Readily available macronutrients and 
water associated with agricultural management led to shallower roots in modern crop cultivars as compared 

to roots of wild relatives, which are rooting deeper with conspicuous lateral roots. Domesticated crop plants 
presumably also exude more ‘simple’ sugars than their wild relatives. The impact of the domestication 
process on rhizobacterial community composition is reflected in a decrease in Bacteroidetes abundance on 

modern crop plants, while the abundances of the Actinobacteria and Proteobacteria are 

increased.  

 

 
 

Firstly, it is important to emphasize that in our analyses the same computational pipeline 

was used adopting a rarefaction of the OTU table to the same sequencing depth. However, 

the approach used in this study cannot address all biases associated with this type of meta-

analysis. Differences in soil types, sampling strategies, nucleic acid extraction protocols 

and sequencing techniques between the different studies may have affected the reach of 

our meta-analysis and the interpretation of the results. Nevertheless, it is noteworthy that 

despite all these constraints we found similar and consistent differences between the 

prokaryotic composition of the root/rhizosphere microbiome of wild and domesticated 

plant species with a significantly higher abundance of Bacteroidetes on/in roots of wild 

plant relatives. Why Bacteroidetes are relatively more abundant in the root and 

rhizosphere compartments of wild relatives of various crop plant species is yet unknown. 

They are recognized for their ability to degrade complex biopolymers, a trait associated 

with a diverse set of carbohydrate processing enzymes (Thomas et al., 2011; Berlemont 

et al., 2015). Hence, their prevalence in the root compartments of wild plant species may 

be a phylogenetic signal associated with the presence of complex biopolymers in their 

root exudates (Fig. 2). Plant root exudates can have a major impact on the structure and 

functioning of microbial communities in soil environments (Bais et al., 2006; Micallef et 

al., 2009a). A recent study on mutants of poplar trees, silenced in the cinnamyl-Co 

reductase (CCR) gene of the monolignol-specific lignin pathways, showed significant 

effects on the density and composition of culturable rhizosphere and endosphere bacteria, 

microbiome shifts that were proposed to be mediated, at least in part, by changes in 

extractable plant phenolic compounds such as ferulic acid (Beckers et al., 2016). In this 

context it is worth noting that one of the most common domestication syndrome traits is 

related with changes in the type and amount of secondary metabolites, such as the loss of 

specific compounds that are toxic for humans or livestock or the reduction of flavonoid 

content in the leaves (Gepts, 2004; Meyer et al., 2012; Chacón-Fuentes et al., 2017). To 
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characteristics of the diverse soils used in these independent studies, such as divergent 

pH values and the organic carbon content (Table S1).   
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specific compounds that are toxic for humans or livestock or the reduction of flavonoid 

content in the leaves (Gepts, 2004; Meyer et al., 2012; Chacón-Fuentes et al., 2017). To 
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date, however, very little is known about qualitative and quantitative differences between 

root exudation profiles of crop plants and their wild relatives. For wheat, it has been 

shown that a modern wheat variety exuded three to five times more ‘simple’ sugars 

(mainly fructose, glucose and maltose) than an ancient wheat cultivar under stress 

conditions, a feature that might be related with a lower capacity of the modern wheat 

cultivar to control sugar exudation (Shaposhnikov et al., 2016). Whether the higher levels 

of these ‘easy-digestible’ sugars are also the case for other plant species and may 

contribute to a competitive advantage and a concomitant higher abundance of 

Proteobacteria and Actinobacteria on roots of modern crop cultivars remains to be 

addressed.  

 

Also differences in root architecture between crop plants and their wild relatives may 

impact root microbiome assembly. More specifically, the prevalence of Bacteroidetes in 

the rhizosphere of wild bean correlated significantly with a higher specific root length 

(SRL, i.e. root length per unit of root dry mass) and a lower root density (Pérez-Jaramillo 

et al., 2017). A high SRL has been associated with a higher efficiency of water search 

and uptake for the plant and is considered a strategy to acquire nutrients in low-fertile 

soils (Comas et al., 2013; Kramer-Walter et al., 2016). Along with changes in plant 

genotype and phenotype, the domestication process also involves changes in the 

environment and the concomitant need of management practices, such as the use of 

chemical pesticides and fertilizers, to sustain growth and health of the crop plants (Pérez-

Jaramillo et al., 2016). Therefore, altered root morphology traits (Fig. 2) as well as 

changes in plant physiology and root exudation may have contributed to the observed and 

consistent shifts in the prokaryotic root microbiomes between wild plant relatives and 

their domesticated counterpart. This hypothesis needs to be validated by experiments 

where morphological and physiological traits, in particular root architecture and 

 
 

exudation profiles, of wild relatives of crop plants are assessed in agricultural soils as 

well as in soils from their centres of origin and diversification. 

 

Whether a higher relative abundance of Bacteroidetes affects plant growth and health as 

was shown for growth (i.e. obesity) and health of humans (Ley et al., 2006; Arrieta et al., 

2014; Liu et al, 2017) is not known to date. Some studies suggested that representatives 

of this phylum can affect plant growth and health. In particular strains of the genus 

Flavobacterium have been associated with plant growth promotion and disease protection 

(Kolton et al., 2012). For the legume plant Trifolium pratense, however, Flavobacterium 

led to impaired shoot growth (Hartman et al., 2017). For the genus Chryseobacterium, 

disease protective effects have been described (Yin et al., 2013), but effects on plant 

growth and health by most other Bacteroidetes, including members of the 

Chitinophagaceae and Cytophagaceae families detected here, remain to be discovered. 

Establishing a phenotypically and genomically diverse and well-characterized collection 

of Bacteroidetes species from multiple wild plant relatives followed by controlled 

bioassays to test the effects of individual species/strains and consortia on plant growth 

and health under diverse environmental conditions will shed more light on their functional 

importance for the growth and survival of wild plant species in their native, 

environmentally harsh habitats. Understanding the functional importance of these 

‘missing plant microbes’ can be highly instrumental in plant breeding programs and for 

improving our future crop production systems in a changing environment. 
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Fig. S1. Rhizosphere bacterial community composition across studies of wild, landrace and modern 
plants. Principal Coordinate Analysis (PCoA) of Bray-Curtis dissimilarities of 16S rRNA data. a) PCoA 
with samples colored by plant species. b) PCoA with samples colored by study. The source of the data 
(study) was the main explaining variable as assessed by PERMANOVA (29.1%; P<0.005). 
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 Fig. S2. α-diversity of 16S sequence data of wild, landrace and modern plant species for rhizosphere 
and roots. (a) Chao1 and (b) Phylogenetic diversity for all the plants included in the meta-analysis. 
Bacterial diversity on/in the roots is less than in the rhizosphere. 
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Table S2. Physicochemical characteristics of the soils used in the studies included in 

the meta-analysis. 

 
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S2. Physicochemical characteristics of the soils used in the studies included in 

the meta-analysis. 

 
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Chapter 6 

The spermosphere microbiome of wild and domesticated 

common bean (Phaseolus vulgaris) 

 

Juan E. Pérez-Jaramillo, Víctor J. Carrión and Jos M. Raaijmakers  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



| Chapter 6160  
 

Abstract 

Plants have a significant influence on the diversity and activity of soil microbial 

communities. Already during imbibition and germination, plant seeds release exudates 

that promote microbial growth. Although this so-called spermosphere effect is widely 

studied, little is known about the impact of plant domestication on spermosphere 

microbiome assembly. Here, we sampled the spermosphere from germinating seeds of 

seven wild and modern accessions of common bean (Phaseolus vulgaris) and assessed 

the bacterial community composition by 16S rRNA sequencing. Compared to bulk soil 

we observed a decrease in α-diversity of the bacterial community in the spermosphere of 

all bean accessions. Also for the β-diversity, a significant difference was observed 

between the bean spermosphere and bulk soil. Proteobacteria, Actinobacteria and 

Firmicutes were enriched in the spermosphere. Small but significant differences in β-

diversity were detected between the spermosphere microbiomes of wild and modern bean 

accessions, suggesting a genotype-dependent effect on microbiome assembly already at 

this early plant developmental stage. Comparative seed exudate profiling further showed 

that the spermosphere of modern bean accession M5 contained higher levels of glutamate 

and glutamine as compared to that of wild accession A2. Subsequent in vitro assays 

indicated that these single amino acids did not enrich for the specific bacterial taxa found 

at higher abundance in the spermosphere of modern bean accessions. Collectively, these 

results suggest that domestication affects spermosphere microbiome assembly of 

common bean and that more complex mixtures of yet unknown exudate constituents are 

driving spermosphere microbiome assembly.  

Keywords: spermosphere, microbiome, root exudates, glutamate, Actinobacteria 

 

 

 

 
 

Introduction 

Early in plant development, during seed imbibition and germination, exudates are 

released in the surrounding soil creating a narrow zone with enhanced microbial activity 

known as the spermosphere (Nelson et al., 2004; Schiltz et al., 2015; Lemanceau et al., 

2017). In the spermosphere, a broad diversity of compounds can be found such as sugars, 

amino acids, phenolic compounds and volatiles (Nelson, 1990; 2018). The composition 

of exudates in the spermosphere is determined by abiotic factors such as temperature, 

oxygen tension, soil moisture, seed coat integrity and genetic traits (Short and Lacy, 1976; 

Schlub and Schmitthenner, 1978; Nelson, 2018). Different plant species and even 

cultivars from the same species can differ in seed exudation profiles (Kageyama and 

Nelson, 2003; Singh and Mehrotra, 1980). Consequently, seed exudation may actively 

influence the spermosphere microbiome composition and activity in a plant genotype-

dependent manner. For instance, two contrasting tomato recombinant inbred lines (RIL) 

populations derived from an interspecific cross of cultivated tomato and a wild tomato 

relative, differed in the proportion of indigenous fluorescent Pseudomonas species in the 

spermosphere (Simon et al., 2001). Similarly, a host genotype-dependent effect was 

found for the fungal community composition in the spermosphere (Barret et al., 2015). 

To date, however, little is known about the diversity, succession, and activities of 

indigenous microbial communities in the spermosphere and whether the process of plant 

domestication influenced spermosphere microbiome assembly. Finally, it is unknown 

how this short-lived, dynamic spermosphere community affects plant growth, 

development and health.  

The objectives of this study were to i) study the impact of the spermosphere of common 

bean (Phaseolus vulgaris) on bacterial diversity and abundance, and to ii) decipher 

differences in spermosphere microbiome assembly between modern bean cultivars and 

wild relatives. To this end, we selected wild and modern accessions of common bean for 
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of exudates in the spermosphere is determined by abiotic factors such as temperature, 

oxygen tension, soil moisture, seed coat integrity and genetic traits (Short and Lacy, 1976; 

Schlub and Schmitthenner, 1978; Nelson, 2018). Different plant species and even 

cultivars from the same species can differ in seed exudation profiles (Kageyama and 

Nelson, 2003; Singh and Mehrotra, 1980). Consequently, seed exudation may actively 

influence the spermosphere microbiome composition and activity in a plant genotype-

dependent manner. For instance, two contrasting tomato recombinant inbred lines (RIL) 

populations derived from an interspecific cross of cultivated tomato and a wild tomato 

relative, differed in the proportion of indigenous fluorescent Pseudomonas species in the 

spermosphere (Simon et al., 2001). Similarly, a host genotype-dependent effect was 

found for the fungal community composition in the spermosphere (Barret et al., 2015). 

To date, however, little is known about the diversity, succession, and activities of 

indigenous microbial communities in the spermosphere and whether the process of plant 

domestication influenced spermosphere microbiome assembly. Finally, it is unknown 

how this short-lived, dynamic spermosphere community affects plant growth, 

development and health.  

The objectives of this study were to i) study the impact of the spermosphere of common 

bean (Phaseolus vulgaris) on bacterial diversity and abundance, and to ii) decipher 

differences in spermosphere microbiome assembly between modern bean cultivars and 

wild relatives. To this end, we selected wild and modern accessions of common bean for 
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which significant differences in the rhizobacterial community assembly were documented 

earlier (Pérez-Jaramillo et al., 2017). Seeds from the common bean accessions were sown 

in agricultural soil collected from the Colombian highlands and spermosphere soil 

samples were collected at 48h following seed imbibition and germination. The bacterial 

communities were characterized through 16S rRNA amplicon sequencing and 

cultivation-dependent methods. We also conducted comparative chemical profiling of 

seed exudates of a wild and a modern bean accession and assessed the effect of individual 

differential amino acids on soil bacterial community composition. 

 

Materials and Methods 

Soil and plant material 

The agricultural soil used for the assays was collected in a common bean producing farm 

in the rural area of the municipality of El Carmen de Viboral, Colombia, as described in 

Pérez-Jaramillo et al. (2017). Briefly, the soil was air dried, sieved (2-mm mesh) and 

stored at 4°C for further use. The seeds of two wild accessions (A1 and A2) and five 

modern cultivars of common bean (M1 to M5) were selected for this study. The plant 

material was kindly provided by the Genetic Resources Program at the International 

Centre for Tropical Agriculture—CIAT—in Palmira, Colombia. A complete description 

of these bean accessions can be found in Pérez-Jaramillo et al. (2017) 

 

Sampling of soil from the spermosphere compartment 

Seeds of wild and modern accessions of common bean without cracks or other visible 

damages were selected. Seed-surface disinfection was applied to the seeds through 

immersion during 3 minutes in sodium hypochlorite 0.5% (v/v), followed by four washes 

with ample sterile distilled water. After disinfection, the seeds were air dried in a laminar 

flow cabinet. For each bean accession, surface-sterilized seeds were sown in 12-well 

 
 

plates with 3g of the agricultural soil and one seed per well. For each bean accession, 6 

replicates were used. Wells with soil but without seeds served as the bulk soil control. 

After sowing the seeds at a depth of 0.5 cm, 1mL of sterile distilled water was added to 

each well. This initial watering step initiated seed imbibition. The plates were kept at 25 

°C in the dark during 48-72 hours, depending on the differences in germination rates 

between the seven bean accessions. Once the radicle protruded, the seeds were harvested 

and replaced by a new seed of the same accession. This first imbibition and germination 

cycle was done to pre-condition the soil with seed exudates in order to activate the soil 

microbial communities. In the second cycle, a new seed was sown in the pre-conditioned 

soil and 1 mL of sterile distilled water was added. The plates were kept at 25 °C in the 

dark during 48-72 hours. Once the radicle protruded, a round hole puncher (1,5 cm 

diameter) was used to extract the germinating seed with adhering spermosphere soil from 

each well. The seed with spermosphere soil was transferred to a 15 mL tube containing 

5 ml of LifeGuard Soil Preservation Solution (MoBio Laboratories). The 15mL tubes 

were thoroughly vortexed at maximum speed during 15 min, and the solution was kept at 

-20°C for further use.  

 

DNA isolation, sequencing and preparation of the OTU table 

For each bean accession and the control (bulk soil), four replicates were used for DNA 

extraction with MoBio kits (MoBio Laboratories, Carlsbad, CA, USA) as previously 

described (Pérez-Jaramillo et al., 2017). Subsequently, the V3-V4 region of the 16S 

rRNA was amplified and sequenced by Illumina Myseq (Illumina, 2013). The sequence 

data analysis was performed by the Hydra pipeline implemented in Snakemake (Köster 

and Rahmann, 2012) and the obtained OTU table was filtered using QIIME 1 (1.9.1) 

custom scripts (Kuczynski et al., 2012). The Bacteria domain was extracted using the 

command split_otu_table_by_taxonomy.py and singletons, doubletons, chloroplast and 
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and Rahmann, 2012) and the obtained OTU table was filtered using QIIME 1 (1.9.1) 
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mitochondria sequences were discarded with the command 

filter_otus_from_otu_table.py, obtaining a filtered OTU table for further analysis. 

 

Bacterial diversity, differential abundance and core microbiome analysis 

To calculate α-diversity, we rarefied (Brewer and Williamson, 1994; Gotelli and Colwell, 

2001) the OTU table up to 45,360 reads (i.e. lowest sequencing depth obtained from a 

sample) per sample for all spermosphere and bulk soil samples using the script 

alpha_rarefaction.py retrieved from QIIME 1 (1.9.1). Chao1 and Shannon diversity 

indices were calculated using the alpha_diversity.py command and the data obtained was 

tested for normality and homoscedasticity. To compare α-diversity values by bean 

accession, the non-parametric Kruskal-Wallis test was applied using R (R Core Team, 

2015). To calculate β diversity, the unrarefied OTU table was normalized using a 

cumulative-sum scaling (CSS) method (Paulson et al., 2013). Bray-Curtis dissimilarities 

followed by Constrained Analysis of Principal Coordinates were calculated with the 

Phyloseq package (McMurdie and Holmes, 2013) (v.1.22.3). The nonparametric adonis 

test was used to assess the percentage of variation explained by the habitat (bulk soil, 

spermosphere) and domestication status (wild, modern) along with its statistical 

significance using Vegan (Oksanen et al., 2016) (v.2.4-6), all performed in R. The QIIME 

command compute_core_microbiome.py was applied to the rarefied OTU table in order 

to obtain a list of OTUs observed in the spermosphere of all bean accessions. Core OTUs 

with a relative abundance <0.5% and unclassified taxa were not included in the figure. 

Donut plots were built using the R package ggplot2 (Wickham, 2009) (v. 2_2.2.1). To 

assess the spermosphere effect on microbiome composition, the rarefied OTU table was 

analyzed with the STAMP software (v.2.1.3) (Parks et al., 2014). Welch’s t-tests followed 

by BH corrections were performed at phylum, family and genus level between 

spermosphere samples grouped by the domestication status. Bacterial phyla, families and 

 
 

genera significantly overrepresented (P < 0.05) in the spermosphere or in the bulk soil 

microbiome are depicted using extended error bars. Finally, Welch’s t-tests followed by 

BH corrections were performed to assess if bacterial genera were differentially abundant 

in the spermosphere of wild and modern bean. 

 

Culture-dependent characterization of the bacterial diversity in the spermosphere 

After extracting the spermosphere soil, an aliquot of 500 mg was suspended in 0.1 M 

phosphate buffer. After 5min of rigorous vortexing, serial dilutions of the soil suspension 

were made and 100 μL aliquots of 10-5, 10-6, and 10-7 dilutions were plated onto 1/10th 

strength R2A agar plates. The plates were incubated at 25 ºC for 1 week and isolation of 

individual colonies was performed based on morphology, colour and size. A total of 631 

isolates was purified and kept in R2A broth with 40% (v/v) of glycerol at -80 ºC for 

further use. For identification purposes, the collection was replicated and the V1-V4 16S 

rRNA region was sequenced at BaseClear (Leiden, Netherlands). Multiple alignment of 

sequences larger than 400 bp was performed using Muscle v3.7 (Edgar, 2004) with the 

default parameters to create an approximate maximum-likelihood tree in FastTree v2.1.8. 

with default parameters (Price et al., 2009). The tree was visualized with the online 

application iTOL (Letunic and Bork, 2016). 

 

Exudate extraction from seeds  

Seeds without cracks or visible damages in the seed coat were selected for seed exudate 

extractions. Due to seeds limitations of several accessions, only wild accession A2 and 

modern accession M5 were used for exudate extraction. Firstly, seeds were disinfected as 

described above. From the last wash 20 µL of water were plated in TSA and PDA petri 

dishes and incubated 48h to confirm disinfection. One gram of disinfected seeds (i.e. 

approximately 6 seeds) was transferred to sterile petri dishes containing sterile filter paper 
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significance using Vegan (Oksanen et al., 2016) (v.2.4-6), all performed in R. The QIIME 

command compute_core_microbiome.py was applied to the rarefied OTU table in order 

to obtain a list of OTUs observed in the spermosphere of all bean accessions. Core OTUs 

with a relative abundance <0.5% and unclassified taxa were not included in the figure. 

Donut plots were built using the R package ggplot2 (Wickham, 2009) (v. 2_2.2.1). To 

assess the spermosphere effect on microbiome composition, the rarefied OTU table was 

analyzed with the STAMP software (v.2.1.3) (Parks et al., 2014). Welch’s t-tests followed 

by BH corrections were performed at phylum, family and genus level between 

spermosphere samples grouped by the domestication status. Bacterial phyla, families and 

 
 

genera significantly overrepresented (P < 0.05) in the spermosphere or in the bulk soil 

microbiome are depicted using extended error bars. Finally, Welch’s t-tests followed by 

BH corrections were performed to assess if bacterial genera were differentially abundant 

in the spermosphere of wild and modern bean. 

 

Culture-dependent characterization of the bacterial diversity in the spermosphere 

After extracting the spermosphere soil, an aliquot of 500 mg was suspended in 0.1 M 

phosphate buffer. After 5min of rigorous vortexing, serial dilutions of the soil suspension 

were made and 100 μL aliquots of 10-5, 10-6, and 10-7 dilutions were plated onto 1/10th 

strength R2A agar plates. The plates were incubated at 25 ºC for 1 week and isolation of 

individual colonies was performed based on morphology, colour and size. A total of 631 

isolates was purified and kept in R2A broth with 40% (v/v) of glycerol at -80 ºC for 

further use. For identification purposes, the collection was replicated and the V1-V4 16S 

rRNA region was sequenced at BaseClear (Leiden, Netherlands). Multiple alignment of 

sequences larger than 400 bp was performed using Muscle v3.7 (Edgar, 2004) with the 

default parameters to create an approximate maximum-likelihood tree in FastTree v2.1.8. 

with default parameters (Price et al., 2009). The tree was visualized with the online 

application iTOL (Letunic and Bork, 2016). 

 

Exudate extraction from seeds  

Seeds without cracks or visible damages in the seed coat were selected for seed exudate 

extractions. Due to seeds limitations of several accessions, only wild accession A2 and 

modern accession M5 were used for exudate extraction. Firstly, seeds were disinfected as 

described above. From the last wash 20 µL of water were plated in TSA and PDA petri 

dishes and incubated 48h to confirm disinfection. One gram of disinfected seeds (i.e. 

approximately 6 seeds) was transferred to sterile petri dishes containing sterile filter paper 
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(Whatman no. 1). For each bean accession, 4 petri dishes with 1 g of seeds were used. 

The filter paper was wetted with 200 µL sterile distilled water to saturation point and 

incubated at 24ºC for 24 hours. After this time, the seeds were transferred to a new sterile 

plate with sterile filter paper (Whatman no. 1), and wetted with 200 µL sterile distilled 

water to saturation point and incubated at 24ºC for another 24 hours. The filter papers 

were processed individually to harvest the exudates. 1 mL of a Methanol:Water solution 

(70:30) was added to each of the filter papers and incubated during 1 hour on an orbital 

shaker (100 rpm). The resulting extract was filtered (2 μm) and dried under a flow of 

Nitrogen gas. Once the methanol was evaporated, the samples were freeze-dried for three 

days under vacuum (−80 °C collector temperature; Labconco Free Zone 12 L Freeze Dry 

System, USA). Dried samples were re-suspended in 200 µL of MilliQ water, filtered 

through a 13-mm-diameter 0.2 μM PTFE syringe filter and poured in glass vials for 

chemical analyses. Organic acids were analysed by HPLC (Ultimate 3000, ThermoFisher 

Scientific, USA) equiped with a UV diode array detector. The sugar analyses were 

performed by HPLC with electro-chemical detection, whereas amino acid analyses were 

performed by LC-MS/MS (Agilent, USA). Differences in the amount of exudates 

between the wild and the modern accessions were determined by the Wilcoxon signed-

rank test (P < 0.05) in R. 

 

Effect of glutamate on bacterial community assembly 

The agricultural soil used for spermosphere microbiome analyses (described above) was 

used to test the effect of glutamate on bacterial community assembly. Four treatments 

were evaluated as follows: T1 consisted of M9 minimal media (12.8 g Na2HPO4·7H2O, 

3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl in 1L of distilled water); T2 consisted of M9 minimal 

media, 10 mM of glutamate, 1 mM of MgSO4, and glucose 20%; T3 consisted of M9 

minimal media, 1 mM of MgSO4, and glucose 20%; and T4 consisted of M9 minimal 

 
 

media, 10 mM of cysteine, 1 mM of MgSO4, and glucose 20%. Treatment T1 was 

considered the baseline control, because only had minimal medium without glucose or 

any type of amino acid. Treatment T2 is the glutamate treatment. Treatment T3 is the 

glucose control, in order to observe the impact on soil bacterial communities of the 

glucose alone. Finally, T4 is the amino acid control treatment, which consisted of 

cysteine, glucose and minimal media. Cysteine was included as a control amino acid due 

to the low quantity observed in seed exudation profiles, and the assumption that its impact 

on bacterial communities would be not significant. The experimental unit consisted of a 

50 mL conical flask, and to each flask 3 g of the agricultural soil were added. As 4 

replicates per treatment were used, in total 16 conical flasks were used for the experiment. 

At time 0, the respective treatments were applied to the flasks and these were kept in an 

orbital shaker at 150rpm and 25 ˚C. After 24 hours, the content of the flasks was 

transferred to 50 mL tubes carefully labelled and centrifuged at 3,500 rpm for 5 min. After 

centrifugation, the supernatant was removed and the treatments were re-applied, i.e, to 

each 50 mL tube with soil a new addition of the respective treatment solution was applied, 

and after vigorous mixing, the soil solutions were transferred back to their respective 

conical flasks for a new incubation period of 24 h. This enrichment procedure was 

repeated five times followed by soil DNA extraction, amplification and sequencing of the 

V3-V4 region of the 16S rRNA, sequence analysis and OTU table preparation, the same 

procedures as described above for the spermosphere microbiome analyses. The OTU 

table was rarefied up to 11,790 reads and bar plots with the relative abundance of phyla 

and families were built based on the normalized OTU table. Also a Bray-Curtis 

dissimilarity matrix was calculated and used for Principal Coordinate analysis with 

Phyloseq. The nonparametric adonis test was used to assess the percentage of variation 

explained by the glutamate treatment along with its statistical significance using Vegan 

package, all performed in R.  
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transferred to 50 mL tubes carefully labelled and centrifuged at 3,500 rpm for 5 min. After 

centrifugation, the supernatant was removed and the treatments were re-applied, i.e, to 

each 50 mL tube with soil a new addition of the respective treatment solution was applied, 

and after vigorous mixing, the soil solutions were transferred back to their respective 

conical flasks for a new incubation period of 24 h. This enrichment procedure was 

repeated five times followed by soil DNA extraction, amplification and sequencing of the 

V3-V4 region of the 16S rRNA, sequence analysis and OTU table preparation, the same 

procedures as described above for the spermosphere microbiome analyses. The OTU 

table was rarefied up to 11,790 reads and bar plots with the relative abundance of phyla 

and families were built based on the normalized OTU table. Also a Bray-Curtis 

dissimilarity matrix was calculated and used for Principal Coordinate analysis with 

Phyloseq. The nonparametric adonis test was used to assess the percentage of variation 

explained by the glutamate treatment along with its statistical significance using Vegan 

package, all performed in R.  
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Results 

Spermosphere microbiome assembly is plant genotype specific 

16S rRNA sequencing of the spermosphere and bulk soil samples yielded approximately 

2.2 million reads after quality filtering, representing 8,263 bacterial operational 

taxonomic units (OTUs) at 97% sequence similarity. For the α-diversity, we observed 

significantly lower chao1 and Shannon indices for the spermosphere as compared to the 

bulk soil (Fig. 1a and b). Regarding the β-diversity, Bray-Curtis metrics and Constrained 

Principal Coordinate Analysis (CAP) revealed a significant effect of the spermosphere 

and the domestication status of the bean accessions (Fig. 1c and d). The structure of the 

bacterial communities differed between the spermosphere and the bulk soil samples: the 

percentage of variability explained by the habitat (spermosphere versus bulk soil) was 

28.2% (PERMANOVA, P=0.001) (Fig. 1c). Furthermore, a subtle but statistically 

significant difference was found between the spermosphere microbiome composition of 

wild and modern bean accessions with 5.2% of the total variation explained by the 

domestication status (wild versus modern; PERMANOVA, P=0.001) (Fig. 1d).  

 

 
 

 

 

Fig. 1. Bacterial diversity and community structure of spermosphere and bulk soil samples. (a) chao 
1 and (b) Shannon were calculated for all bean accessions and the bulk soils samples. The data was rarefied 
up to 45360 counts per sample. Additionally, Constrained Principal Coordinate Analysis (CAP) of 16S 

rRNA diversity in the spermosphere of the seven common bean accessions were performed, with (c) and 
without (d) 16S rRNA diversity in the bulk soil, respectively. Green color was assigned to ancestral 
accessions, red color was assigned to modern accessions and black color was assigned to bulk soil samples. 

 

 

 

The spermosphere significantly impacts bacterial abundances 

From the total of 8,263 clustered OTUs, we found that 1,252 OTUs comprised the core 

spermosphere microbiome of the seven bean accessions. When classified up to genus 

level, the core microbiome of 1,252 OTUs represented 17.8% of the total number of 

OTUs and the overall majority (89%) of all the sequence reads detected. The genus 

Sphingomonas was the most abundant genus in the spermosphere core microbiome 
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(6.6%), followed by Pseudarthrobacter (4.8%), Burkholderia-Paraburkholderia (2.5%), 

Bradyrhizobium (2.5%) and Bacillus (2.4%) (Fig. 2). Another genus found in the core 

spermosphere microbiome of common bean was Rhizobium, with a relative abundance of 

1.6%.  

 

 

Fig. 2. Core spermosphere microbiome of common bean. The different portions within the inner pie 
chart represent the bacterial phyla that are part of the spermosphere core microbiome. The outer donut plot 
represents the genera that are part of the core and each genus assigned to the phylum they belong to. The 
size of the different pie and donut portions represents the contribution of each phylum/genus to the total 
relative abundance. 

 

To determine the selective effect of the spermosphere on microbiome composition, the 

bacterial abundances of spermosphere samples from wild and modern common bean 

accessions were compared first to bulk soil samples. At Phylum level, a significant 

increase was observed for Proteobacteria, Firmicutes, Bacteroidetes and Saccharibacteria 

in the spermosphere of both wild and modern common bean accessions as compared to 

bulk soil (Fig. S1). Conversely, bacterial phyla such as Chloroflexi, Acidobacteria, 

Verrucomicrobia and Planctomycetes were significantly more abundant in bulk soil (Fig. 

 
 

S1). At family level, Bacillaceae, Oxalobacteraceae, Burkholderiaceae, Rhizobiaceae, 

Xanthomonadaceae, Comamonadaceae, Methylophilaceae and Paenibacillaceae were 

more abundant in the spermosphere microbiome of wild bean accessions than in bulk soil 

(Fig. S2). The spermosphere microbiome of modern bean accessions was enriched with 

the same bacterial families as well as with Micrococcaceae, Mycobacteriaceae, 

Streptomycetaceae, Nocardiaceae Sphingomonadaceae, and Sphingobacteriaceae (Fig. 

S3). At genus level, Bacillus, Burkholderia-Paraburkholderia, Rhizobium, Massilia, 

Lysobacter, Paenarthrobacter, Luteimonas, Ramlibacter and Paenibacillus were 

enriched in the spermosphere of both wild and modern bean accessions as compared to 

bulk soil (Figs. S4 and S5). The spermosphere of modern accessions was also enriched 

with Sphingomonas, Pseudarthrobacter, Paenarthrobacter, Mycobacterium, 

Arenimonas, and Streptomyces (Fig. S5). Comparing abundances at bacterial family and 

genus levels between the spermosphere of wild and modern common bean accessions 

showed that the families Streptomycetaceae, Mycobacteriaceae and Nocardiaceae were 

enriched in the spermosphere of the modern common bean accessions (Fig. 3a). At genus 

level, Paenarthrobacter, Streptomyces, Mycobacterium, Rhodococcus and 

Geodermatophilus, all from the phylum Actinobacteria, were enriched in the 

spermosphere of modern common bean (Fig. 3b).  
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Fig. 3. Relative abundance of bacterial families and genera in the spermosphere of wild  and modern 

bean accessions. Welch’s t-tests followed by BH corrections were performed. Only families and genera 
differentially abundant are shown in the extended error bar plots (P < 0,05). 

 

Bacterial isolation captured the majority of abundant core microbiome genera 

The culture-dependent isolation and 16S rRNA characterization of bacteria from the bean 

spermosphere showed that from the core microbiome described above, only the 

Proteobacterial genera Variibacter, Luteimonas, Acidibacter and Hyphomicrobium were 

not isolated on the agar medium used together with a few genera from Acidobacteria, 

Planctomycetes and Gematimonadetes phyla. Amongst the 596 sequenced isolates, we 

found in total 67 genera belonging to the Actinobacteria, Proteobacteria, Firmicutes and 

Bacteroidetes phyla (Fig. S5). Actinobacteria was the most isolated phylum with a total 

of 306 isolates and 24 genera. Streptomyces, Terrabacter, Arthrobacter, Nocardioides 

and Phycicoccus were the most abundant genera amongst the Actinobacterial isolates 

with 66, 47, 24, 19 and 19 isolates obtained, respectively. The second most isolated 

phylum was Proteobacteria with a total of 185 isolates and 34 genera. Lysobacter, 

Massilia, Burkholderia-Paraburkholderia, Rhizobium and Sphingomonas were the most 

abundant genera within Proteobacteria, comprising 33, 26, 18, 16 and 11 isolates per 

 
 

genus, respectively. From the Firmicutes, a total of 100 isolates were recovered belonging 

to 5 genera, with Paenibacillus (58 isolates) and Bacillus (41) representing the majority. 

Finally, from the phylum Bacteroidetes, 4 isolates were recovered and classified as 

Dyadobacter, Flavisolibacter, Pedobacter and Terrimonas. Additionally, when the V3-

V4 region sequences from the 16S rRNA spermosphere dataset were matched with the 

sequences from the V1-V4 region from the isolates, we observed that more than 66.6% 

of the genera identified with the cultivation-independent approach as part of the core 

(relative abundance >0.5%) were successfully recovered with the cultivation-dependent 

approach (Table 1).  

 

Seed exudate composition of wild and modern bean accessions 

Seed exudates were collected after 24 and 48 hours incubation and, due to limited 

availability of seeds from all accessions, quantification of amino acids, sugars and organic 

acids was performed for seeds of wild accession A2 and of modern bean accession M5. 

In general, the seed exudation profiles observed for modern accession M5 differed from 

those of wild accession A2 (Fig. 4). Regarding the exudation of amino acids, differences 

in decreasing order were observed for glutamate, aspartate, asparagine and alanine. For 

instance, the amount of glutamate in seed exudates of accession M5 was approximately 

10 times higher than for accession A2. Also for several other amino acids, including 

glutamine, valine, threonine, among others, significant differences were observed 

between the wild and modern bean accessions (Figs. 4a and b). Similarly, the amount of 

fructose, glucose and sucrose was significantly higher for accession M5 than for accession 

A2 both at 24 and at 48h (Figs. 4c and d). No differences were observed in the amounts 

of organic acids (fumaric and malic acid) detected (Fig. 4e).  
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Fig. 4. Aminoacid, sugar and organic acid exudation by seeds of wild and modern common bean 
accessions A2 and M5. Box plots shows the amount of aminoacids (a and b) sugars (c and d) and organic 
acids (e), at 24h (a and c) and 48h (b, d and e) after water imbibition. Significant differences in the amount 
of exudates between the wild (A2 - green) and the modern (M5 - red) accessions were determined by the 

Wilcoxon signed-rank test (P < 0,05) 

 

 

 

No clear effect of glutamate on bacterial community composition 

Based on the observations that glutamate was the most abundant amino acid released 24 

and 48h after seed imbibition, and that Actinobacterial taxa were significantly more 

abundant in the spermosphere of several modern bean accessions, we hypothesized that 

 
 

glutamate enriches for Actinobacterial taxa. To begin to test this hypothesis, the same 

agricultural soil used for the spermosphere microbiome analyses was incubated 

successively in minimal media supplemented (or not) with glutamate. The results showed 

that soil samples treated with minimal media (M9) presented a very similar bacteria 

community composition (Fig. 5a) while soil samples treated with M9 supplemented with 

glucose, glucose + glutamate, and glucose + cysteine, presented high sample intra- and 

inter-variability (Fig. 5b). Therefore, the selective impact of glutamate on spermosphere 

microbiome composition was not apparent. Furthermore, it was observed that the addition 

of glucose, glutamate or cysteine led to a reduction of the relative abundance of the 

Actinobacteria as compared to the minimal medium and no specific and statistically 

significant effects of glutamate on the relative abundance of this phylum were found (Fig. 

S6).  

The dominant bacterial phylum in all treatments was Proteobacteria with several 

abundant bacterial families dominating the community. In the samples enriched with 

glutamate, cysteine and glucose, most of the Proteobacterial sequences belonged to the 

Pseudomonadaceae family, while in the treatment with minimal media (M9) most of 

Proteobacterial sequences were assigned to the Oxalobacteraceae family (Figs. S6a and 

b). The family Paenibacillaceae (Firmicutes) was also found enriched as a consequence 

of the different treatments, especially in the treatment with cysteine. The family 

Flavobacteriaceae was found enriched in all the samples of the glucose treatment and 

also in a few samples from the glutamate and cysteine treatments; and finally, the family 

Rhizobiaceae was found enriched in almost all the samples from all the treatments; 

however, this enrichment was very pronounced in some samples, while for other samples 

within the same treatment the enrichment was minimal. In conclusion, the effect of 

glutamate on the relative abundance of members of the Actinobacteria phylum was not 

resolved with the experimental design used in this study. 
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accessions A2 and M5. Box plots shows the amount of aminoacids (a and b) sugars (c and d) and organic 
acids (e), at 24h (a and c) and 48h (b, d and e) after water imbibition. Significant differences in the amount 
of exudates between the wild (A2 - green) and the modern (M5 - red) accessions were determined by the 

Wilcoxon signed-rank test (P < 0,05) 

 

 

 

No clear effect of glutamate on bacterial community composition 

Based on the observations that glutamate was the most abundant amino acid released 24 

and 48h after seed imbibition, and that Actinobacterial taxa were significantly more 

abundant in the spermosphere of several modern bean accessions, we hypothesized that 

 
 

glutamate enriches for Actinobacterial taxa. To begin to test this hypothesis, the same 

agricultural soil used for the spermosphere microbiome analyses was incubated 

successively in minimal media supplemented (or not) with glutamate. The results showed 

that soil samples treated with minimal media (M9) presented a very similar bacteria 

community composition (Fig. 5a) while soil samples treated with M9 supplemented with 

glucose, glucose + glutamate, and glucose + cysteine, presented high sample intra- and 

inter-variability (Fig. 5b). Therefore, the selective impact of glutamate on spermosphere 

microbiome composition was not apparent. Furthermore, it was observed that the addition 

of glucose, glutamate or cysteine led to a reduction of the relative abundance of the 

Actinobacteria as compared to the minimal medium and no specific and statistically 

significant effects of glutamate on the relative abundance of this phylum were found (Fig. 

S6).  

The dominant bacterial phylum in all treatments was Proteobacteria with several 

abundant bacterial families dominating the community. In the samples enriched with 

glutamate, cysteine and glucose, most of the Proteobacterial sequences belonged to the 

Pseudomonadaceae family, while in the treatment with minimal media (M9) most of 

Proteobacterial sequences were assigned to the Oxalobacteraceae family (Figs. S6a and 

b). The family Paenibacillaceae (Firmicutes) was also found enriched as a consequence 

of the different treatments, especially in the treatment with cysteine. The family 

Flavobacteriaceae was found enriched in all the samples of the glucose treatment and 

also in a few samples from the glutamate and cysteine treatments; and finally, the family 

Rhizobiaceae was found enriched in almost all the samples from all the treatments; 

however, this enrichment was very pronounced in some samples, while for other samples 

within the same treatment the enrichment was minimal. In conclusion, the effect of 

glutamate on the relative abundance of members of the Actinobacteria phylum was not 

resolved with the experimental design used in this study. 
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Fig. 5. Bacterial community structure of soil samples exposed to glutamate. To decipher the effect of 
glutamate on soil bacterial community assembly, four different treatments (n=4) were applied as follows: 

Soil enriched with M9 or minimal media (red boxes); soil enriched with cystein and glucose (yellow 
circles); soil enriched with glutamate and glucose (blue diamonds); and finally soil enriched with glucose 
alone (green triangles). Principal coordinate analysis of bray distances from MiSeq 16S sequence data were 
calculated, with (a) and without minimal media (M9) samples (b). 
  

 

 

 

 

 

 

 

 
 

Table 1. Bacterial genera from the core isolated through cultivation methods. 
Taxonomic classification and the number of isolates obtained are shown. 
 

 

 

Discussion  

In this study we characterized the spermosphere microbiome of wild and modern 

accessions of common bean grown in an agricultural soil from the Colombian highlands, 

a centre of common bean diversification. Firstly, we observed a spermosphere effect of 

seeds of wild and domesticated common bean accessions (Phaseolus vulgaris) on soil 

bacterial richness and evenness, represented by an overall lower bacterial diversity of the 

spermosphere compartment as compared to bulk soil. This reduction in bacterial diversity 

suggests that even during this short developmental stage, only 48 hours after sowing, a 

subset of soil bacterial taxa is enriched around the germinating bean seeds. This reduction 

in bacterial diversity in the spermosphere was also observed for plant species of the 

Brassicaceae family (Barret et al., 2015). Similarly, reduction of the bacterial richness 

has also been observed for the rhizosphere, the endosphere and the phyllosphere 

(Bulgarelli et al., 2015; Edwards et al., 2015; Ruiz-Pérez et al., 2016). The results of our 

study further showed that the domestication status has an impact, albeit subtle, on the 
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(Bulgarelli et al., 2015; Edwards et al., 2015; Ruiz-Pérez et al., 2016). The results of our 

study further showed that the domestication status has an impact, albeit subtle, on the 
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spermosphere microbiome composition of common bean. These results confirm and 

extend earlier observations we made for the rhizosphere microbiome of common bean 

(Pérez-Jaramillo et al. 2017). For wild and modern common bean accessions, the genera 

Bacillus, Burkholderia-Paraburkholderia, Rhizobium, Massilia, Lysobacter, 

Paenarthrobacter, Luteimonas, Ramlibacter and Paenibacillus were enriched as 

compared to bulk soil samples. The genera Bacillus and Paenibacillus have been 

described as colonizers of common bean seeds (López-López et al., 2010). Also the genus 

Lysobacter is common in agricultural soils (Puopolo et al. 2018) and known by its ability 

to produce a diverse set of secondary metabolites with antimicrobial properties that may 

aid in the control of soil-borne pathogens (Hayward et al., 2010; de Bruijn et al., 2015; 

Gómez-Expósito et al., 2015). Finally, the genera Luteimonas and Ramlibacter have also 

been found associated with different plant compartments (Pfeiffer et al., 2016; Wemheuer 

et al., 2017), however, their role as spermosphere abundant taxa remains to be elucidated. 

The most remarkable difference was the higher relative abundance of several 

Actinobacterial families in the spermosphere of modern bean accessions as compared to 

soil. At genus level, these differences in Actinobacterial taxa were mainly explained by a 

higher abundance of Pseudarthrobacter, Paenarthrobacter and Streptomyces. The genera 

Pseudarthrobacter and Paenarthrobacter, formerly classified within the genus 

Arthrobacter, are commonly found as natural soil inhabitants (Busse, 2016). Similarly, 

the genus Streptomyces is recognized as a conspicuous soil bacteria, many species within 

the genus are part of the plant microbiome and several strains have been reported as plant 

growth-promoting and effective biocontrol bacteria (Manteca and Sanchez, 2009; Viaene 

et al., 2016).  

To what extent, seed endophytic bacteria (Berg and Raaijmakers, 2018) contributed to 

the genotype-dependent effect on the spermosphere bacterial microbiome composition is 

not yet known. The bacterial phyla Proteobacteria, Firmicutes and Actinobacteria have 

 
 

been found as the main seed-associated bacteria for several plant species as well as 

diverse taxa within the fungal classes Dothideomycetes and Tremellomycetes (López-

Velasco et al., 2013; Barret et al., 2015; Klaedtke et al., 2015; Rybakova et al., 2017). 

Bacillus and Paenibacillus have been also described as seed endophytic (López-López et 

al., 2010). Their high abundance in the spermosphere microbiome as compared to bulk 

soil may suggest that these seed endophytic bacteria rapidly colonized the spermosphere 

after imbibition, or that soil populations rapidly colonized the carbon rich spermosphere 

compartment. The first hypothesis is supported by the low abundances of both genera in 

bulk soil samples as well as by their very low abundances in rhizosphere samples (Pérez-

Jaramillo et al., 2017). Most of these microbes are alive, and once the seed germinates, 

actively colonize the protruding seedling (López-Velasco et al., 2013; Adam et al., 2016). 

Under axenic conditions, the seed microbiome and the spermosphere microbiome might 

share a significant proportion of these endophytic microbial taxa. However, when the 

seed germinates in soil, the spermosphere microbiome is mainly composed by soil 

bacteria (Buyer et al., 1999). Although the impact of endophytic communities on 

spermosphere microbiome composition was not evaluated experimentally in our study, 

we postulate that the spermosphere compartment of common bean is colonized primarily 

by a subset of soil bacteria and that a small contribution of the endophytic microbiome 

may reinforce genotype-specific effects of the seeds on the spermosphere microbiome. 

The pairwise comparison of the bacterial abundances in the spermosphere of wild and the 

modern common bean accessions showed that Actinobacterial families and genera were 

enriched in modern common bean. Despite that Actinobacteria is commonly found 

associated with plants, it is yet unclear why the association was more prominent with the 

spermosphere of modern bean. In a recent meta-analysis, we described that rhizospheres 

of wild plant species are enriched in Bacteroidetes, while Proteobacteria and 

Actinobacteria are enriched in the rhizosphere of modern plant cultivars (Pérez-Jaramillo 
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extend earlier observations we made for the rhizosphere microbiome of common bean 
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aid in the control of soil-borne pathogens (Hayward et al., 2010; de Bruijn et al., 2015; 
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et al., 2016).  

To what extent, seed endophytic bacteria (Berg and Raaijmakers, 2018) contributed to 

the genotype-dependent effect on the spermosphere bacterial microbiome composition is 

not yet known. The bacterial phyla Proteobacteria, Firmicutes and Actinobacteria have 

 
 

been found as the main seed-associated bacteria for several plant species as well as 

diverse taxa within the fungal classes Dothideomycetes and Tremellomycetes (López-

Velasco et al., 2013; Barret et al., 2015; Klaedtke et al., 2015; Rybakova et al., 2017). 

Bacillus and Paenibacillus have been also described as seed endophytic (López-López et 

al., 2010). Their high abundance in the spermosphere microbiome as compared to bulk 
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after imbibition, or that soil populations rapidly colonized the carbon rich spermosphere 

compartment. The first hypothesis is supported by the low abundances of both genera in 

bulk soil samples as well as by their very low abundances in rhizosphere samples (Pérez-

Jaramillo et al., 2017). Most of these microbes are alive, and once the seed germinates, 

actively colonize the protruding seedling (López-Velasco et al., 2013; Adam et al., 2016). 

Under axenic conditions, the seed microbiome and the spermosphere microbiome might 

share a significant proportion of these endophytic microbial taxa. However, when the 

seed germinates in soil, the spermosphere microbiome is mainly composed by soil 

bacteria (Buyer et al., 1999). Although the impact of endophytic communities on 

spermosphere microbiome composition was not evaluated experimentally in our study, 

we postulate that the spermosphere compartment of common bean is colonized primarily 

by a subset of soil bacteria and that a small contribution of the endophytic microbiome 

may reinforce genotype-specific effects of the seeds on the spermosphere microbiome. 

The pairwise comparison of the bacterial abundances in the spermosphere of wild and the 

modern common bean accessions showed that Actinobacterial families and genera were 

enriched in modern common bean. Despite that Actinobacteria is commonly found 

associated with plants, it is yet unclear why the association was more prominent with the 

spermosphere of modern bean. In a recent meta-analysis, we described that rhizospheres 

of wild plant species are enriched in Bacteroidetes, while Proteobacteria and 

Actinobacteria are enriched in the rhizosphere of modern plant cultivars (Pérez-Jaramillo 
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et al., 2018). As a possible explanation we previously proposed that both Actinobacteria 

and Proteobacteria may benefit more from the type and/or quantity of exudates that 

modern plants release (Pérez-Jaramillo et al., 2018). High competition for resources and 

space occurs within the spermosphere, and only microorganisms with traits for successful 

spermosphere competence may succeed. In this sense, fast-growing copiotrophic taxa 

possess a competitive advantage in the spermosphere compartment as compared to other 

resident soil bacteria (Lemanceau et al., 2017). In the bean spermosphere microbiome, a 

significant increase in members of the bacterial phyla Proteobacteria, Firmicutes and 

Bacteroidetes were observed. These groups have been associated with a copiotrophic life 

strategy (Fierer et al., 2007; Uksa et al., 2015; Ho et al., 2017). Conversely, Chloroflexi, 

Plactomycetes, Acidobacteria and Verrucomicrobia, generally regarded as oligotrophs 

(Ho et al., 2017), were significantly overrepresented in bulk soil samples. The most 

abundant genera in the core microbiome of the bean spermosphere belonged to the 

phylum Proteobacteria, represented by the genera Sphingomonas, Burkholderia-

Paraburkholderia, Bradyrhizobium, Massilia and Rhizobium. The genus Sphingomonas 

has been reported as part of the core microbiome of the roots and phyllosphere of other 

plant species (Chen et al., 2018; Hamonts et al., 2018). The genus Paraburkholderia, also 

part of the core, is a recent genus that includes former non-pathogenic environmental 

Burkholderia (Eberl and Vandamme, 2016). This genus has been found associated with 

legume plants as nitrogen fixing bacteria and also was found as the predominant genus 

within the nodules of common bean plants grown in natural soils (Dall’Agnol et al., 

2016). The occurrence of Paraburkholderia in the core spermosphere microbiome of 

common bean, together with Bradyrhizobium and Rhizobium, which are bacterial genera 

commonly associated with common bean nodules (Aguilar et al., 2004; Wang et al., 

2016), suggests that bacterial genera with nitrogen fixing capabilities are actively 

recruited to the bean spermosphere compartment, irrespective of the domestication status. 

 
 

Finally, the genus Massilia has been found colonizing seeds and roots of several plant 

species, and several beneficial traits related with biological control have been described, 

such as the production of siderophores and extracellular lytic enzymes (Ofek et al., 2012). 

In synthesis, we postulate that the main taxa in the spermosphere core microbiome of 

common bean are copiotrophic bacteria that may use seed exudates as a carbon source, 

can establish symbiotic associations with the plant and have the potential to inhibit soil-

borne plant pathogens.  

In the original definition by Onorato Verona (1958), the spermosphere is regarded as a 

zone of intense microbial activity around a germinating seed, as a result of carbon 

deposition (Nelson, 2004). Therefore, the spermosphere microbiome assembly relies, at 

least in part, on the composition of the seed exudates released by seeds during germination 

(Lemanceaeu et al., 2017). For roots, differences on exudation profiles between wild and 

modern plant genotypes have been already reported. For instance, wild and primitive 

genotypes of wheat showed differences in root exudation as compared to modern wheat 

varieties. Accordingly, higher contents of fructose, galactose and myo-inositol were 

observed in wild and primitive genotypes, while higher contents of isomaltose, sucrose, 

hexadecanoic acid, octadecanoic acid and 1-octaconasol were detected in modern wheat 

varieties (Iannucci et al., 2017). In this study we observed that common bean seeds 

released several amino acids, organic acids and sugars during imbibition and germination. 

The main difference in seed exudation profiles between wild and modern accessions was 

related with the quantity of the compounds released by the seed. We observed higher 

quantities of various exudate constituents by the modern accession M5 as compared to 

wild accession A2. It is important to emphasize that the collection of seed exudates was 

performed in vitro, while the characterization of the spermosphere microbiome was 

performed directly in soil. The exudate composition observed for the two accessions after 

48 hours may not directly correspond to the exudate composition in the soil after the same 
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and Proteobacteria may benefit more from the type and/or quantity of exudates that 
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part of the core, is a recent genus that includes former non-pathogenic environmental 

Burkholderia (Eberl and Vandamme, 2016). This genus has been found associated with 

legume plants as nitrogen fixing bacteria and also was found as the predominant genus 

within the nodules of common bean plants grown in natural soils (Dall’Agnol et al., 

2016). The occurrence of Paraburkholderia in the core spermosphere microbiome of 

common bean, together with Bradyrhizobium and Rhizobium, which are bacterial genera 

commonly associated with common bean nodules (Aguilar et al., 2004; Wang et al., 

2016), suggests that bacterial genera with nitrogen fixing capabilities are actively 

recruited to the bean spermosphere compartment, irrespective of the domestication status. 

 
 

Finally, the genus Massilia has been found colonizing seeds and roots of several plant 

species, and several beneficial traits related with biological control have been described, 

such as the production of siderophores and extracellular lytic enzymes (Ofek et al., 2012). 

In synthesis, we postulate that the main taxa in the spermosphere core microbiome of 

common bean are copiotrophic bacteria that may use seed exudates as a carbon source, 

can establish symbiotic associations with the plant and have the potential to inhibit soil-

borne plant pathogens.  

In the original definition by Onorato Verona (1958), the spermosphere is regarded as a 

zone of intense microbial activity around a germinating seed, as a result of carbon 

deposition (Nelson, 2004). Therefore, the spermosphere microbiome assembly relies, at 

least in part, on the composition of the seed exudates released by seeds during germination 

(Lemanceaeu et al., 2017). For roots, differences on exudation profiles between wild and 

modern plant genotypes have been already reported. For instance, wild and primitive 

genotypes of wheat showed differences in root exudation as compared to modern wheat 

varieties. Accordingly, higher contents of fructose, galactose and myo-inositol were 

observed in wild and primitive genotypes, while higher contents of isomaltose, sucrose, 

hexadecanoic acid, octadecanoic acid and 1-octaconasol were detected in modern wheat 

varieties (Iannucci et al., 2017). In this study we observed that common bean seeds 

released several amino acids, organic acids and sugars during imbibition and germination. 

The main difference in seed exudation profiles between wild and modern accessions was 

related with the quantity of the compounds released by the seed. We observed higher 

quantities of various exudate constituents by the modern accession M5 as compared to 

wild accession A2. It is important to emphasize that the collection of seed exudates was 

performed in vitro, while the characterization of the spermosphere microbiome was 

performed directly in soil. The exudate composition observed for the two accessions after 

48 hours may not directly correspond to the exudate composition in the soil after the same 
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time, and in consequence a particular spermosphere microbiome composition may not be 

the consequence of a particular set of exudates detected in vitro. This may have affected 

the results of the assay in which soil was treated with different amino acids minimal media 

and glucose as a carbon source. As glutamate was the most abundant amino acid released 

by modern bean accessions in vitro, and Actinobacterial taxa were significantly more 

abundant in the spermosphere microbiome, we hypothesized that glutamate could have a 

positive effect on the abundance of actinobacterial taxa. What we observed was that the 

Phylum Actinobacteria responded negatively to the treatments, while Proteobacteria and 

to a lesser extent Firmicutes, responded positively. Most probably, the concentration of 

glucose was optimal for the growth of competitive and fast growing taxa within 

Proteobacteria and Firmicutes. In order to accurately evaluate the effect of glutamate on 

soil bacterial communities, an optimization of glucose and amino acid levels in the culture 

media is needed. Furthermore, it is pivotal to validate whether glutamate is also a more 

abundant seed exudate in the spermosphere of modern accessions germinating in soil.  

Finally, 66.6% of the genera identified as part of the core spermosphere microbiome were 

succesfully isolated by common culture-dependent methods. Furthermore, it was possible 

to match MiSeq V3-V4 metagenome sequence data with the V1-V4 sequence data from 

the isolate collection (Table S1). This isolate repository will be tested in future 

experiments, either alone or in consortia, for their ability to colonize the spermosphere of 

common bean accessions and to utilize specific exudate components as well as for their 

effects on growth and health of common bean. 

 

Conclusions 

The spermosphere is an active and dynamic compartment that, despite its short duration, 

can impact the diversity and abundance of soil bacterial communities. A subtle but 

significant effect of the domestication of common bean was revealed in the spermosphere 

 
 

microbiome composition, where modern accessions showed a higher abundance of 

several Actinobacterial taxa. The spermosphere core microbiome was composed of 

several copiotrophic bacteria, with several bacteria capable of fixing nitrogen. 

Additionally, several taxa within the core spermosphere microbiome have been reported 

as plant growth promoting bacteria and with biocontrol activities. Several bacterial genera 

found in the core were isolated through culture-dependent methods and the resulting 

bacterial repository will be the basis for future experiments to validate their differential 

ability to colonize the spermosphere of wild and modern bean accessions. Finally, it was 

not possible to validate in vitro the role of glutamate, which was the most abundant amino 

acid detected in seed exudates of the modern bean accession M2. Optimization of the 

culture media and glucose levels is needed in order to accurately determine the selective 

impact of glutamate on soil bacterial communities, especially for Actinobacterial taxa. 
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Supplementary materials 

 

 

 

Fig. S1. Differential abundance of bacterial phyla in spermosphere and bulk soil samples. Extended 
error bar plots showing differentially abundant phyla between (a) the spermosphere microbiome of 
ancestral and (b) modern common bean accessions and bulk soil samples. Welch’s t-tests followed by BH 

corrections were performed between merged spermosphere samples by domestication status and bulk soil 
samples. Only differentially abundant Phyla are shown. 

 

 

 

 
 

 

 

 

Fig. S2. Differential abundance of bacterial families in the spermosphere of ancestral common bean 

and bulk soil samples. Extended error bar plots showing differentially abundant families between the 
spermosphere microbiome of ancestral common bean accessions and bulk soil samples. Welch’s t-tests 
followed by BH corrections were performed. Only differentially abundant families are shown.  
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Fig. S2. Differential abundance of bacterial families in the spermosphere of ancestral common bean 

and bulk soil samples. Extended error bar plots showing differentially abundant families between the 
spermosphere microbiome of ancestral common bean accessions and bulk soil samples. Welch’s t-tests 
followed by BH corrections were performed. Only differentially abundant families are shown.  
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Fig. S3. Differential abundance of bacterial families in the spermosphere of modern common bean 
and bulk soil samples. Extended error bar plots showing differentially abundant families between the 

spermosphere microbiome of modern common bean accessions and bulk soil samples. Welch’s t-tests 
followed by BH corrections were performed. Only differentially abundant families are shown.  

 

 
 

 

Fig. S4. Differential abundance of bacterial genera in the spermosphere of ancestral common bean 

and bulk soil samples. Extended error bar plots showing several differentially abundant genera between 
the spermosphere microbiome of ancestral common bean accessions and bulk soil samples. Welch’s t-tests 
followed by BH corrections were performed.  
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followed by BH corrections were performed. Only differentially abundant families are shown.  

 

 
 

 

Fig. S4. Differential abundance of bacterial genera in the spermosphere of ancestral common bean 

and bulk soil samples. Extended error bar plots showing several differentially abundant genera between 
the spermosphere microbiome of ancestral common bean accessions and bulk soil samples. Welch’s t-tests 
followed by BH corrections were performed.  
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Fig. S5. Differential abundance of bacterial genera in the spermosphere of modern common bean 
and bulk soil samples. Extended error bar plots showing several differentially abundant genera between 

the spermosphere microbiome of modern common bean accessions and bulk soil samples. Welch’s t-tests 
followed by BH corrections were performed.  
 
 
 

 

 
 

 

Fig. S6. Phylogenetic tree of bacterial strains isolated from common bean spermosphere. The four 
bacterial phyla identified are shown with colors within the tree. Additionally, the number of genera and 
isolates per bacterial phyla are indicated. 
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Fig. S7. Bar graphs of the most abundant phylum and families in soil under treatment with different 

amino acids minimal media and glucose. T1 (minimal media treatment) consisted of M9 minimal media 
as a control treatment; T2 (glutamate treatment) consisted of M9 minimal media, 10 mM of glutamate, 1 
mM of MgSO4, and glucose 20%; T3 (glucose treatment) consisted of M9 minimal media, 1 mM of MgSO4, 
and glucose 20%; and T4 (cysteine treatment) consisted of M9 minimal media, 10 mM of cysteine, 1 mM 
of MgSO4, and glucose 20%. The numbers following the treatment correspond to the replicate number. 

 

 

 

 
 

Table S1. Match of MiSeq V3-V4 spermosphere data and the V1-V4 Sequences from 
the isolate collection. Taxonomic classification, the number of reads obtained with 
MiSeq sequencing, and the number of isolates retrieved per OTU_ID is shown. 
 

 

 

 

 

 

 

 

 

 

 

*With MiSeq/Sanger matched with several OTUs: OTU_10611,OTU_11077 and OTU_5. 
**Not available in the collection     
***With MiSeq/Sanger  as: Sphingomonadaceae; Sphingomonas.   
****With MiSeq/Sanger as: Sphingomonadaceae; Novosphingobium.   
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The interactions between plants and microorganisms and the consequences of these 

interactions for plant growth and health have promoted a field of intense research. 

Currently, it is known that the plant-associated microbiome can provide a plethora of 

beneficial services, such as disease suppression, induction of systemic resistance, 

enhanced nutrient acquisition and increased tolerance to biotic and abiotic stresses 

(Mendes et al., 2011; Berendsen et al., 2018; Carrión et al., 2018; Hassani et al., 2018). 

Several root physiological characteristics and spatio-temporal differences in root 

exudation profiles have been shown to structure, at least in part, the rhizosphere 

microbiome (Jones et al., 2009; Sasse et al., 2017). To date, however, little is known on 

if and how plant domestication and the loss of genetic diversity affected the ability of 

plants to successfully assemble a beneficial microbiome in the rhizosphere and 

endosphere. The overall aims of my thesis were to i) assess the effect of domestication of 

common bean (Phaseolus vulgaris) on rhizosphere and spermosphere microbiome 

diversity and structure; ii) link specific root architectural traits and exudation profiles to 

the abundance of specific bacterial groups, and iii) evaluate how habitat expansion 

impacted rhizosphere microbiome assembly of common bean. In this chapter, I discuss 

the major results obtained as well as the different future research avenues. 

 

Revisiting the impact of plant domestication on microbiome composition 

It is well stablished that plant domestication and subsequent improvement of crop 

cultivars by genetic breeding caused phenotypic, genomic and metabolic changes which 

enabled humans to use several plant species for consumption and large-scale food 

production (Flint-García, 2013; Abbo et al., 2014; Smýkal et al., 2018). Many of these 

changes were accompanied by other inadvertent effects, such as the reduction in the 

genetic diversity of domesticated crop cultivars (Doebley et al., 2006) and the reduced 

ability of the domesticated crops to cope with herbivorous insects (Chen et al., 2015). 

 
 

Regarding the impact of plant domestication on symbiotic associations between plants 

and soil microbes, it has been shown that mycorrhizal and rhizobial interactions were, in 

some cases, undermined (Hetrick et al., 1992; Kiers et al., 2007; Lehmann et al., 2012; 

Sangabriel-Conde et al., 2015; Ellouze et al., 2018; Chapter 2). To date, however, the 

effect of plant domestication on the vast majority of microbes that live in the 

spermosphere, rhizosphere, phyllosphere or endosphere is largely unknown. The first 

attempts to unveil the impact of domestication on root and rhizosphere microbial 

communities were performed through culture-dependent methods. For instance, Germida 

and Siciliano (2001) showed that the rhizosphere bacterial community of ancient 

landraces of wheat was more diverse than that of two modern wheat cultivars. Similarly, 

characterization of the endophytic bacteria in stems and roots of wild and cultivated rice 

showed that the number of diazotrophic endophytes was higher in wild rice than in 

cultivated rice (Engelhard et al, 2000; Koomnok et al, 2007). Subsequent profiling of 

rhizospheric bacterial and fungal communities of the wild relative of maize, Zea mays 

subsp. parviglumis (Balsas teosinte) and two domesticated maize cultivars showed that 

several bacterial diversity indices were higher for teosinte than for the domesticated 

cultivars (Szoboszlay et al., 2015). Recently, with the advent of high throughput (HTP) 

sequencing technologies, the taxonomic diversity of plant-associated microbiomes of 

several wild and modern cultivars have been determined. Most of these studies showed 

that the α-diversity of the plant-associated microbiomes was similar for domesticated and 

wild plant species (Bulgarelli et al., 2015; Cardinale et al., 2015; Shenton et al., 2016; 

Chaluvadi and Bennetzen, 2018). Nevertheless, in a study with Agave species, cultivated 

species showed a lower prokaryotic diversity than the two wild species (Coleman-Derr et 

al., 2016). Also in a study with rice, wild species showed the highest diversity of root-

associated bacteria as compared to modern rice (Tian et al., 2017). Remarkably, it has 

been repeatedly found that the structure of the microbial communities associated with 
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wild and cultivated plant species diverges as well as the abundance of certain microbial 

groups, which responded differently depending on the domestication status of the plant: 

in many cases, the abundance of certain taxa was reduced or augmented in 

domesticated/wild plants. Studies conducted with sugar beet (Zachow et al., 2014), barley 

(Bulgarelli et al., 2015) and lettuce (Cardinale et al., 2015) showed an enrichment of 

members of the Bacteroidetes in the rhizosphere of the wild relatives as compared to their 

domesticated counterparts (Chapter 5). Similarly, the bacterial genera Flavobacterium 

and Pedobacter, both from the Bacteroidetes phylum, were enriched in wild rice as 

compared to cultivated rice (Tian et al., 2017). For the rhizosphere of wild rice, the study 

by Shenton et al. (2016) further revealed an enrichment of bacterial taxa of the 

Anaerolineae and Nitrospirae families and a depletion of Saprospirae taxa as compared 

to rhizosphere of domesticated rice (Shenton et al., 2016). A differential abundance of 

root and rhizosphere bacterial taxa was also observed for foxtail millet (Setaria italica) 

and its wild ancestor green foxtail (S. viridis): while Gammaproteobacteria, 

Deltaproteobacteria and Firmicutes were enriched in the rhizosphere of the wild ancestor, 

Alphaproteobacteria was enriched in the rhizosphere of foxtail millet (Chaluvadi and 

Bennetzen, 2018). In contrast, Leff et al. (2016) did not observe a significant effect of the 

sunflower genotype on the assembly of rhizosphere bacterial communities but did find 

effects on fungal rhizosphere community composition. Accordingly, it was observed that 

unclassified Chaetomiaceae, Olpidium and Mortierella spp. had higher relative 

abundances in wild sunflower while modern sunflower accessions had higher relative 

abundaces of Pleosporales, Preussia spp., unclassified Thelebolaceae, Fusarium spp., 

and Conocybe spp. (Leff et al., 2016). In summary, there is an increasing number of 

studies that have shown a significant impact of plant domestication on the rhizosphere 

microbiome composition. To what extent plant phenotypic, genotypic and physiological 

 
 

alterations caused by domestication have contributed to these microbiome changes is yet 

unknown.  

 

Phaseolus vulgaris domestication and its impact on microbiome assembly  

In this thesis common bean was used as a plant ‘model’ to assess the impact of 

domestication on the diversity of root- and seed-associated bacterial communities. 

Common bean (Phaseolus vulgaris L.) is a very important legume crop, grown worldwide 

in a broad range of environmental conditions (Broughton et al., 2003). Common bean is 

a good source of protein, carbohydrate and micronutrients and represents the basis of 

subsistence economy for low income farmers in developing countries (Akibode and 

Maredia, 2011; CGIAR, 2013). Initially, using an agricultural soil collected in the 

Colombian highlands, I assessed the rhizosphere bacterial assembly and characterized 

root phenotypic traits of wild and modern common bean accessions. In summary, we 

observed a higher relative abundance of Bacteroidetes, mainly Chitinophagaceae and 

Cytophagaceae, in the rhizosphere of wild bean accessions and an increase in relative 

abundance of Actinobacteria and Proteobacteria in the rhizosphere of modern bean 

accessions. It was also possible to associate the divergences in rhizobacterial community 

composition between wild and modern bean accessions with differences in root 

morphological traits. Wild common bean accessions showed significantly higher specific 

root length (SRL) values as compared to modern bean accessions. Subsequently, it was 

shown that the SRL explained a significant portion of the variability in rhizosphere 

microbiome observed, specifically the abundance of families from the phylum 

Bacteroidetes (Chapter 3). Therefore we concluded that the higher relative abundance of 

the families Chitinophagaceae and Cytophagaceae in wild common bean accessions is 

explained, at least in part, by the higher SRL displayed by these accessions. It has been 

postulated that a high SRL may provide a higher efficiency of water search and uptake, 
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traits that in wild beans may be pivotal to prosper and survive in dry native habitats (Toro, 

1990; Comas et al., 2013). The number of nodules also explained a small portion of the 

total variability, and it was specifically related with subtle dissimilarities between the two 

wild bean accessions A1 and A2. For the legume plant Lotus japonicus, key symbiotic 

genes were shown to play a major role in the assembly of bacterial communities in root 

and rhizosphere compartments (Zgadzaj et al., 2016). Whether the symbiotic plant-

microbe associations are also structuring forces of the rhizobacterial community structure 

in common bean remains to be investigated.  

 

Using the same computational pipeline for processing 16S raw data from several studies, 

higher relative abundances of members of the phylum Bacteroidetes were also found for 

wild relatives of several other crop species, whereas the rhizosphere of domesticated plant 

accessions was more enriched in members of the Actinobacteria and Proteobacteria phyla 

(Chapter 5). Why Bacteroidetes are relatively more abundant in the root and rhizosphere 

compartments of wild relatives of various plant species is yet unknown. We hypothesized 

that their prevalence in the root compartments of wild plant species may be a phylogenetic 

signal associated with the presence of complex biopolymers in their root exudates. 

Differences in plant root exudates and root architecture between crop plants and their wild 

relatives may be the pivotal drivers of rhizospheric interactions (Saleem et al., 2018; 

Sasse et al., 2018). However, very little is known about the differences in exudation 

profiles between wild and modern plant genotypes. For wheat, it was shown that a modern 

variety exuded three to five times more “simple” sugars (mainly fructose, glucose, and 

maltose) than an ancient wheat cultivar under stress conditions (Shaposhnikov et al., 

2016). Also for wheat higher contents of fructose, galactose and myo-inositol were 

observed in wild and primitive genotypes, while higher contents of isomaltose, sucrose, 

hexadecanoic acid, octadecanoic acid and 1-octaconasol were detected in modern wheat 

 
 

varieties (Iannucci et al., 2017). Similarly, it is known that several wild plant species 

present differences in root architectural traits, such as root density and SRL, as compared 

to modern cultivars (Martín-Robles et al., 2015). However, very little is yet known about 

differences in seed and root exudation profiles as well as root morphological traits 

between wild relatives and modern cultivars of other plant species. Recent metabolomics 

techniques and analyses can be used to accurately determine the composition of exudates 

released by wild relatives and their modern counterparts, including targeted and 

nontargeted approaches. In this way, both known and unknown molecules can be captured 

to expand the catalogue of compounds released by plant seeds and roots.  

 

Domestication not only encompasses changes in plant genetics and physiology but also 

involves habitat expansion and agricultural management. To begin to understand how 

these domestication factors affect the rhizosphere microbiome, the bean accessions were 

grown in a native and an agricultural soil from the Colombian highlands (Chapter 4). In 

general, the results indicated that the transition of common bean from a native soil to an 

agricultural soil led to a gain of rhizobacterial diversity and led to a stronger bean 

genotype-dependent effect on rhizosphere microbiome assembly. A core rhizosphere 

microbiome was identified and mainly consisted of genera from the Proteobacteria 

phylum, in particular Rhizobium, Bradyrhizobium, Mesorhizobium, Burkholderia, 

Novosphingobium and Sphingomonas. A significant portion of this common bean core 

microbiome is composed of bacterial genera with nitrogen fixing capabilities, an 

important feature of microbes associated with leguminous plant species. For other non-

leguminous plant species, these bacterial genera are also members of the core rhizosphere 

microbiome (Peiffer et al., 2013; Yeoh et al., 2016; 2017), suggesting a homogenization 

of rhizobacterial diversity of plants grown in different agricultural landscapes. Co-

occurrence analyses further showed a reduction in complexity of the interactions going 
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from native to agricultural soil. Based on these results I concluded that rhizobacterial 

community assembly for common bean grown in agricultural soil is less complex and 

more modular than for common bean in native soil, making it relatively more easy for a 

given soil bacterial species to invade and establish in the rhizosphere of bean plants grown 

in agricultural soils.  

 

For the spermosphere, we observed a decrease of α-diversity for all bean accessions as 

compared to bulk soil, which resembles the reduction in diversity revealed for other plant 

compartments (Bulgarelli et al., 2015). Proteobacteria, Actinobacteria and Firmicutes 

were enriched in the bean spermosphere and small but significant differences in β-

diversity were detected between the spermosphere microbiomes of wild and modern 

accessions. These results suggested a domestication effect on microbiome assembly 

already at this early developmental stage of common bean. Exudation profiles showed 

that the spermosphere of a modern bean accession contained higher levels of glutamate 

and glutamine as compared to a wild bean accession. Therefore an in vitro assay was 

performed to evaluate whether glutamate exerts a selective effect on the abundance of 

families from the Actinobacteria phylum. Although a strong impact on microbiome 

composition was observed, it was not possible to observe a clear trend towards specific 

bacterial taxa consistently enriched by the amino acid treatment. More specifically, the 

addition of glucose, glutamate or cysteine led to a reduction of the relative abundance of 

the Actinobacteria as compared to the minimal medium. Statistically significant effects 

of glutamate on the relative abundance of this phylum were not found. In order to 

accurately evaluate the effect of glutamate on soil bacterial communities, an optimization 

of glucose and amino acid levels in the culture media is needed. Furthermore, it is pivotal 

to validate whether glutamate is also a more abundant seed exudate in the spermosphere 

of modern accessions germinating in soil.  

 
 

Common ground and next steps in plant microbiome research 

In this thesis I aimed to decipher the impact of plant domestication on the spermosphere 

and rhizosphere microbiome composition of common bean. In an effort to go a step 

further I tried to link those particular assemblies with plant genotypic and phenotypic 

traits, in particular root phenotypic traits and specific exudates of wild and modern 

accessions of common bean (Chapters 3 and 6). Several exudates and hormones such as 

malic acid (Lakshmanan et al., 2012), citric acid (Zhang et al., 2014), salicylic acid 

(Lebeis et al., 2015; Berendsen et al., 2018), ferulic acid (Beckers et al., 2016), coumarins 

(Stringlis et al., 2018) as well as plant emitted volatile organic compounds (Rasmann et 

al., 2005; Schulz-Bohm et al., 2018) have been proposed as modulators of plant 

microbiome assembly. In a recent study, root exudates collected from Avena barbata 

were used to grow in vitro several typically rhizosphere-associated bacterial isolates and 

the authors observed a preference of these bacteria for consumption of aromatic organic 

acids such as nicotinic, shikimic, salicylic, cinnamic and indole-3-acetic (Zhalnina et al., 

2018). In this thesis, it was observed that modern accessions of common bean showed 

higher exudation of the amino acid glutamate and I tried to link the higher abundance of 

this amino acid with the abundance of Actinobacterial families (Chapter 6). Despite these 

efforts, and that several exudates have been proposed as pivotal microbial regulators, 

validation that the exudate is produced and released into the soil by plant roots is required. 

Most exudate characterizations are performed in hydroponic or in vitro systems, without 

taking into account the possible impact of soil structure and texture on exudation profiles. 

In soil, root exudates are rapidly catabolized by microorganisms in the rhizoplane and the 

rhizosphere. Therefore, the first step would be to use specific devices such as 

microsuction cups to sample root exudates directly from plant roots growing in soil 

(Dessureault-Rompré et al., 2006; Eisenhauer et al., 2017). Subsequently, it is important 

to use both targeted and untargeted metabolite analyses (Bingol, 2018) in order to 
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characterize the broad range of root exudates, beyond the already known sugars, organic 

acids and amino acids that are commonly determined.  

Similarly, the influence of root architecture and particular root physiological traits on 

microbiome assembly is still largely unknown. In this thesis, I linked the specific root 

length of wild common bean accessions with the abundance of the bacterial families 

Chitinophagaceae and Cytophagaceae from the Bacteroidetes Phylum. However, the 

mechanism(s) underlying the significant association of these Bacteroidetes families with 

roots of wild common bean was beyond the reach of the experimental setup used in this 

thesis. Differences in root morphological traits were also described for maize, and the 

root system of teosinte, which is the maize ancestor, had proportionally more fine 

(diameter < 0.03 mm) roots than modern varieties and it developed the highest root to 

shoot dry weight ratio (Szoboszlay et al., 2015). Thinner roots may provide a higher 

efficiency of water search and uptake, characteristics that are of pivotal importance in dry 

periods (Comas et al., 2013). How these root phenotypic traits affect the recruitment and 

colonization of microbes is largely unknown (Saleem et al., 2018). Additionally, most 

root phenotyping methods are based on seedling plants, and the extrapolation of this data 

to predict the architecture of a mature root system is problematic (Zhao et al., 2017). 

Therefore, the first step to decipher the effect of root architectural traits on microbiome 

assembly is to perform phenotyping of root systems in rhizotrons suitable for plant growth 

in controlled conditions and non-invasive image acquisition of root systems (RhizoTubes) 

(Jeudy et al., 2016). Subsequently, and using the same phenotyping system, sampling of 

specific root regions, such as root tips, lateral roots and mature root zones, should be 

performed to get a better insight into the spatial distribution of root microbiomes. 

Characterization of microbial communities through metataxonomic and metagenomic 

approaches associated with these regions, in plants grown expressing their natural root 

 
 

plasticity, can unveil the diversity and functional repertoire of microbes as a function of 

root phenotypic traits.  

 

The core microbiome and the search for heritable traits  

In this thesis we also aimed to find bacterial taxa differentially abundant in wild common 

bean and in modern accessions. Additionally, we looked for a particular set of microbes 

that could be part of a microbial core. Accordingly, we found that the bacterial genera 

Rhizobium, Bradyrhizobium, Mesorhizobium, Sphingomonas, and Streptomyces were 

part of highly abundant taxonomic core that was shared by all eight bean accessions in 

the agricultural and in the native soils tested in this thesis. A significant portion of the 

core was composed of bacterial genera with nitrogen fixing capabilities. Several studies 

have also characterized the core microbiome for other non-leguminous plant species and 

the same rhizobacterial genera that made part of the common bean core were found as 

abundant core members (Peiffer et al., 2013; Yeoh et al., 2016; 2017; Chen et al., 2018; 

Walters et al., 2018). Recently, it has been proposed that core microorganisms may help 

organizing the assembly of resident plant-associated microbiomes within and around host 

plants (Toju et al., 2018). In the same perspective paper, it was proposed that one strategy 

for plant microbiome management is the core reinforcement strategy. Briefly, it is 

proposed that co-inoculations of core microbes with complementary roles may help 

increase plant physiological homeostasis, promoting stable establishment of late 

colonizing microorganisms (Toju et al., 2018). In this sense, future research needs to 

focus on the isolation and functional characterization of microbial species that are part of 

the core, and on the evaluation of how the re-introduction of these core microbiome 

members helps plants to overcome biotic and abiotic stresses. For common bean, I 

managed to establish an initial bacterial collection that was highly representative for the 

dominant taxa identified in the core spermosphere. These results suggest that a substantial 
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proportion (66.6%) of the bacteria detected as part of the core microbiome by NGS, 

presenting relative abundances higher than 0.5%, are indeed culturable contradicting the 

old paradigm that only 1-5% of the microbes detected in soil and plant-associated 

environments is culturable. 

 

Finally, the search for heritable plant traits that can be exploited in breeding strategies is 

one of the main priorities in present and future plant microbiome research. One of the 

first attempts to identify plant traits and genes involved in beneficial interactions with soil 

microorganisms was done using recombinant inbred line (RIL) populations, derived from 

a cross between a cultivated tomato and a wild tomato relative (Smith et al., 1999). In 

that study, it was shown that three quantitative trait loci (QTL) were associated with 

disease suppression by the biocontrol strain Bacillus cereus UW85, and three other QTL 

were associated with the growth of B. cereus on the seed (Smith et al., 1999). A more 

recent study provided, for the first time, insights into genomic regions in the model plant 

Arabidopsis associated with phyllosphere microbiome composition. More specifically, 

loci responsible for defense and cell wall integrity were linked to variations in the 

composition of the microbiome of Arabidopsis leaves (Horton et al., 2014). Furthermore, 

genetic loci have been identified for their involvement in the ability of Arabidopsis 

accessions to respond to the activity of plant growth-promoting bacteria (Wintermans et 

al., 2016). Mendes et al. (2018) showed that resistance breeding in common bean against 

Fusarium oxysporum also had unintentionally co-selected for plant traits that support 

rhizosphere microbes with potential antagonistic activities to this fungal root pathogen. 

However, the genetic basis for microbiome assembly in the different ‘spheres of crop 

plant species is still largely unknown. Therefore, further research should focus on the 

characterization of microbial communities together with genome-wide association 

mapping strategies. Genome-wide association studies traditionally rely on plant 

 
 

populations with hundreds of accessions in order to associate specific regions in the 

genome with phenotypic traits of interest. Accordingly, studies with a significant number 

of well characterized RIL populations must be designed and a detailed microbial 

characterization, taxonomically and functionally, of a specific plant compartment at an 

appropriate developmental stage must be performed. Ideally, genomic regions associated 

with the abundance of specific rhizobacterial families or functional microbial genes can 

be pinpointed in the plant genomes. In this way, microbiome-based breeding programs 

would include specific genomic regions responsible for the recruitment of specific 

bacterial groups with beneficial properties, such as diazotrophic bacteria, plant growth 

promotors or biocontrol agents. 

 

 

Concluding remarks 

The research presented in this thesis indicated that domestication of common bean had a 

significant effect on the abundance of specific bacterial groups in the rhizosphere and in 

the spermosphere. These differences may be due to divergent root phenotypic traits and/or 

different exudation patterns. These genotype-dependent effects were primarily visible in 

an agricultural soil, where the soil physicochemical conditions and the resident microbial 

communities were optimal for common bean growth. The higher abundance of 

Bacteroidetes in the rhizosphere of wild accessions as well as the higher abundance of 

Actinobacterial families in the rhizosphere and spermosphere of modern accessions were 

among the specific trends observed in this study. Intriguingly, several families within 

Bacteroidetes have been also found enriched in and on roots of other wild plant species. 

What the underlying mechanisms are that drive compositional and functional differences 

between the microbiomes of wild relatives and modern accessions should be the focus of 
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future research, including studies addressing the functional impact of these microbiome 

shifts on plant growth, development and health.   
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Summary 

Plants rely, in part, on the association with microbes for a number of life-support 

functions including nutrient acquisition, tolerance to biotic and abiotic stresses and 

immune regulation. In my thesis, I hypothesized that modern cultivars of crop plants have 

lost some of the traits needed to recruit host-specific microbiota as compared to their wild 

relatives, which are genetically more diverse and adapted to pre-agricultural soils. The 

research presented in this thesis assessed the impact of domestication of common bean 

(Phaseolus vulgaris) and habitat expansion on spermosphere and rhizosphere 

microbiome composition. For this, the microbiome composition of the spermosphere and 

the rhizosphere of wild and modern bean accessions grown in an agricultural and a native 

soil from Colombia, one of the centres of common bean diversification, was characterized 

by metagenomics and cultivation-dependent approaches.  

 

A higher relative abundance of Bacteroidetes, mainly Chitinophagaceae and 

Cytophagaceae, was observed in the rhizosphere of wild bean accessions while an 

increase in relative abundance of Actinobacteria and Proteobacteria was observed in the 

rhizosphere of modern bean accessions. These divergences in rhizobacterial community 

composition between wild and modern bean accessions associated with differences in 

root morphological traits. In particular the specific root length (SRL) explained a 

significant portion of the variability in the abundance of families from the phylum 

Bacteroidetes. Using 16S-rDNA data from several other studies revealed that also wild 

relatives of other crop plant species presented higher relative abundances of members of 

the Bacteroidetes. The reason behind the higher relative abundance of Bacteroidetes in 

the root and rhizosphere compartments of wild relatives of various plant species is yet 

unknown but may be related to their ability to metabolize more complex polymers in the 

root exudates. 
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unknown but may be related to their ability to metabolize more complex polymers in the 

root exudates. 
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Plant domestication not only comes with changes in plant traits, but is also accompanied 

by progressive changes in the habitat and crop management practices. Hence, the 

transition from native habitats to agricultural soils may have led to a loss of plant-

associated microbes thereby affecting specific, co-evolved beneficial functions of the 

plant microbiome. To begin to understand how these domestication factors affect the 

rhizosphere microbiome, the bean accessions were grown in a native and an agricultural 

soil from the Colombian highlands. The results showed that this transition of common 

bean from a native soil to an agricultural soil led to a gain of rhizobacterial diversity and 

led to a stronger bean genotype-dependent effect on rhizosphere microbiome assembly. 

A core rhizosphere microbiome was identified for common bean which mainly consisted 

of bacterial genera with nitrogen fixing capabilities, an important feature of microbes 

associated with leguminous plant species. However, also for other non-leguminous plant 

species, these bacterial genera are members of the core rhizosphere microbiome, 

suggesting a homogenization of rhizobacterial diversity of plants grown in different 

agricultural landscapes. Co-occurrence analyses further showed a reduction in complexity 

of the interactions going from native to agricultural soil which may indicate that 

rhizobacterial community assembly for common bean grown in agricultural soil is more 

modular than for common bean in native soil, making it relatively more easy for bacteria 

and other microorganisms to invade and establish in the rhizosphere of bean plants grown 

in agricultural soils. 

The results of this thesis also showed that already during seed imbibition and germination, 

small but significant differences were detected between the spermosphere microbiomes 

of wild and modern bean accessions. These results suggest a domestication effect on 

microbiome assembly already at this early developmental stage. Exudation profiles 

showed that the spermosphere of a modern bean accession contained higher levels of 

 
 

glutamate and glutamine as compared to a wild bean accession. Although a strong impact 

on microbiome composition was observed, a clear trend towards specific bacterial taxa 

consistently enriched in vitro by this amino acid was not observed. These results 

suggested that more complex mixtures of different exudate constituents are needed to 

mimic in vitro the selection occurring in situ in the bean spermosphere.  

 

In conclusion, the research presented in this thesis showed that domestication of common 

bean had a significant effect on the composition of the rhizosphere and spermosphere 

microbiome. The higher abundance of Bacteroidetes in the rhizosphere of wild relatives 

of common bean and other crop species as well as the higher abundance of 

Actinobacterial families in the rhizosphere of modern crop cultivars provide new research 

directions to unravel the chemical cross-talk between plants and microbes, and to 

investigate the functional impact of these microbiome shifts on plant growth, 

development and health.   
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Samenvatting 

Planten zijn deels afhankelijk van microorganismen voor een aantal functies waaronder 

de acquisitie van nutriënten, de bescherming tegen abiotische en biotische stress en de 

regulatie van de immuunrespons. De hypothese van mijn proefschrift is dat moderne 

cultivars van gewassen als gevolg van de domesticatie een aantal eigenschappen hebben 

verloren die nodig zijn voor het recruteren van specifieke microorganismen in 

vergelijking met hun wilde verwanten die genetisch meer divers zijn en beter aangepast 

aan natieve gronden. In het onderzoek beschreven in dit proefschrift is onderzocht wat de 

impact is van domesticatie van boon (Phaseolus vulgaris) op de samenstelling van het 

microbioom van de spermosfeer en rhizosfeer. Daartoe werd met behulp van 

metagenomics en klassieke technieken de microbioomsamenstelling bepaald van wilde 

en moderne accessies van boon in landbouwgrond en natieve gronden van Colombia, een 

van de diversificatie centra van boon. 

 

Voor de rhizosfeer van wilde bonen werd een hogere relatieve abundantie van de 

Bacteroidetes waargenomen, met name van Chitinophagaceae, terwijl Actinobacteria en 

Proteobacteria meer voorkwamen in de rhizosfeer van moderne cultivars van boon. Deze 

verschillen in de samenstelling van de bacteriële gemeenschappen in de rhizosfeer waren 

geassocieerd met verschillen in morfologische eigenschappen van het wortelstelsel. Met 

name de specifieke wortellengte (SRL) verklaarde een significant deel van de variatie in 

abundantie van bacteriële Bacteroidetes families. Op basis van de 16S-rDNA data van 

diverse andere studies waren de Bacteroidetes ook in een hogere abundantie aanwezig in 

de rhizosfeer van wilde verwanten van andere plantensoorten. Het onderliggende 

mechanisme is nog niet bekend maar zou gerelateerd kunnen zijn aan het vermogen van 

Bacteroidetes om complexe polymeren in wortelexudaten van wilde verwanten te 

metaboliseren.  
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Domesticatie van planten gaat niet alleen gepaard met veranderingen in 

planteneigenschappen maar ook met veranderingen in habitat en teeltmaatregelen. 

Daarom kan de transitie van de natieve habitat naar landbouwgronden mogelijk geleid 

hebben tot een verlies van plant-geassocieerde microorganismen en specifieke 

goedaardige functies van het plantenmicrobioom. Om te begrijpen hoe deze 

domesticatiefactoren het rhizosfeermicrobioom hebben beïnvloed werden de boon 

accessies opgekweekt in natieve en landbouwgronden van de Colombiaanse hooglanden. 

De resultaten lieten zien dat de transitie van natieve gronden naar landbouwgrond heeft 

geleid tot een toename in bacteriële diversiteit en tot een sterker genotype-afhankelijke 

samenstelling van het rhizosfeermicrobioom. Het gemeenschappelijke 

rhizosfeermicrobioom van boon bestond voornamelijk uit bacteriële genera met het 

vermogen om stikstof te fixeren, een belangrijke eigenschap van microorganismen 

geassocieerd met vlinderbloemige plantensoorten. Echter, ook voor niet-vlinderbloemige 

soorten waren deze bacteriële genera onderdeel van het gemeenschappelijk microbioom, 

hetgeen wijst op een homogenisatie van de diversiteit van bacteriële gemeenschappen 

geassocieerd met de rhizosfeer van planten in verschillende landbouwgronden. Netwerk 

analyses lieten een reductie in complexiteit van interacties zien tussen natieve en 

landbouwgronden, hetgeen kan betekenen dat de samenstelling van de bacteriële 

gemeenschap in landbouwgrond meer modulair is dan in natieve grond. Modulariteit kan 

het gemakkelijker maken voor bacteriën en andere microorganismen om de rhizosfeer 

binnen te dringen en zich te vestigen.  

 

De resultaten van dit proefschrift toonden tevens aan dat al tijdens de imbibitie en kieming 

van bonenzaden kleine doch significante verschillen werden waargenomen tussen het 

spermosfeermicrobioom van wilde en moderne accessies. Deze resultaten suggereren dat 

 
 

het effect van domesticatie al plaatsvindt tijdens deze vroege ontwikkelingsfase. Exudatie 

profielen lieten zien dat de spermosfeer van moderne bonen hogere concentraties bevatten 

van glutamaat en glutamine in vergelijking met de wilde bonen. Desondanks vonden we 

niet een duidelijk effect van deze aminozuren op de microbioomsamenstelling. 

Waarschijnlijk is een meer complexe mix van verschillende stoffen in de exudaten nodig 

voor de selectie die plaatsvindt in de spermosfeer van boon. 

 

Concluderend toonde het onderzoek in dit proefschrift aan dat domesticatie van boon een 

significant effect heeft gehad op de samenstelling van het rhizosfeer- en 

spermosfeermicrobioom. De hogere dichtheid van Bacteroidetes in de rhizosfeer van 

wilde verwanten van boon en andere plantensoorten en de hogere dichtheid van 

Actinobacteria in de rhizosfeer van moderne cultivars van boon geven nieuwe richtingen 

in het onderzoek naar de chemische communicatie tussen planten en microben en naar de 

functionele impact van deze microbioomverschuivingen op de groei, ontwikkeling en 

gezondheid van planten. 
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