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Abstract  18 

 19 

Background 20 

Roots select their associated microbiome and affect its composition and activities through 21 

exudates that provide a nutrient-rich environment based on distance from the root. Root-22 

exudation patterns depend on the plant's developmental stage. We followed field-grown wheat 23 

from emergence to spike maturation and compared the structure and functions of the 24 

microbiomes in two niches: adjacent, root-associated bacteria and the rhizosphere. The effects 25 

of growth stage on root-associated and rhizospheric communities structure and functions were 26 

investigated to enhance our understanding of plant–microbe interactions. 27 

Results 28 

A significant impact of wheat developmental stage during the transition from vegetative growth 29 

to spike formation was observed on structure and functions of both root-associated and 30 

rhizosphere microbiomes. On the root surface, abundance of the well-known wheat colonizers 31 

Proteobacteria and Actinobacteria decreased and increased, respectively, during spike 32 

formation, whereas abundance of Bacteroidetes was independent of spike formation. Three 33 

microbiome functional clusters were specifically associated with root proximity: (1) biofilm 34 

and sensorial movement; (2) antibiotic production and resistance; and (3) carbon biosynthesis, 35 

degradation and transporters, and amino acid biosynthesis and transporters. Interestingly, in 36 

the root-associated microbiome, genes related to all of these functions were influenced by spike 37 

formation. Abundance of genes related to nine other functions (lipopolysaccharide transporter 38 

and biosynthesis, beta-lactam resistance, metabolism of methane, alanine-aspartate-glutamate 39 

and arginine-proline, and biosynthesis of peptidoglycan, lysine and enediyne antibiotics) was 40 

significantly influenced by spike formation in both roots and rhizosphere. All of these genes 41 

were abundant in the rhizosphere, more so before spike formation when root exudation is high, 42 
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supporting the notion that some of the root exudates are not fully utilized by the root-associated 43 

bacteria and subsequently diffuse into the surrounding soil, creating the rhizosphere.  44 

Conclusions 45 

We demonstrated functional division in the microbiome of the wheat root zone in both time 46 

and space: pre- and post-spike formation and root-associated vs. rhizospheric niches. The 47 

responses of the root microbiome were driven by both the plant and the microbial physiology 48 

and activities, both of which respond to environmental cues. These findings shed light on the 49 

dynamics of plant–microbe and microbe–microbe interactions in the root zone.  50 

 51 

Keywords: Wheat, Spike, Root-associated, Rhizosphere, Microbiome, Metagenome 52 

 53 
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Background 55 

The rhizosphere is a hotspot for plant and soil microbiome interactions. Rhizosphere 56 

microbiome composition and function are mostly shaped by soil type, plant species and plant 57 

genotypes [1–4]. Plants select their associated bacteria by depositing specific exudates in the 58 

soil–root interface [5, 6]. Roots secrete large amounts of carbon as exudates that can be divided 59 

into two major classes of metabolites. The first consists of high-molecular-weight compounds 60 

such as polysaccharides and proteins, and the second of low-molecular-weight metabolites, 61 

including amino acids, organic acids, ions, sugars, vitamins and various secondary metabolites 62 

[7–9]. The root tip is the major source of root exudation [10–12], along with root elongation 63 

zones and root hairs [13, 14]. As a result, a gradient of exudates is created from the roots to the 64 

surrounding soil, with the highest concentration near the root surface [15]. Thus, the root 65 

surface provides a more nutrient-rich environment than the rhizosphere, enabling 66 

microorganisms to colonize and proliferate. 67 

 Plant roots and their microbiome (both root-associated and rhizosphere) are 68 

continuously interacting. The root-associated bacteria can manipulate plant exudates by 69 

accelerating their diffusion, as well as altering plant carbon allocation to the roots [16]. In many 70 

plant species, specific microbiome functions have been shown to be associated with the 71 

microorganism–plant interactions. These functions include motility and adhesion to roots, 72 

biofilm formation, metabolism of nitrogen, carbohydrates and vitamins, and degradation of 73 

xenobiotics [4, 17, 18]. In Arabidopsis, it has been proposed that roots of young seedlings 74 

secrete high levels of sugars to attract colonization of diverse bacteria, whereas in older plants, 75 

roots secrete phenolic substances to select specific rhizosphere bacteria [19, 20]. Plant 76 

developmental stage has also been shown to affect root-exudation patterns [21]. This 77 

developmental stage-dependent exudation was recently shown to influence rhizosphere 78 
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community structure in broomcorn millet [22] and root-associated community structure in rice 79 

[23].  80 

 Although the root surface provides an environment that is much richer in nutrients, 81 

most studies have focused on the influence of exudates on the rhizospheric bacterial community 82 

[1, 9, 24] rather than the root-associated one. Moreover, the effects of plant growth stage on 83 

rhizosphere community functions, and particularly on the root-associated community, remain 84 

unclear. To close this gap, we followed field-grown wheat throughout the growth season from 85 

emergence to spike maturation and compared the rhizosphere bacterial community (inhabiting 86 

the soil surrounding the roots) to that of root-associated bacteria (sampled from washed roots). 87 

We describe and discuss the changes in root-associated and rhizosphere bacterial community 88 

structure and functions with stages of plant development.     89 

 90 

Methods 91 

 92 

Soil and root sampling 93 

Wheat (Triticum aestivum cv. Tishrey) was cultivated in a field at the Volcani Center, Rishon 94 

LeZion, Israel. The soil was clay loam (36% clay, 22% silt and 42% sand) and the soil 95 

parameters prior to wheat sowing were: pH 7.99 ± 0.04, electrical conductivity 99 ± 2 µS/m, 96 

N-NO3 0.55 ± 0.05 mg/kg, NH4 0.36 ± 0.02 mg/kg, P-PO4 0.06 ± 0.01 mg/kg, total soluble 97 

organic carbon 4.64 ± 0.08 mg/kg, and total soluble nitrogen 0.87 ± 0.01 mg/kg. The field was 98 

amended once with cattle urine (48 m3/acre) prior to wheat sowing in November 2015. 99 

 During wheat growth and development, microbiomes were sampled as follows: 100 

rhizosphere microbiome was collected from the soil dislodged from the roots by shaking. The 101 

samples were immediately placed on ice and stored at -80C for further analyses. For the root-102 

associated microbiome, roots were washed three times with saline solution (0.85% NaCl) and 103 
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immediately placed on ice and stored at -80 C for further analyses. Samples were collected at 104 

the following developmental stages: emergence with one or two leaves (1st week, 16 Dec 2015), 105 

tillering (2nd week), jointing (5th week), heading (9th week), anthesis (12th week) and spike 106 

maturation (17th week). Root and rhizosphere samples were collected in triplicate in weeks 1, 107 

2, 5, 9 and 12; in week 17, two subsamples were collected for each spike category (i.e., green 108 

and mature yellow). 109 

 110 

DNA extraction and sequencing  111 

Total DNA was extracted from 0.4 g of complete root system and 0.3  g rhizosphere soil, using 112 

the Exgene Soil DNA mini isolation kit (GeneAll, Seoul, Korea) according to the 113 

manufacturer's instructions. 114 

Shotgun metagenomic libraries were prepared as described previously [25]. The final 115 

size-selected pool was sequenced in an Illumina NovaSeq instrument with an S4 flow cell, 116 

employing 2 x 150 base reads. Library preparation and pooling were performed at the 117 

University of Illinois at Chicago Sequencing Core (UICSQC), and sequencing was performed 118 

by Novogene Corporation (Chula Vista, CA, USA). 119 

In total, we obtained 1,019 Gb of information, with 33–44 million sequences per root 120 

sample and 34–53 million sequences per rhizosphere sample. These sequence data were 121 

submitted to the Sequence Read Archive (SRA) of the NCBI databases under accession number 122 

SUB8180046, BioProject: PRJNA664890. 123 

All reads were subjected to quality control using FastQC v0.11.3 [26] and barcode 124 

trimming using Trimmomatics v0.32 [27]. Reads were mapped to the whole wheat 125 

metagenome using Bowtie2 v2.3.5.1 [28], and mapped reads (wheat genes) were filtered out 126 

from each sample. Then, short Illumina reads in triplicate from each week (1, 2, 5, 9 and 12) 127 

were assembled using SPADES v3.13.0 [29] into longer contigs, to create five wheat-root 128 
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microbiome catalogues, one for each week. Six rhizosphere microbiome catalogues were 129 

created, one for each week (1, 2, 5 and 9), and two for week 12 due to its overall size. Reads 130 

with four replicates from week 17 were separated into two root microbiome catalogues and two 131 

rhizosphere microbiome catalogues. Altogether seven root-associated catalogues and eight 132 

rhizosphere catalogues were created (Supplemental Table 1). Prodigal v2.6.2 [30] was used for 133 

protein-coding gene prediction for each of those 15 catalogues. To create a non-redundant set 134 

of genes for each niche separately, we used CD-HIT-EST software v4.8.1 [31] with a similarity 135 

threshold of 95%. Those genes were used as the root-associated gene catalogue, which included 136 

53 million partial genes, and for the rhizosphere gene catalogue, which included 91 million 137 

partial genes. These gene catalogues were searched against the non-redundant NCBI protein 138 

database using DIAMOND sensitive algorithm v0.9.24.125 [32] to assign taxonomic and 139 

functional annotations. Results were then uploaded to MEGAN Ultimate edition software 140 

v6.15.2 [33]. The lowest common ancestor (LCA) algorithm was applied (parameters used with 141 

minimum bit score of 70, minimum support of 5%, and 30% top threshold) to compute the 142 

assignment of genes to specific taxa. For functional annotation, the Kyoto Encyclopedia of 143 

Genes and Genomes (KEGG) database [34] was used. Following annotation, to generate 144 

taxonomic and functional count tables, each library was mapped to the gene catalogue with 145 

Trinity mapping software v2.8.4 [35], with Bowtie2-modified parameters (--no-unal --gbar 146 

99999999 -k 250 --dpad 0 --mp 1,1 --np 1 --score-min L,0,-0.9 -L 20 -i S,1,0.50).  147 

   148 

Data analyses 149 

All sequencing data analyses were performed using R statistical software. A non-metric 150 

multidimensional scaling (nMDS) ordination plot was constructed using R package VEGAN 151 

v.2.5-5 [36]. The data matrix was transformed using normalized count transformation. For 152 

community structure, ordination was generated using the Bray–Curtis dissimilarity matrix, and 153 
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for community function of KEGG orthologous (KO) groups, ordination was generated using 154 

the Euclidean dissimilarity matrix. Permutational multivariate analysis was used to compute 155 

the variance between microbial community structure or function and experimental parameters 156 

(niche and spike), using the Adonis function in the Vegan R package [37]. Changes in structural 157 

and functional similarity between wheat root and rhizosphere microbial communities in each 158 

week were calculated using Student's t-test in JMP 14 Pro software (SAS Institute Inc., Cary, 159 

NC, USA) and statistical significance was set at P < 0.05.  Network co-occurrence analysis of 160 

bacterial communities in root-associated and rhizosphere samples were constructed using 161 

Cytoscape v.3.7.2 software's [38] CoNet app [39]. For comparison of taxonomic changes and 162 

functional traits, differential abundance was estimated using DESeq2 [40] and was considered 163 

significant when the difference in abundance between genes had a false discovery rate (FDR)-164 

adjusted P-value <0.05. For comparison of changes in taxonomic and functional traits, the 165 

bacterial read counts table was binned into KO groups, based on DIAMOND-MEGAN 166 

annotation.  167 

 168 

Results 169 

Wheat grown under commercial field conditions was sampled from sprout emergence up to 170 

week 17, when some plants produced green spikes whereas in others, the spikes were already 171 

more mature. Rhizosphere (soil sampled by shaking from the roots) and washed roots (root-172 

associated) were collected at weeks 1, 2, 5, 9, 12 and 17. The spatial (rhizosphere vs. root-173 

associated) and temporal (before vs. after spike formation) effects on the bacterial 174 

communities' structures and functional profiles were analyzed.  175 

 176 

Influence of niche origin and plant development on bacterial community structure and 177 

functional profile 178 
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After filtering out the plant host genes from those of the root and rhizosphere microbiomes, 179 

around 80% of the sequences were related to Bacteria, 16% could not be assigned to any known 180 

taxonomic group, and the rest were assigned to Eukaryota and Archaea. The Eukaryota, 181 

Archaea, and unassigned sequences were filtered out from the root and rhizosphere 182 

microbiome and the bacterial sequences were further analyzed; 28% and 20% (root and 183 

rhizosphere, respectively) of those sequences were assigned to known KEGG functions. 184 

Clustering patterns of the bacterial community structure (Fig. 1A) and gene functions 185 

(Fig. 1B) in the two niches (i.e., root-associated and rhizosphere) are presented in nMDS 186 

orientation; nMDS orientation of bacterial community structure was based on all annotated 187 

bacteria's taxonomic levels (Fig. 1A), whereas gene functions in the nMDS orientation (Fig. 188 

1B) were constructed based on annotation of genes with known KO groups from the KEGG 189 

database. Niche origin had a major influence on both bacterial community structure and their 190 

gene functions (calculated using the Adonis function in the Vegan R package; P < 0.0001). A 191 

lesser, but still significant influence of plant age (especially before and after spike formation) 192 

on the combined root-associated and rhizosphere bacterial community structure (P < 0.005) 193 

and functions was found (P < 0.05). The influence of wheat age was more pronounced in each 194 

niche separately than in the two niches combined. Wheat age, defined relative to spike 195 

formation, significantly influenced both root-associated and rhizosphere bacterial community 196 

structure and functions (P < 0.0001 in both). Spike formation was the turning point, leading to 197 

major shifts in both root-associated and rhizosphere bacterial community structures and gene 198 

functions. Thus, throughout the study, we compared the results obtained before and after spike 199 

formation. Differences between the niches were found in each week from sprout emergence 200 

until spike formation, in the structure of the bacterial communities (Fig. 1C) and their gene 201 

functions (Fig. 1D). However, niche differences for both parameters decreased after spike 202 

formation. 203 
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 Structural co-occurrence networks were constructed based on bacterial phylogeny of all 204 

annotated taxonomic levels (nodes) from the metagenome (for simplicity, nodes were marked 205 

with bacterial phyla). During wheat growth, the number of interactions (edges) between 206 

bacterial communities in the rhizosphere was almost eight times higher than that between root-207 

associated bacterial communities (5019 vs. 641 edges; Fig. 2A,B). When the complete network 208 

(all time points together) was divided between pre-spike formation and post-spike formation, 209 

the number of edges increased: whereas the complete network for root-associated bacterial 210 

communities was composed of 641 edges, pre- and post-spike formation networks were 211 

composed of 1207 and 2411 edges, respectively (Fig. 2A). Similar trends were observed for 212 

the rhizosphere (Fig. 2B). This supports the hypothesis that spike formation has a very strong 213 

influence on the microbiome, affecting both root-associated and rhizosphere bacterial 214 

communities (Fig. 1A and B, Fig 2).  215 

 Networks of functional genes' co-occurrence were constructed based on annotated genes 216 

with known KO numbers from the KEGG database. These included six categories: cellular 217 

processes, environmental information processes, genetic information processes, diseases, 218 

metabolism, and systems. The number of interactions in the co-occurrence networks of 219 

functional genes in the root-associated bacterial community was slightly higher compared to 220 

the rhizosphere bacterial community during wheat growth (Fig. 2C and D, respectively). Five 221 

distinct functional gene clusters in the root-associated community interacted in the co-222 

occurrence networks before spike formation, compared to only one cluster after spike 223 

formation (Fig. 2C). The biggest cluster in the root-associated microbiome before spike 224 

formation was related to metabolism of carbohydrates, amino acids, nucleotides and vitamins. 225 

Another cluster was related to processes involved mainly in carbon fixation, which negatively 226 

interacted with metabolism of methane, nitrogen and secondary metabolites, and to plant–227 

pathogen interactions. The third cluster was related to processes involved in quorum-sensing, 228 
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biofilm formation and cell motility. The fourth cluster was related to processes involved in 229 

transcription and the immune response. The fifth cluster was related to processes involved in 230 

proliferation of bacterial infections, prokaryotic defense system and metabolism of secondary 231 

metabolites, including antibiotics. The only cluster in the root-associated microbiome after 232 

spike formation was related to processes involved mainly in carbon fixation, and metabolism 233 

of methane, nitrogen and carbohydrates. In the rhizosphere, on the other hand, three distinct 234 

clusters were formed after spike formation, whereas there was only one before spike formation 235 

(Fig. 2D). The latter cluster was related to processes involving mainly carbohydrate 236 

metabolism and transcription. The biggest cluster in the rhizosphere after spike formation was 237 

related to biosynthesis of secondary metabolites, enzymes, signal transduction, membrane 238 

transport, cell motility and amino acid and nucleotide metabolisms. The two other clusters were 239 

related to antimicrobial resistance genes, which interacted negatively with energy metabolism, 240 

and membrane trafficking which interacted positively with transcriptional regulators. 241 

 242 

Influence of niche origin and spike formation on bacterial community composition  243 

At the phylum level, Proteobacteria dominated in the wheat root-associated bacterial 244 

community (47–67% relative abundance), followed by Actinobacteria (23–42%) and 245 

Bacteroidetes (4–6.5%) (Fig. 3A).  In the rhizosphere, Actinobacteria were dominant (44–246 

50%), followed by Proteobacteria (32–35%) and Acidobacteria (9–12%) (Fig. 3A). 247 

Proteobacteria, Actinobacteria and Bacteroidetes showed a niche preference and were 248 

dependent on plant growth stage. Proteobacteria and Bacteroidetes and their affiliated groups 249 

were more abundant in the root-associated bacterial community compared to the rhizosphere, 250 

while most Actinobacteria-affiliated groups were more abundant in the rhizosphere (Fig. 3B). 251 

The abundance of Proteobacteria in the roots was significantly higher before spike formation, 252 

whereas the abundance of Actinobacteria was higher after spike formation (Fig. 3C). The 253 
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abundance of Bacteroidetes in the root-associated community was not affected by spike 254 

formation. In the rhizosphere, the abundance of Acidobacteria was higher before spike 255 

formation, whereas the abundance of Actinobacteria and Proteobacteria was higher after spike 256 

formation.   257 

 258 

The effect of niche and spike formation on specific root-associated and rhizosphere gene 259 

functions  260 

To zoom in on functional genes that were significantly enriched in one niche over the other 261 

(root or rhizosphere) or before or after spike formation, they were divided into eight functional 262 

categories to reduce data complexity. The functional categories were related to: (1) carbons; 263 

(2) nitrogen; (3) biofilm and sensorial movement; (4) antibiotic synthesis and resistance; (5) 264 

ion transporters; (6) amino acid transporters; (7) vitamin transporters; and (8) metal 265 

transporters (Fig. 4A). Overall, during wheat growth, the highest enrichment in functional gene 266 

abundance in the root-associated bacterial community compared to the rhizosphere was related 267 

to two categories: biofilm and sensorial movement, and antibiotic synthesis and resistance (Fig. 268 

4B). In addition, distinct transporters associated with carbons, amino acids, metals, ions and 269 

vitamins were more abundant in either root-associated or rhizosphere bacterial communities 270 

(Fig. 4B). 271 

The biofilm and sensorial movement group included genes related to secretion systems 272 

type I, III, IV and VI, secretion systems related to pili and flagella and mannose-sensitive 273 

hemagglutinin (MSHA), biofilm formation, motility, quorum-sensing and chemotaxis. 274 

Interestingly, 96 genes from this group were abundant in the root-associated community before 275 

spike formation, and none were enriched after spike formation (Fig. 5A, 6A). Antibiotic 276 

synthesis and resistance genes were separated into two subgroups in relation to the timing of 277 

spike formation: multidrug and resistance toward (1) beta-lactams, (2) antimicrobial peptides 278 
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and (3) invading RNA elements (CRISPR systems) before spike formation, and biosynthesis 279 

of various antibiotics, including polyketide, after spike formation (Fig. 5B). 280 

The gene cluster related to carbons consisted mainly of transporters, and had twice the 281 

number of significantly abundant functional genes in the roots compared to the rhizosphere 282 

136 vs. 67 genes (Fig. 4B), while amino acid transporters showed almost three times the 283 

number of genes (22 vs. 8 genes, respectively). Genes involved in carbon compound 284 

biosynthesis and degradation processes were more abundant in roots than in the rhizosphere. 285 

In addition, significantly enriched genes related to amino acid transporters were two times more 286 

abundant before compared to after spike formation in the roots (17 vs. 9 genes) (Fig. 5B, 6A).  287 

In the rhizosphere, the number of significantly enriched genes assigned to one of the eight 288 

selected functional groups (i.e., related to carbons, nitrogen, biofilm and sensorial movement, 289 

antibiotic synthesis and resistance, ion transporters, amino acids, vitamins, and metal 290 

transporters) was much smaller (23%) compared to root-associated bacteria (116 vs. 503 genes, 291 

respectively. The significantly enriched genes in the rhizosphere belonged to three groups: (1) 292 

carbon transporters, biosynthesis and metabolism; (2) antibiotic biosynthesis and resistance 293 

and (3) amino acid biosynthesis and metabolism (Fig. 5C, 6A). Significantly abundant genes 294 

in the rhizosphere assigned to antibiotic biosynthesis and resistance and to amino acid 295 

biosynthesis and metabolism were more abundant before spike formation.  296 

It is interesting to note that only nine functions (lipopolysaccharide transporter and 297 

biosynthesis, beta-lactam resistance, metabolism of methane, metabolism of alanine, aspartate 298 

and glutamate, metabolism of arginine and proline, and biosynthesis of peptidoglycan, lysine 299 

and enediyne antibiotics, Fig. 5B) comprised up to 45% of the significantly enriched genes in 300 

the rhizosphere. Their abundance was significantly influenced by spike formation in both 301 

rhizosphere and roots.  302 

 303 
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Links between taxonomy and significantly changed functions  304 

Links between selected representative bacterial phyla and significantly abundant functional 305 

genes before and after spike formation in the roots are shown in Fig. 6B. The phyla 306 

Proteobacteria, Actinobacteria and Bacteroidetes were selected for these analyses for three 307 

reasons: (1) these three groups had the highest relative abundance among all phyla in the roots 308 

(Fig. 2A); (2) Proteobacteria and Bacteroidetes were significantly enriched in the roots 309 

compared to the rhizosphere; (3) Proteobacteria and Actinobacteria abundance in the roots 310 

was significantly influenced by spike formation. Proteobacteria was the dominant phylum in 311 

the roots (47–67%), and therefore, most of its significantly enriched gene subgroups were more 312 

abundant than those of Actinobacteria and Bacteroidetes, even when calculating abundance 313 

per cell (Supplemental Table 2).   314 

 315 

Discussion 316 

Roots select their associated microbiome members and affect their activity by providing a 317 

nutrient-rich environment based on distance from the root [41]. Some of the rhizodepositions 318 

subsequently diffuse from the root surface into the rhizosphere [42]. Many crops, including 319 

wheat, have been found to secrete increasing amounts of organic carbon for the first 50 days 320 

after planting, after which organic carbon deposition decreases dramatically [21]. We propose 321 

that this turning point in wheat-root organic carbon deposition occurs concomitantly with spike 322 

formation, and influences root-associated and rhizosphere communities and their gene 323 

repertoires.  324 

Root-associated bacteria have important traits that provide them with a selective 325 

advantage in root colonization. These include, among others, attachment and competition 326 

mechanisms such as motility and chemotaxis, that enable sensing and reaching the root surface 327 

[43]. It has been shown that non-motile or reduced-motility mutants are unable to compete in 328 
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root colonization [44]. Another trait is biofilm formation, which creates a better protected niche 329 

[45]. In this study, three microbiome functional clusters were shown to be specifically 330 

associated with root proximity: biofilm and sensorial movement; antibiotic production and 331 

resistance; carbon biosynthesis, degradation and transporters, and amino acid biosynthesis and 332 

transporters (Fig. 4B). The first cluster includes genes related to secretion systems (type I, II, 333 

III, IV and VI, pili, flagella and MSHA), biofilm formation, motility, quorum-sensing and 334 

chemotaxis. In the second cluster, half of the genes were associated with biosynthesis of 335 

polyketide antibiotics (Fig. 4B) which are known to facilitate competition and communication 336 

between microorganisms [46]. The third gene cluster included transporters for carbon and 337 

amino acids which were significantly enriched in the roots compared to the rhizosphere (Fig. 338 

4B). Transporters of fructose, glycerol and glucose and mannose were enriched in the root-339 

associated bacteria compared to the rhizosphere. Indeed, those compounds have been recently 340 

identified as wheat root exudates [47]. Based on root-associated bacterial gene enrichment, it 341 

may be concluded that during root colonization and growth, bacteria sense the presence of 342 

emerging roots and move toward them from the bulk soil, express resistance genes to compete 343 

with other bacteria, then utilize the exudates, proliferate on the root surface and form a biofilm. 344 

  Interestingly, in the root-associated microbiome, these three functional gene clusters 345 

(biofilm and sensorial movement, antibiotic production and resistance, and genes related to 346 

carbons and amino acids) were negatively influenced at the time of spike formation. The 347 

biofilm and sensorial movement genes were abundant before spike formation, while the roots 348 

are growing and bacterial colonization is actively occurring, but none of these genes were 349 

abundant after spike formation (Fig. 5B), Fig. 6A). Moreover, genes related to antibiotic 350 

resistance mechanisms were abundant before spike formation. These include genes coding for 351 

resistance to beta-lactams and antimicrobial peptides, both used as a tool to remove competing 352 

organisms, as well as CRISPR/Cmr systems that provide immune responses directed against 353 
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the RNA of invading elements [48, 49]. However, after spike formation, genes related to the 354 

biosynthesis of various antibiotics, including polyketides, were enriched (Fig. 5B, Fig. 6A). 355 

This observation suggests that during colonization and biofilm formation, bacteria need genes 356 

that will allow them to cope with antibiotics, whereas in the mature biofilm stage, they invest 357 

in inhibiting new colonizers. Before and after spike formation, a large portion of significantly 358 

abundant genes were related to carbon and amino acid transporters, and especially ABC 359 

transporters (Fig. 5B). Amino acids, an important fraction of root exudates, are crucial for the 360 

early steps of root colonization [50] and indeed, more than twice the amount of amino acid-361 

related genes were abundant in the root microbiome before as compared to after spike 362 

formation. Changes in gene abundance of those bacterial carbon and amino acid transporters 363 

may serve as an indicator of carbohydrate and amino acid quantities and types in the exudates 364 

at different stages of plant development. For instance, glucose and mannose, glycerol, inositol, 365 

methyl galactoside, and trehalose are known wheat root exudates [47], whose transporters were 366 

enriched before spike formation. However, transporters for fructose, sorbitol and mannitol, also 367 

known wheat root exudates [47], were abundant in the root microbiome after spike formation 368 

(Fig. 5B). Chemical assessment of the actual composition of root exudates in the soil is difficult 369 

and inaccurate [51], but it is suggested that these microbiome-abundant transporter-encoding 370 

genes may reflect the composition of the root exudates available to the bacteria in situ. 371 

 There are only nine functions (lipopolysaccharide transporter and biosynthesis, beta-372 

lactam resistance, metabolism of methane, metabolism of alanine, aspartate and glutamate, 373 

metabolism of arginine and proline, and biosynthesis of peptidoglycan, lysine and enediyne 374 

antibiotics, Fig. 5B) whose gene abundance was significantly influenced by spike formation in 375 

both root and rhizosphere niches. Genes related to these nine functions sum up to half of the 376 

total significantly enriched genes in the rhizosphere. Moreover, all of these genes are enriched 377 

in the rhizosphere before spike formation, when root exudation is expected to increase 378 
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dramatically [21]. These results support the notion that some of the root exudates eventually 379 

diffuse into the surrounding soil, and contribute to creating the rhizosphere. 380 

In this study, the wheat root community consisted mostly of Proteobacteria, 381 

Actinobacteria and Bacteroidetes, previously described as wheat root colonizers [52–54]. 382 

Interestingly, in the root-associated niche, the abundance of Proteobacteria and Actinobacteria 383 

was influenced by spike formation, whereas that of Bacteroidetes was not. Proteobacteria were 384 

significantly more abundant and, per cell, had a higher abundance of significantly enriched 385 

genes before spike formation (i.e., genes related to carbon metabolism and transporters, amino 386 

acid metabolism, degradation and transporters, antibiotic resistance, quorum-sensing, 387 

chemotaxis, biofilm formation, and various types of secretion systems, denitrification and 388 

metal and ion transporters) compared to Actinobacteria (Fig. 6B, Supplemental Table 2). On 389 

the other hand, Actinobacteria, which were significantly more abundant after spike formation, 390 

had more significantly enriched genes at this time point per cell (i.e., genes related to carbon 391 

transporters, degradation and metabolism, amino acid transporters and biosynthesis) compared 392 

to Proteobacteria. Some Actinobacteria have the ability to partially degrade plant cell wall 393 

components, such as lignocellulose and other complex molecules [55], which are characteristic 394 

of mature and remnants of wheat roots [56]. In addition, genes encoding cellobiose transporter 395 

were abundant after spike formation, suggesting consumption of cellobiose, a product of 396 

cellulose hydrolysis [57]. These changes in abundance with spike formation may indicate a 397 

major role for Proteobacteria and Actinobacteria in wheat root colonization by adapting their 398 

functional profile to follow root growth and secretion patterns, as well as decay.  399 

 400 

Conclusions 401 

We demonstrate and discuss the differences in bacterial community structure and gene 402 

functions according to their vicinity to the root, stressing the functional division between the 403 
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two niches: root-associated and rhizosphere. Root-associated and rhizosphere microbiome 404 

gene functions reflect plant physiology during their combined development. Plant spike 405 

formation also had a major effect on the microbiomes, probably due to changes in the roots' 406 

physiology and activities. These findings shed light on the dynamics of the fascinating plant–407 

microbe and microbe–microbe interactions in the root zone. 408 
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List of Figures 596 

 597 

598 

Fig. 1 Shifts in root-associated and rhizosphere bacterial community structure and function 599 

with plant age. nMDS ordination plots show clustering patterns of wheat root-associated and 600 

rhizosphere microbial community structures (A) and functions (B) during wheat growth. Data 601 

matrix was transformed using normalized count transformation in the DESeq2 package, and 602 

then ordination was generated using Bray–Curtis dissimilarity and Euclidean distances, 603 

respectively. (C) Changes in structural and (D) functional similarity between wheat root-604 

associated and rhizosphere microbial communities at each week. Different lowercase letters 605 
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indicate significant difference (P < 0.05) by Student’s t-test. Weeks 1, 2, 5, 9 and 12: n = 6; 606 

week 17 green (green spike) and yellow (yellow spike): n = 2 for each  607 
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 608 

Fig. 2 Network co-occurrence analysis of bacterial communities of root and rhizosphere 609 

samples constructed using CoNet, a Cytoscape plugin. Green and red links (i.e., edges) indicate 610 

significant positive and negative correlations between two nodes, respectively. In A and B, 611 

each node represents taxa affiliated to all taxonomic levels from the metagenome, labeled at 612 

the phylum level. In C and D, each node represents a group of functional genes, annotated with 613 

known KO groups from the KEGG database  614 
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 615 

Fig. 3 Changes in root-associated and rhizosphere bacterial community structure as a function 616 

of niche (roots vs. rhizosphere) and plant age. (A) Shifts in root and rhizosphere bacterial 617 

community structure at the phylum and order levels as influenced by plant age. Significantly 618 

abundant groups in root or rhizosphere (niche) (B) and with spike formation (C). Changes in 619 

bacterial abundance were calculated using DESeq2 with cutoff FDR-adjusted P-value < 0.05. 620 

Before spike formation, n = 9; after spike formation, n = 10 621 
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 622 

Fig. 4 Spatial effect on microbiome functions. Significantly abundant functional genes in two 623 

niches (root-associated vs. rhizosphere) summarized in functional groups (A) and genes 624 

encoding for those functional groups (B) 625 
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626 

Fig. 5 Temporal effect on microbiome functions. Significantly abundant functional genes 627 

before and after spike formation, divided into groups (A) and in roots (B) and rhizosphere (C) 628 
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 629 

Fig. 6 Schematic model presenting significantly abundant functional genes. (A) Schematic 630 

representation of significantly abundant functional genes before and after spike formation in 631 

roots and rhizosphere. Size of each rectangle is proportional to sum of significantly enriched 632 

functional gene counts in each subcategory, calculated based on data in Fig. 5B,C. (B) 633 

Schematic representation of significantly abundant functional genes before and after spike 634 

formation in roots in the three selected, dominant bacterial phyla Proteobacteria, 635 

Actinobacteria and Bacteroidetes. Size of each rectangle is proportional to normalized amount 636 

of the gene functions (using normalized count transformation in DESeq2 package), divided by 637 

relative abundance of each relevant taxa. List of all normalized counts is provided in 638 

Supplemental Table 2 639 

 640 

 641 
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Additional file 1 642 

 643 

Supplemental Table 1 Root-associated and rhizosphere contigs divided into catalogues 644 

Niche Catalogue name Number of contigs N50 (bp) 

Roots 

week 1 233,475 700 

week 2 295,394 780 

week 5 349,966 691 

week 9 265,158 702 

week 12 439,827 736 

week 17a 371,640 759 

week 17b 567,046 680 

Rhizosphere 

week 1 470,984 701 

week 2 485,480 706 

week 5 557,525 726 

week 9 458,671 722 

week 12a 266,674 694 

week 12b 294,897 692 

week 17a 274,544 689 

week 17b 264,367 685 

 645 

  646 
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Supplemental Table 2 List of normalized gene counts per cell for Proteobacteria, 647 

Actinobacteria and Bacteroidetes  648 

 649 

Bacteria phyla Function group Function group type
Relative abundance 

(%)

Number 

of genes 

before 

spike 

formation

Number 

of genes 

after 

spike 

formation

Functional genes 

significaly abundant 

before or after 

spike formation

Number 

of genes 

per cell

Actinobacteria Amino acid ABC transporters 27 809 715 before 30

Actinobacteria Amino acid ABC transporters 37 7381 12003 after 325

Actinobacteria Amino acid Biosynthesis 27 3 3 before 0

Actinobacteria Amino acid Biosynthesis 37 5457 9522 after 258

Actinobacteria Amino acid Degradation 27 1532 2327 before 57

Actinobacteria Amino acid Metabolism 27 18848 28884 before 702

Actinobacteria Amino acid Metabolism 37 3400 5278 after 143

Actinobacteria Antibiotics synthesis and resistance ABC transporters 27 56 22 before 2

Actinobacteria Antibiotics synthesis and resistance ABC transporters 37 1068 1848 after 50

Actinobacteria Antibiotics synthesis and resistance Biosynthesis 37 10672 19366 after 524

Actinobacteria Antibiotics synthesis and resistance Resistance 27 4063 6187 before 151

Actinobacteria Antibiotics synthesis and resistance Resistance 27 279 557 before 10

Actinobacteria Antibiotics synthesis and resistance Transporters 27 133 236 before 5

Actinobacteria Chemotaxis 27 3332 6834 before 124

Actinobacteria Quorum sensing 27 16740 24655 before 624

Actinobacteria Secretion system 27 2142 3301 before 80

Actinobacteria Biofilm formation 27 7643 12537 before 285

Actinobacteria Carbon ABC transporters 27 828 1429 before 31

Actinobacteria Carbon ABC transporters 37 27467 46799 after 1267

Actinobacteria Carbon Biosynthesis 27 5617 6387 before 209

Actinobacteria Carbon Biosynthesis 37 6121 9364 after 253

Actinobacteria Carbon Degradation 37 10924 17979 after 487

Actinobacteria Carbon Metabolism 27 2854 4229 before 106

Actinobacteria Carbon Metabolism 37 42138 73426 after 1988

Actinobacteria Carbon Transporters 27 42 16 before 2

Actinobacteria Ion ABC transporters 27 8 8 before 0

Actinobacteria Ion Transporters 27 44 28 before 2

Actinobacteria Metal ABC transporters 27 2561 4684 before 95

Actinobacteria Metal ABC transporters 37 325 621 after 17

Actinobacteria Nitrogen Denitrification 27 501 780 before 19

Bacteroidetes Amino acid ABC transporters 5 29 17 before 6

Bacteroidetes Amino acid ABC transporters 5 8 34 after 6

Bacteroidetes Amino acid Biosynthesis 5 416 695 after 132

Bacteroidetes Amino acid Degradation 5 128 156 before 24

Bacteroidetes Amino acid Metabolism 5 5114 6912 before 975

Bacteroidetes Amino acid Metabolism 5 491 604 after 115

Bacteroidetes Antibiotics synthesis and resistance ABC transporters 5 7 5 before 1

Bacteroidetes Antibiotics synthesis and resistance ABC transporters 5 37 59 after 11

Bacteroidetes Antibiotics synthesis and resistance Biosynthesis 5 1001 1298 after 247

Bacteroidetes Antibiotics synthesis and resistance Resistance 5 2264 2751 before 453

Bacteroidetes Antibiotics synthesis and resistance Transporters 5 251 284 before 48

Bacteroidetes Chemotaxis 5 254 480 before 48

Bacteroidetes Quorum sensing 5 1314 1721 before 251

Bacteroidetes Secretion system 5 74 47 before 14

Bacteroidetes Biofilm formation 5 545 793 before 104

Bacteroidetes Carbon ABC transporters 5 780 1003 before 149

Bacteroidetes Carbon ABC transporters 5 17 20 after 4

Bacteroidetes Carbon Biosynthesis 5 1760 1786 before 335

Bacteroidetes Carbon Biosynthesis 5 822 1317 after 251

Bacteroidetes Carbon Degradation 5 4939 7264 after 1382

Bacteroidetes Carbon Metabolism 5 18 20 before 3

Bacteroidetes Carbon Metabolism 5 8230 11833 after 2251

Bacteroidetes Ion ABC transporters 5 78 51 before 15

Bacteroidetes Ion Transporters 5 94 123 before 18

Bacteroidetes Ion Transporters 5 5 2 before 1

Bacteroidetes Metal ABC transporters 5 73 62 before 14

Bacteroidetes Nitrogen Denitrification 5 41 25 before 8

Proteobacteria Amino acid ABC transporters 62 27986 23593 before 450

Proteobacteria Amino acid ABC transporters 52 4231 4492 after 87

Proteobacteria Amino acid Biosynthesis 62 7 17 before 0

Proteobacteria Amino acid Biosynthesis 52 3341 4203 after 82

Proteobacteria Amino acid Degradation 62 7584 6383 before 122

Proteobacteria Amino acid Metabolism 62 78019 70650 before 1253

Proteobacteria Amino acid Metabolism 52 6463 7226 after 140

Proteobacteria Antibiotics synthesis and resistance ABC transporters 62 11196 9291 before 180

Proteobacteria Antibiotics synthesis and resistance ABC transporters 52 51 46 after 1

Proteobacteria Antibiotics synthesis and resistance Biosynthesis 52 6975 6541 after 127

Proteobacteria Antibiotics synthesis and resistance Resistance 62 36956 36280 before 594

Proteobacteria Antibiotics synthesis and resistance Resistance 62 17899 15325 before 289

Proteobacteria Antibiotics synthesis and resistance Transporters 62 36841 30887 before 592

Proteobacteria Chemotaxis 62 47886 39568 before 769

Proteobacteria Quorum sensing 62 53297 52493 before 856

Proteobacteria Secretion system 62 86817 67617 before 1395

Proteobacteria Biofilm formation 62 41563 37687 before 668

Proteobacteria Carbon ABC transporters 62 30072 25734 before 483

Proteobacteria Carbon ABC transporters 52 9950 10446 after 203

Proteobacteria Carbon Biosynthesis 62 15081 13209 before 242

Proteobacteria Carbon Biosynthesis 52 12626 13861 after 269

Proteobacteria Carbon Degradation 52 7271 8049 after 156

Proteobacteria Carbon Metabolism 62 13902 12629 before 223

Proteobacteria Carbon Metabolism 52 55133 53344 after 1035

Proteobacteria Carbon Transporters 62 2101 1498 before 34

Proteobacteria Ion ABC transporters 62 4067 3169 before 65

Proteobacteria Ion Transporters 62 290 89 before 5

Proteobacteria Ion Transporters 62 8365 6147 before 134

Proteobacteria Metal ABC transporters 62 25229 22403 before 405

Proteobacteria Nitrogen Denitrification 62 7715 5879 before 124



Figures

Figure 1

Shifts in root-associated and rhizosphere bacterial community structure and function with plant age.
nMDS ordination plots show clustering patterns of wheat root-associated and rhizosphere microbial
community structures (A) and functions (B) during wheat growth. Data matrix was transformed using
normalized count transformation in the DESeq2 package, and then ordination was generated using Bray–
Curtis dissimilarity and Euclidean distances, respectively. (C) Changes in structural and (D) functional



similarity between wheat root-associated and rhizosphere microbial communities at each week. Different
lowercase letters indicate signi�cant difference (P < 0.05) by Student’s t-test. Weeks 1, 2, 5, 9 and 12: n =
6; week 17 green (green spike) and yellow (yellow spike): n = 2 for each

Figure 2

Network co-occurrence analysis of bacterial communities of root and rhizosphere samples constructed
using CoNet, a Cytoscape plugin. Green and red links (i.e., edges) indicate signi�cant positive and
negative correlations between two nodes, respectively. In A and B, each node represents taxa a�liated to
all taxonomic levels from the metagenome, labeled at the phylum level. In C and D, each node represents
a group of functional genes, annotated with known KO groups from the KEGG database



Figure 3

Changes in root-associated and rhizosphere bacterial community structure as a function of niche (roots
vs. rhizosphere) and plant age. (A) Shifts in root and rhizosphere bacterial community structure at the
phylum and order levels as in�uenced by plant age. Signi�cantly abundant groups in root or rhizosphere
(niche) (B) and with spike formation (C). Changes in bacterial abundance were calculated using DESeq2
with cutoff FDR-adjusted P-value < 0.05. Before spike formation, n = 9; after spike formation, n = 10



Figure 4

Spatial effect on microbiome functions. Signi�cantly abundant functional genes in two niches (root-
associated vs. rhizosphere) summarized in functional groups (A) and genes encoding for those
functional groups (B)



Figure 5

Temporal effect on microbiome functions. Signi�cantly abundant functional genes before and after spike
formation, divided into groups (A) and in roots (B) and rhizosphere (C)



Figure 6

Schematic model presenting signi�cantly abundant functional genes. (A) Schematic representation of
signi�cantly abundant functional genes before and after spike formation in roots and rhizosphere. Size
of each rectangle is proportional to sum of signi�cantly enriched functional gene counts in each
subcategory, calculated based on data in Fig. 5B,C. (B) Schematic representation of signi�cantly
abundant functional genes before and after spike formation in roots in the three selected, dominant
bacterial phyla Proteobacteria, Actinobacteria and Bacteroidetes. Size of each rectangle is proportional to
normalized amount of the gene functions (using normalized count transformation in DESeq2 package),
divided by relative abundance of each relevant taxa. List of all normalized counts is provided in
Supplemental Table 2
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