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ABSTRACT 

Plants modulate the soil microbiota by root exudation, assembling a complex rhizosphere microbiome with 

organisms spanning different trophic levels. Here, we assessed the diversity of bacterial, fungal and cercozoan 

communities in landraces and modern varieties of wheat. The dominant taxa within each group were the 

bacterial phyla Proteobacteria, Actinobacteria and Acidobacteria; the fungi phyla Ascomycota, Chytridiomycota 

and Basidiomycota; and the Cercozoa classes Sarcomonadea, Thecofilosea and Imbricatea. We showed that 

microbial networks of the wheat landraces formed a more intricate network topology than that of modern wheat 

cultivars, suggesting that breeding selection resulted in a reduced ability to recruit specific microbes in the 

rhizosphere. The high connectedness of certain cercozoan taxa to bacteria and fungi indicated trophic network 

hierarchies where certain predators gain predominance over others. Positive correlations between protists and 

bacteria in landraces were preserved as a subset in cultivars as was the case for the Sarcomonadea class with 

Actinobacteria. The correlations between the microbiome structure and plant genotype observed in our results 

suggest the importance of top-down control by organisms of higher trophic levels as a key factor for 

understanding the drivers of microbiome community assembly in the rhizosphere.
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INTRODUCTION 

Wheat cultivation occupies more land area than any other commercial crop and is the second most 

produced grain after maize, with more than 215 million hectares planted and 735 million tons of grains harvested 

annually (FAO, 2020). More than 10,000 years ago, wheat (Triticum spp.) was one of the first domesticated food 

crops and played an important role in the transition from hunter-gatherers to farmers (Faris, 2014). The earliest 

records of hexaploid wheat, Triticum aestivum, date from 8,800 to 8,400 years ago and originate from several 

areas including Can Hassan III in southern Turkey and Abu Hureyra in Syria (de Moulins, 2000; Fairbairn et al. 

2002). 

Since then, domestication and subsequent improvement (diversification) have resulted in increased 

productivity of wheat and other crops (Preece et al. 2017). These processes dramatically changed the plant shape 

(Moose and Mumm, 2008) and were accompanied with progressive alterations in the environment (i.e. habitat 

expansion) and in the crop management practices, with production systems highly dependent on the addition of 

external inputs (Matson et al. 1997; Milla et al. 2014). Studies have already shown that domestication and 

breeding influenced root architecture. Gioia et al. (2015) described the impact of domestication on shoot and 

root phenotypic architecture in tetraploid wheat. Pérez-Jaramillo et al. (2017) observed higher specific root 

length and reduced root density in wild common bean when compared to modern cultivars, suggesting that wild 

ancestors with their thinner roots could have been more efficient in the foraging and uptake of water (Comas et 

al. 2013).  

However, plant domestication did not only affect root architecture, and, just recently, root-associated 

microbial populations has been considered. As example, Szoboszlay et al. (2015) confirmed a small but 

significant effect of plant genotype between rhizosphere communities of ancestral and domesticated varieties of 

corn. In barley, plant genotype exerted a strong effect on the root microbial communities when rhizosphere 

microbiomes of a modern variety, a landrace, and a wild genotype were compared (Bulgarelli et al. 2015). 

Similarly, bacterial populations associated with the rhizosphere of wild rice species differed from those 

associated with cultivars (Shenton et al. 2016). A recent study, recapitulating the breeding history of wheat, 

suggested that the effect of genotypes on the composition of their associated microbiota is an inherent factor to 

selection process (Tkacz et al. 2020). While most plant microbiome studies focus on bacterial and fungal 

communities (Franke-Whittle et al. 2015; Souza et al. 2016; Leff et al. 2017; Hartman et al. 2018), the 

rhizosphere microbiome also supports whole microbial food webs with organisms spanning different trophic 

levels (Mendes et al. 2013). In this study, we included the Cercozoa, as an example of a higher trophic level. 
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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 et al. 2012). The OTU table was filtered using QIIME (1.9.1) custom scripts 

(Kuczynski et al. 2012). The bacteria reads were 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, resulting in a filtered OTU table for further analysis 

The ITS sequence reads were classified using the UNITE database (Nilsson et al. 2018). A FASTA file 

was obtained containing the sequences of all Species Hypothesis (SH), including singletons. These referenced 

sequences were trimmed with ITSx to contain only the ITS2 region. Each OTU representative sequence was 

aligned with VSEARCH 1.11.1 using the usearch_global algorithm against the re-formatted UNITE database 

using only the top hits with at least 0.5 identity to the reference sequence (top_hits_only flag) and reporting also 

non-matching query sequences (output_no_hits flag). When multiple best hits were reported, the lowest common 

ancestor was determined using STAMPA (Mahé 2016). Finally, taxonomic information for each OTU was 

added to the BIOM file. 

For the cercozoan sequences, paired reads were assembled using mothur v.3.7 (Schloss et al. 2009). 

This programme was also used in the following steps, allowing one difference in the primers, no differences in 

the barcodes, no ambiguities and removing assembled sequences < 100 nt and with an overlap < 100 bp. Reads 

were sorted by samples via detection of the barcodes. The quality check and removal/cutting of low-quality 

reads was conducted with the default parameters. Sequences were blasted using BLAST+ with an e-value of 1e-

50 and sequences were identified in the PR2 database (Guillou et al. 2013) and noncercozoan sequences were 

removed. Chimeras were identified using UCHIME (Edgar et al. 2011) as implemented in mothur with a penalty 

for opening gaps of -5 and a template for aligning OTUs as previously described (Fiore-Donno et al. 2018). 

Sequences were clustered using vsearch v.1 (Rognes et al. 2016), with abundance-based greedy clustering (agc). 

Diversity indices analyses 

The alpha diversity was calculated using QIIME customs scripts. The command alpha_rarefaction.py 

was used to rarefy the OTU tables to counts up to 29 600, 19 500 and 6200 reads to bacterial, fungal and cercozoan 

gene sequences, respectively. This was the lowest sequencing depth obtained from a sample and therefore used as 

a threshold for rarefaction and alpha diversity calculations (Gotelli et al. 2001). The alpha_diversity.py command 
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networks of landraces show a significantly higher level of complexity than the microbial networks of modern 

cultivars (Supplementary Table S7). 

Centrality indices are based on shortest paths distance within graphs and indicate the most important 

nodes, which may be interpreted as key taxa inside a connected community (Borgatti 2005). The three nodes 

with highest betweenness centrality in networks of landraces in agricultural soil were a bacterium in the phylum 

Gemmatimonadetes, and two fungi in the families Cordycipitaceae (Ascomycota), and Pleosporaceae 

(Ascomycota), respectively. In landraces of the forest soil, the three nodes with highest betweenness centrality 

were two bacteria in the orders Xanthomonadales (Proteobacteria) and Solirubrobacterales (Actinobacteria), 

respectively and a fungus belonging to the family Coniochaetaceae (Ascomycota). 

In modern cultivars, the three nodes with highest betweenness centrality in networks of agricultural soil 

were represented by an arbuscular mycorrhizal fungus in Glomeraceae (Ascomycota), a fungus of the family 

Ophiocordycipitaceae (Ascomycota), and a bacterium in the order Sphingomonadales (Proteobacteria). 

Considering the forest soil, the first three nodes with highest betweenness centrality in modern cultivars were 

occupied by two Proteobacteria, in the orders Sphingomonadales and Rhodospirillales, and a fungus in the 

family Clavicipitaceae (Ascomycota). 

Considering the number of potential trophic interactions between cercozoans and bacteria, cercozoans 

and fungi, and correlations among cercozoans, landraces showed the greatest number of correlations, especially 

between fungi and cercozoa. However, modern cultivars displayed a greater number of correlations between 

bacteria and cercozoans (Supplementary Tables S8-S11). 

DISCUSSION 

Landraces and cultivars assemble different rhizosphere microbiomes  

As demonstrated in previous studies, our results confirmed that the composition of bacterial and fungal 

communities strongly differed between landraces and cultivars. Pérez-Jaramillo et al. (2018) and other studies 

(Aleklett  et al. 2015; Shi et al. 2015), showed 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 increase in members of the Actinobacteria. Furthermore, we demonstrate for the first time that 

communities of heterotrophic unicellular eukaryotes resident at higher trophic levels in the root microbiome, as 

exemplified by the Cercozoa, are similarly affected by the crop breeding process. This is surprising, as most 

studies to date have emphasized the influence of protists on the composition of plant-associated bacterial and 
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fungal communities (Thakur and Geisen, 2019; Flues et al. 2017; Weidner et al. 2016; Geisen et al. 2016; 

Müller et al. 2013; Jousset et al. 2010; Rosenberg et al. 2009). Our data in contrast suggest a structuring effect 

of the rhizosphere prey on their protistan consumers as shown for the model plant Arabidopsis thaliana (Sapp et 

al. 2017). In extension of the results by Sapp et al. (2017), our data show that rhizosphere-associated 

communities of cercozoa were not only plant species-specific, but even genotype specific in wheat. Although the 

data obtained (observed correlations) point to the described patterns, experimental validations are needed for 

conclusive evidence in this aspect. 

In general, the microbiome of landraces harbored a core microbiome with a higher number of exclusive 

genera and most of the families responsible for the rhizosphere microbiome differentiation between landraces 

and modern cultivars. 

Based on these correlations, the results suggest that modern cultivars have an altered ability to recruit 

specific microbes than their wild relatives. Considering that over time these changes in the host were 

accompanied by transitions to new environments and alterations in management practices, it is interesting to 

note that despite the land-use change of soils from forest to agriculture, landraces and cultivars were still able to 

recruit rhizosphere microbiomes over 80% identical at the OTU level. This stability in recruiting the core 

microbiome was observed when synthetic bacterial communities were used to recolonize Arabidopsis, as the 

bacterial assembly resembles the plant natural microbiota (Bai et al. 2015). Interestingly, Fusarium, which is a 

fungal genus comprising several plant pathogens (Beckman, 1987), represented an important portion of the 

wheat core microbiome in landraces and modern cultivars. Nevertheless, we did not observe disease symptoms 

caused by Fusarium, which can be explained by the presence of weakly virulent or non-pathogenic species of 

Fusarium on wheat (Gebremariam et al. 2017; Smiley and Patterson, 1996). 

As expected, a clear separation between rhizosphere soil and bulk soil microbiomes was observed. This 

result reinforces that microbiome composition in the rhizosphere is defined by the selective pressure exerted 

mainly by root exudates and rhizodeposition (Lakshmanan et al. 2014; Badri et al. 2013). Members of the 

microbiome, inhabit the rhizosphere, being attracted by and feeding on rhizodeposits of their chosen host plants 

(Philippot et al. 2013). Beside that, different growth rates, substrate utilization spectra and competitive abilities 

of the different microbial groups further differentiate rhizosphere community assembly processes (Pérez-

Jaramillo et al. 2017). Recent studies have described the rhizosphere effect on protists. Asiloglu and Murase 

(2016, 2017) described how newly developed rice roots were rapidly and densely populated by specific protist 

taxa, with a clear boundary between rhizosphere and non-rhizosphere areas, but it was still unclear whether this 
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was linked to rhizosphere gradients of oxygen availability in the paddy soils or resource supply from roots. Their 

results support a metatranscriptomics study of Turner et al. (2013) who identified plant species-specific protists 

in Amoebozoa and Alveolata in the rhizospheres of pea, wheat and oat. Sapp et al. (2017) finally confirmed 

specific cercozoan rhizosphere communities of Arabidopsis thaliana.  

It is well known that plants can modulate the microbiome assembly in the rhizosphere (Park et al. 2004; 

Hartmann el al. 2009; Cesco et al. 2010). Besides functioning as substrates for microbial growth, root exudates 

contain signaling molecules, microbial attractants, stimulants, and also inhibitors or repellents (Baetz and 

Martinoia 2014). In addition, bacterivorous protists have a significant impact on the availability of mineral N 

and P in the rhizosphere of plants (Trap et al. 2016) and their presence drastically changes the composition of the 

soil microbial community (Rosenberg et al. 2009; Bonkowski et al. 2011; Koller et al. 2013). 

The higher bacterial and Cercozoa alpha diversity found in agricultural soil when compared to natural 

systems seems counterintuitive, as one would expect a diversity depletion in agricultural systems. However, as 

demonstrated by Rodrigues et al. (2013), while the conversion of forest to agriculture increased local taxonomic 

and phylogenetic diversity of soil bacteria (alpha diversity), the bacterial communities become more similar 

across space resulting in lower beta diversity. 

Wheat landraces support a more intricate and complex microbiome connections than cultivars 

The rhizosphere is a unique environment in terrestrial ecosystems that integrates complex networks of 

microbiota and macrobiota networks (Berg and Smalla 2009). For example, certain bacteria promote the 

formation of ectomycorrhiza, while on the other hand bacteria colonize the surface of fungal hyphae and benefit 

from fungal exudates (Frey-Klett et al. 2007). Protists, including Cercozoa, occupy different trophic levels and 

may consume bacteria, yeasts, filamentous fungi or other protists (Geisen et al. 2016). Due to a relatively similar 

C:N ratio of protists compared to their prey, about one third of the consumed nitrogen is excreted mainly as 

NH4
+ (Griffiths 1994), which becomes available to nourish microorganisms and plants (Geisen et al. 2018). 

The network analysis allowed us an integrated view of the microbial community assembly in the 

rhizosphere, revealing the complexity of microbial network structure and keystone groups. In this study, all 

treatments reached modularity values greater than 0.4 and the highest values were found under landraces 

cultivated in forest soil. According to Newman (2006), such values are indicative of modular structured 

networks, where high modularity values are positively associated with network stability, improving the 

resilience of microbial communities to environmental stresses (Krause et al. 2003). Most strikingly, microbial 
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networks of the landraces, with their high number of nodes and connections per node (average degree), formed a 

more intricate network topology of rhizosphere communities than in cultivars. 

Keystone taxa have important roles in shaping network structure (Faust and Raes 2012; Lu et al. 2013). 

According to the dependency theory described by Power et al. (1996), the predominance of keystone species 

may be restricted in time and may change with the ecological context. Reinforcing this theory, more recent 

studies reported a turnover of putative keystone species as conditions changed (Lu et al. 2013; Power et al. 

1996; Lupatini et al. 2014). Also in these studies, the identity of putative keystone taxa differed between 

individual networks, indicating distinct differences in the community assembly of landraces and cultivars. It is as 

yet unclear how much of the variation in the identity of key nodes can be attributed to functional redundancy, i.e. 

different organisms playing the same functional role in different modules (Shi et al. 2016). In addition, Agler et 

al. (2016) demonstrated how host genotypic signatures controls microbial communities by acting directly on hub 

microbes, this occurs via microbe-microbe interactions and the effects are transmitted to the microbial 

community. The occurrence of positive correlations was higher than that of negative correlations for all 

evaluated conditions, which may indicate a dominance of cooperative or syntrophic interactions between 

bacteria and fungi in wheat rhizosphere microbiomes, as well as a shift to grazing resistant prey organisms in 

trophic interactions with cercozoa (Jousset et al. 2008). Interestingly, the proportion of negative correlations was 

higher in landraces than in cultivars, which can be associated with a higher community stability (Thébault and 

Fontaine 2010). 

The results of this study demonstrate that landrace microbiomes are more connected than microbial 

communities assembled in the rhizosphere of wheat cultivars. This led us to suggest that landraces may have 

maintained stronger interactions with their environment and with their respective soil microbiomes, while 

breeding pressure has impaired the capacity of plants to orchestrate microbiome assembly. 

Cercozoan role in the rhizosphere microbiome assembly 

In the network analyses, we observed a striking difference in the correlations of Cercozoa in 

rhizospheres of landraces when compared to cultivars. Overall, the number of correlations was much higher in 

the rhizosphere of landraces suggesting that protists in natural plant communities play more important roles in 

the microbiome assembly and that this trophic control was impaired during domestication and breeding. When 

only taking into account correlations between Cercozoa and bacteria, we observed a significant decrease in the 

number of connections in cultivars. The high connectedness of certain cercozoan taxa to bacteria and fungi 
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indicates trophic network hierarchies where certain predators gain predominance over others. Such trophic loops 

between bacterivores and fungivores and their basal resources are important for network stability (Neutel et al. 

2002). 

An inventory of protists from 180 locations across the globe showed that soil protist communities are 

dominated by consumers, highlighting the role of protists on nutrient turnover and energy transfer across trophic 

levels (Oliverio et al. 2020). The same study revealed that particular soil protists and prokaryotes co-occur 

globally highlighting the potential importance of specific protist-bacterial interactions in structuring the soil 

microbiome (Oliverio et al. 2020). Therefore, considering the co-evolution between bacteria and protist 

predators, we assume, as proposed by other authors (Jousset et al. 2008; Bonkowski et al. 2009; Jousset 2012), 

that negative correlations may indicate potential trophic interactions, while positive correlations indicate a 

community shift to bacterial groups showing grazing resistance. This explanation was supported by the fact that 

positive correlations between protists and bacteria in landraces were preserved as a subset in cultivars. For 

example, this was the case for the Sarcomonadea class of protists with Actinobacteria, as positive correlations 

between these two groups were observed across all treatments. On the other hand, negative correlations between 

Imbricatea and Actinobacteria were also consistently observed in all treatments. These results reinforce the 

importance of top-down control by organisms of higher trophic levels, including Cercozoa, as a key factor for 

understanding the drivers of microbiome community assembly in the rhizosphere.  

Although plant breeding has not taken into account the associated microbiome and its functions during 

plant trait selection, recent techniques have enabled us to access the complexity of correlations taking place in 

the rhizosphere. Here, we used a comprehensive approach to compare the rhizosphere microbiome assembly in 

wheat landraces and cultivars by assessing bacterial, fungal and Cercozoa communities and their potential 

interactions. We demonstrate that landraces and cultivars assemble clearly distinguishable microbiomes. 

Landraces were able to recruit and sustain more intricate and complex microbiomes when compared to cultivars, 

reinforcing the hypothesis that modern cultivars lost some of the traits needed to recruit and sustain host-specific 

root microbiota when compared to their wild relatives. While differences in soil management, plant genotypes 

and associated rhizodeposition determine the resource basis for microbiome assembly in the rhizosphere, 

predation of Cercozoa likely plays a key role in structuring of the microbiome by favoring and suppressing 

specific bacterial populations. A thorough and comprehensive understanding of wheat domestication and 

breeding, including the changes in rhizosphere microbiome as driven by Cercozoa and other protists, could guide 
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Table 1. Identification of bacterial, fungal and cercozoan families responsible by discrimination between 1 

landraces and cultivars revealed by using PLS-DA permutation tests. 2 

Agricultural soil Forest soil 

Taxa r (x-y) Taxa r (x-y) 

Bacterial families* 
    

L Clostridiaceae -0.59 L Bdellovibrionaceae -0.52 

L Coxiellaceae -0.50 L Comamonadaceae -0.61 

L Peptostreptococcaceae -0.53 L Peptostreptococcaceae -0.50 

C Kallotenuaceae 0.41 L Sterptococcaceae -0.51 

C unclas_Thermomicrobia 0.59 L unclas_Rickettsiales -0.56 

 
  

L unclas_Xanthomonadales -0.51 

 
  

L Xanthomonadaceae -0.61 

 
  

C Gemmatimonadaceae 0.58 

 
     

Fungal families* 
    

L Ajellomycetaceae -0.57 L Pleomassariaceae -0.37 

L Bolbitiaceae  -0.42 L unclas_Mortierellales -0.36 

L Gigasporaceae -0.46 C Hydnodontaceae 0.33 

L Inocybaceae  -0.42 C Leptosphaeriaceae 0.43 

L Mortierellaceae -0.46 C unclas_Diaporthales 0.32 

C unclas_Saccharomycetales 0.41 
   

 
     

Cercozoan families** 
    

L Limnofilidae -0.30 L Rhogostomidae -0.24 

L Protaspididae -0.37 L Mesofilidae -0.46 

L Thaumatomonadidae -0.28 L unclas_Cercozoa -0.39 

L unclas_Cryomonadida -0.25 L unclas_Imbricatea -0.26 

C unclas_Cercozoa 0.30 L unclas_Tectofilosida -0.32 

 
  

C Bodomorphidae 0.26 

      C unclas_Euglyphida 0.21 

* The variables were selected considering the correlation coefficient "y" greater than 0.6 and, on average, higher than 0.7 3 
** The variables were selected considering the correlation coefficient "y" greater than 0.4 and, on average, higher than 0.65 4 
L: families differentially more abundant or exclusive in landraces 5 
C: families differentially more abundant or exclusive in modern cultivars 6 





 2 

represents the fungal community (top-left) and red color (top-right) represents the cercozoan community. 30 

Continue lines represent the positive correlations, dashed lines represent the negative correlations and red lines 31 

represent the cercozoan interactions with bacterial and fungal communities. (A) landraces in agricultural land; 32 

(B) modern cultivars in agricultural land; (C) landraces in forest land; (D) modern cultivars in forest land. 33 











 1 

Supplementary Information 

 

Multitrophic interactions in the rhizosphere microbiome of wheat: 

from bacteria and fungi to protists 

Maike Rossmann1, Juan E. Pérez-Jaramillo2, Vanessa N. Kavamura3, Josiane B. Chiaramonte4, Kenneth Dumack5, 

Anna Maria Fiore-Donno6, Lucas W. Mendes7, Márcia M. C. Ferreira8, Michael Bonkowski9, Jos M. 

Raaijmakers10, Tim H. Mauchline11, Rodrigo Mendes12 

1 Embrapa Environment, Brazil. E-mail: maikersm@gmail.com 
2 Department of Microbial Ecology, Netherlands Institute of Ecology (NIOO-KNAW); Institute of Biology, 

Leiden University, The Netherlands / E-mail: biojep@gmail.com 
3 Sustainable Agriculture Sciences, Rothamsted Research, UK. E-mail: vanessa.nessner-kavamura-

noguchi@rothamsted.ac.uk 
4 Embrapa Environment, Brazil. E-mail: josibarrosc@gmail.com 
5 Institute of Zoology & Cluster of Excellence on Plant Sciences (CEPLAS), University of Cologne, Germany. E-

mail: kenneth.dumack@uni-koeln.de 
6 Institute of Zoology & Cluster of Excellence on Plant Sciences (CEPLAS), University of Cologne, Germany. E-

mail: afiore-donno6@infomaniak.ch 
7 Cell and Molecular Biology Laboratory, Center for Nuclear Energy in Agriculture CENA, University of Sao 

Paulo, Brazil. E-mail: lucaswmendes@gmail.com 
8 Laboratory of Theoretical and Applied Chemometrics, Department of Chemistry, State University of Campinas 

(UNICAMP), Brazil. E-mail: marcia@iqm.unicamp.br 
9 Institute of Zoology & Cluster of Excellence on Plant Sciences (CEPLAS), University of Cologne, Germany. E-

mail: m.bonkowski@uni-koeln.de 
10 Department of Microbial Ecology, Netherlands Institute of Ecology (NIOO-KNAW); Institute of Biology, 

Leiden University, The Netherlands. E-mail: jraaijmakers@nioo.knaw.nl 
11 Sustainable Agriculture Sciences, Rothamsted Research, UK. E-mail: tim.mauchline@rothamsted.ac.uk 
12 Embrapa Environment, Brazil. E-mail: rodrigo.mendes@embrapa.br 

*Corresponding author: Dr. Rodrigo Mendes, Embrapa Environment, Rod. SP-314 k 127.5, Jaguariuna SP, 

13800-00, Brazil. Phone +55 (19) 3311 2755, Fax +55 (19) 3311 2640. E-mail: rodrigo.mendes@embrapa.br 

This file includes: Supplementary Figures S1 to S6 

Supplementary Tables S1 to S11 

 



 2 

SUPPLEMENTARY FIGURES 

 

Supplementary Figure S1. Rarefaction curves of the observed OTU number, Chao1, and Shannon index at 97% 

similarity for Bacteria (16S), Fungi (ITS) and Cercozoa (18S). Wheat genotypes are represented by different colors 

in each graph. 
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