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44 Summary

45  Plant microbiomes are essential to host health and productivity but the ecological 

46 processes that govern crop microbiome assembly are not fully known. 

47  Here we examined bacterial communities across 684 samples from soils 

48 (rhizosphere and bulk soil) and multiple compartment niches (rhizoplane, root 

49 endosphere, phylloplane, and leaf endosphere) in maize (Zea mays)-wheat 

50 (Triticum aestivum)/barley (Hordeum vulgare) rotation system under different 

51 fertilization practices at two contrasting sites. 

52  Our results demonstrate that microbiome assembly is shaped predominantly by 

53 compartment niche and host species rather than by site or fertilization practice. 

54 From soils to epiphytes to endophytes, host selection pressure sequentially 
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55 increased and bacterial diversity and network complexity consequently reduced, 

56 with the strongest host effect in leaf endosphere. Source tracking indicates that crop 

57 microbiome is mainly derived from soils and gradually enriched and filtered at 

58 different plant compartment niches. Moreover, crop microbiomes were dominated 

59 by a few dominant taxa (~0.5% of bacterial phylotypes), with Bacilli identified as 

60 the important biomarker taxa for wheat and barley and Methylobacteriaceae for 

61 maize. 

62  Our work provides comprehensive empirical evidence on host selection, potential 

63 sources and enrichment processes for crop microbiome assembly, and has 

64 important implications for future crop management and manipulation of crop 

65 microbiome for sustainable agriculture.

66

67 Keywords: Plant microbiomes, Community assembly, Plant-microbe interactions, Co-

68 occurrence networks, Compartment niches, Soil-plant continuum, Fertilization 

69 practices 

70

71

72

73 Introduction

74 Plants are heavily inhabited by diverse microbes in every compartment, including root, 

75 stem, leaf, flower, and fruit (Lindow & Brandl, 2003; Hacquard et al., 2015). Plant and 

76 their inhabiting microbiome collectively constitute a “holobiont” in which they have 

77 been interacting and evolving with each other (Vandenkoornhuyse et al., 2015; Hassani 

78 et al., 2018). Similar to the human microbiome, the plant microbiome acts as a 

79 secondary genome and is linked with host fitness (Vandenkoornhuyse et al., 2015; 

80 Muller et al., 2016; Martin et al., 2017). Harnessing the plant microbiome to maximize 

81 crop production is increasingly considered as a viable sustainable future 

82 approach (Geddes et al., 2015; Qiu et al., 2019). One of the pre-requisites for the 
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83 development of such effective technologies is to improve the fundamental 

84 understanding of ecological processes that govern microbiome assembly (Singh & 

85 Trivedi, 2017; Toju et al., 2018). 

86 Plant bacterial community is diverse and contributes to numerous aspects of the plant 

87 health (Bulgarelli et al., 2013; Liu et al., 2019). For example, previous studies on 

88 Arabidopsis thaliana (Durán et al., 2018), grapevine (Rolli et al., 2015), and 

89 citrus (Zhang et al., 2017) have demonstrated that bacterial community plays an 

90 essential role for plant growth through a variety of mechanisms, including increasing 

91 nutrient acquisition, promoting plant hormone production, and protecting plant against 

92 pathogen attacks (Ritpitakphong et al., 2016; Alvarez-Perez et al., 2017; Hassani et al., 

93 2018). These studies suggest that plant and its microbiomes have co-evolved for 

94 millions of years and most of these interactions are mutually beneficial (Foster et al., 

95 2017; Cordovez et al., 2019) but influenced by environmental conditions (Philippot et 

96 al., 2013; Hassani et al., 2018). The theoretical framework of co-evolution implies that 

97 plants attract and select beneficial microbiomes via releasing signal molecules to attract 

98 target microbiota and then apply selection pressure using immune systems and 

99 provision of specialized nutrient and habitat types (Foster et al., 2017; Martin et al., 

100 2017; Cordovez et al., 2019). Microbes able to recognize the signal molecules and 

101 colonize specific compartment niches are preferentially enriched while others are 

102 filtered out (Hacquard et al., 2015; Muller et al., 2016). However, how host and 

103 environment shape microbiome assemblies and co-occurrence patterns across 

104 rhizosphere, phyllosphere and endosphere remains largely unknown.

105 Host plants provide microbes with multiple microhabitats, including diverse host 

106 organs, plant external tissues (epiphytes), and internal tissues (endophytes) (Muller et 

107 al., 2016; Vorholt et al., 2017; Edwards et al., 2018a). Soil habitats serve as an 

108 extremely rich microbial reservoir for host microbial selection (Bulgarelli et al., 2013; 

109 Zarraonaindia et al., 2015; Mangeot-Peter et al., 2020). Previous studies have 

110 demonstrated that different plant compartments are colonized by distinct microbial 
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111 communities (Uroz et al., 2010; Bulgarelli et al., 2012; Hamonts et al., 2017; Cregger 

112 et al., 2018). The successful colonization of microbes in a specific niche requires 

113 microbes have the capability to overcome host immune system and abiotic stresses in 

114 different microhabitats (Vorholt, 2012; Bulgarelli et al., 2013). Most recent studies 

115 focusing on root and rhizosphere have suggested that microbial communities are shaped 

116 by multiple factors, including plant genetics and age, soil types, and nutrients (Barnes 

117 et al., 2016; Walters et al., 2018; Yu et al., 2018; Emmett et al., 2020). Yet we still 

118 know little about the plant microbiome assemblies along the soil-plant continuum 

119 including epiphytes and endophytes, particularly for crops growing in fields in 

120 manipulative management setting. 

121 In addition to exposure to biotic stress from host, microbial communities in 

122 agricultural ecosystems are usually exposed to various climate, edaphic conditions and 

123 agronomic management regimes, which have an inevitable influence on crop 

124 microbiomes. For instance, a couple of studies have suggested that different soil 

125 properties (e.g. soil pH and nutrients) and agricultural regimes (e.g. management type 

126 and tillage intensity) could significantly influence the community composition of root 

127 and soil microbiomes (Peiffer et al., 2013; Hartman et al., 2018; Toju et al., 2018; Yu 

128 et al., 2018). All these suggested that crop-associated microbiomes were shaped by 

129 multiple biotic and environmental factors, while most of the related studies mainly 

130 considered one or a few of aspects. A systematic understanding of how compartment 

131 niche, host species, edaphic factors and agricultural management perturbations 

132 interactively drive the assembly of crop microbiome is still scarce. Observations based 

133 on field practice suggested that straw retention (Sun et al., 2015), application of 

134 nitrification inhibitor (Wu et al., 2018), biochar amendment (Edwards et al., 2018b), 

135 and transplantation of beneficial microbes (Van der Heijden et al., 1998; Christian et 

136 al., 2019) could effectively improve soil fertility and plant productivity. These practices 

137 are proposed as complimentary measures to reduce the use of inorganic N fertilizers for 

138 sustainable agriculture. However, little is known about the effects of these practices on 
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139 the assemblies of crop-associated microbiomes, particularly on the main cereal crops. 

140 Here we established a field experiment with seven different fertilization regimes in 

141 two major agricultural areas, corresponding to two contrasting soil types in China, and 

142 examined bacterial community across 684 samples from soils (rhizosphere and bulk 

143 soil) and multiple compartment niches (rhizoplane, root endosphere, phylloplane, and 

144 leaf endosphere) of three crops (maize, Zea mays; wheat, Triticum aestivum; barley, 

145 Hordeum vulgare). We aim to (1) assess how host (compartment niche and host species) 

146 and environmental factors (site and fertilization practice) interactively shape crop 

147 microbiome assembly and co-occurrence patterns across rhizosphere, phyllosphere and 

148 endosphere; (2) to identify the potential sources and keystone taxa of crop microbiomes 

149 along the soil-plant continuum. We hypothesized that (1) the relative contribution of 

150 host effect and environmental effect on crop microbiome assembly will shift across 

151 soils to epiphytes to endophytes, and the microbial diversity and network complexity 

152 will decrease correspondingly due to increasing host effect, and (2) crop microbiome 

153 will be gradually enriched and filtered from bulk soil to endosphere and endosphere 

154 niches may select microbial taxa from nearby species pool. 

155 Materials and methods

156 Field trial and treatments

157 Two field trials were established in Xuchang (XC, 34°08'20.4"N, 113°48'34.9"E, 79 

158 meters above sea level, masl) in Henan province (northern China), and Qujing (QJ, 

159 25°09'40.8"N, 104°01'51.5"E, 1925 masl) in Yunnan province (southwest China) in 

160 spring of 2016. The two study sites are about 1800 km far away, and soil at XC was 

161 classified as calcaric cambisols with pH at about 7.5 and QJ as chromic cambisols with 

162 pH at about 5.0, according to the FAO soil classification system (IUSS Working Group 

163 WRB, 2007). XC site has a temperate monsoonal climate with an annual mean 

164 precipitation (AMP) of 704 mm, and a month mean temperature (MMT) of 26.1 °C in 

165 summer and 3.6 °C in winter. QJ site has a subtropical monsoon climate with an AMP 

166 of 1,008 mm, a MMT of 19.8 °C in summer and 9.3 °C in winter. 
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167 The fertilization trials were established in spring of 2016, including seven treatments 

168 in both sites: (1) control without nitrogen fertilizer (Control); (2) fertilization with urea 

169 (N), superphosphate (P) and potassium sulfate (K) in light of local regime (N); (3) 20% 

170 N reduction on the basis of N treatment (80%N); (4) 20% N reduction plus straw 

171 addition at a rate of 3000 kg ha-1 (80%NS); (5) 20% N reduction plus nitrification 

172 inhibitor chlorinated pyridine (CP) application at a rate of 735 g ha-1 (80%NI); (6) 20% 

173 N reduction plus foliar spraying of an asymbiotic nitrogen-fixing bacteria Klebsiella 

174 variicola W12 at a rate of 500 L ha-1 (1 × 1012 CFU/ml) (80%NKle); (7) 80%NS 

175 treatment plus biochar addition at a rate of 30,000 kg ha-1 (80%NSB). For both sites, 

176 the doses of P and K fertilizer were kept identical for all treatments at a rate of 90 kg 

177 ha-1 P2O5 and 90 kg ha-1 K2O for each crop season. N fertilizer was applied at a rate of 

178 200 kg N ha-1 in N treatment and a rate of 160 kg N ha-1 in all 80%N treatments. Each 

179 treatment had three replicate plots, and each plot was about 30 m2 and surrounded by a 

180 buffer strip of about 1.5 m. All plots were randomly arranged in field and managed 

181 according to local habits. Agronomic practices for fertilization were detailed in 

182 supplementary materials “Method S1”. 

183 Due to the contrasting climate and edaphic features in two sites, field trials were 

184 managed following the local regime, with maize-wheat rotation in XC site and maize-

185 barley rotation in QJ site. The crop varieties planted were the same as those used by 

186 local farmers, with Zea mays cultivar Zhengdan 958 and Triticum aestivum cultivar 

187 Qiule 2122 sowed in XC, and Zea mays cultivar Shidan 8 and Hordeum vulgare cultivar 

188 V43 in QJ. 

189 Sample collection

190 Maize sampling was performed in September 2016 (n = 216, including the first 6 

191 treatments) and in August 2017 (n = 252, including all 7 treatments) for both study sites, 

192 respectively. In wheat/barley growing-season, sampling was performed in March 2017 

193 (n = 216, including the first 6 treatments) (Fig. S1). For leaves and roots sampling, 

194 about 5 individual maize plants and 20-30 individual wheat/barley plants were 
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195 randomly selected from each plot, and 1-2 leaves at mid-upper position of the plant 

196 were clipped and immediately placed on ice bag (totally 50-100 g fresh weight for each 

197 plot). Rhizosphere soil (defined as those tightly attached to the roots) and roots (10-20 

198 g fresh weight for each plot) of the same plant were collected afterwards. The topsoil 

199 (0-15 cm) ~20cm away from roots was collected as bulk soil, with five subsamples 

200 thoroughly mixed as a biological sample for each plot. A total of 684 samples were 

201 collected from the two sites (see detailed sample information in Fig. S1). All leaf, root, 

202 and soil samples were transported to the laboratory on dry ice, and stored at -80 °C 

203 before DNA extraction. Soil physicochemical characteristics including pH, NH4
+-N, 

204 NO3
--N, dissolved organic carbon (DOC), and dissolved organic nitrogen (DON) were 

205 measured according to standard protocols (Zhao et al., 2019), and these parameters 

206 together with yield data are listed in Table S1.

207 DNA extraction and bacterial 16S rRNA gene amplification

208 For epiphytic DNA extraction, microbial cells were dislodged and collected from 10-

209 15 g of leaves and 3-5 g of roots according to previous method (Bodenhausen et al., 

210 2013; Ruiz-Perez et al., 2016) with some modifications, and subjected to DNA 

211 extraction using the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, 

212 CA, USA). Endophytic DNA was extracted from the same leaves and roots used for 

213 epiphytic DNA after further surface sterilization following the procedure reported by 

214 previous works (Ruiz-Perez et al., 2016; Samad et al., 2017). The rhizosphere and bulk 

215 soil DNA were extracted from 0.4 g soil using the PowerSoil DNA Isolation Kit. 

216 Chloroplast excluding primers targeting the V5-V6 region of the bacterial 16S rRNA 

217 gene（799F/1115R) (Kembel et al., 2014) were used for the bacterial 16S rRNA gene 

218 amplification. PCR products were purified using the QIAquick gel extraction kit 

219 (Qiagen, USA). All samples were pooled in equimolar concentrations and then were 

220 sequenced on the Illumina MiSeq platform with a Paired-End protocol. More detailed 

221 descriptions on DNA extraction and bacterial 16S rRNA gene amplification are 

222 available in Supplementary Information (Method S1).
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223 Bioinformatic analysis

224 Primer sequences and low-quality reads ends with a quality score (Q) below 30 were 

225 trimmed. Paired-end sequences were merged to a single sequence of length of 

226 approximately 300 bp, and the resultant sequences were quality-filtered (maximum 

227 expected error 0.5) and singletons were removed in USEARCH v10 software (Edgar, 

228 2010). All correct biological reads (i.e. zero-radius operational taxonomic units, or 

229 ZOTUs) were picked using UNOISE3 (Edgar, 2016) with default parameters in 

230 USEARCH (Edgar, 2010). Representative sequences were classified using BLAST 

231 algorithm with the SILVA reference database (V12.8) in QIIME 1.91 (Caporaso et al., 

232 2010). Non-bacterial ZOTUs (chloroplast, mitochondrial and viridiplantae) and rare 

233 bacteria (< 20 reads) were then removed (Laforest-Lapointe et al., 2016). Totally, 

234 paired-end sequencing resulted in 18,884,458 high-quality reads, and these reads could 

235 be assembled into 20179 ZOTUs (i.e. phylotypes; analogous to amplicon sequence 

236 variants) at 100% identity. The ZOTU table was rarefied to 570 reads (lowest number 

237 in leaf endosphere) for bacterial alpha diversity estimates among different niches. We 

238 also rarefied the ZOTU table based on the lowest reads in each niche but the results 

239 were almost same. MetagenomeSeq’s cumulative sum scaling (CSS) was used as a 

240 normalization method for beta-diversity analyses. Both alpha-diversity and beta-

241 diversity were calculated in QIIME. The raw sequencing data have been submitted to 

242 the Sequence Read Archive (SRA) under the accession number PRJNA559707.

243 Statistical analysis

244 Bacterial beta-diversity was assessed by computing weighted UniFrac distances 

245 matrices and then ordinated using non-metric multi-dimensional (NMDS) ordinations. 

246 The significance of different factors on community dissimilarity was tested with 

247 PERMANOVA or nested PERMANOVA using the adonis function of the vegan R 

248 package (Oksanen et al., 2007) based on weighted UniFrac distances. We defined 

249 “host-environment effects index” to evaluate the effects degree of crop species and site 

250 within each niche, and the higher HEEI value represents greater host species effect. The 
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251 network analysis was performed using the routine CoNet (Faust et al., 2012) in 

252 Cytoscape v3.5 (Shannon et al., 2003) and visualized in Gephi (Bastian et al., 2009). 

253 Spearman correlation scores were calculated and only robust (Spearman’s r > 0.6 or r 

254 < -0.6) and statistically significant (p < 0.01) correlations were kept. The network 

255 complexity was defined according to previous studies (Pimm, 1984; Wagg et al., 2019), 

256 and nodes with high degree and closeness centrality values were identified as hub nodes 

257 in co-occurrence networks (Agler et al., 2016; van der Heijden & Hartmann, 2016). 

258 The linear mixed model was used to identify the major drivers of bacterial alpha-

259 diversity (Nakagawa et al., 2013). We used SourceTracker (v1.0) (Knights et al., 2011) 

260 based on Bayesian approach to estimate the sources of the crop bacterial communities 

261 in each host niche. Differential abundance analysis was performed using EdgeR’s 

262 generalized linear model (GLM) approach (Robinson et al., 2010), and “Depleted index” 

263 (DI) and “Dissimilarity index” (DSI) were defined to estimate bacterial selection 

264 processes from bulk soil to other niches. The linear discriminant analysis effect size 

265 (LEfSe) (Segata et al., 2011) was applied (Wilcoxon p-value: 0.05, LDA > 2) to identify 

266 the biomarker of different host niches and crops. Phylogenetic tree was annotated and 

267 visualized in iTOL software (Letunic & Bork, 2019). 

268 Random forest analyses using the “randomForest” R package  (Liaw & Wiener, 2002) 

269 were conducted to identify the most important dominant taxa in predicting the crop 

270 yield. The significance of the model was assessed with 5,000 permutations of the 

271 response variable using the “A3” R package, and the significance of the importance of 

272 each predictor on crop yield was assessed by using the “rfPermute” R 

273 package (Fortmannroe, 2015; Delgado-Baquerizo et al., 2016). Bacterial functional 

274 profiles were predicted using functional annotation of prokaryotic taxa 

275 (FAPROTAX) (Louca et al., 2016). All statistical analyses were carried out in R 

276 (http://www.r-project.org). Nonparametric statistical test (Kruskal-Wallis test) was 

277 used to evaluate the alpha-diversity difference and the taxonomical difference observed 

278 among different niches. 
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279 More information on the definition of HEEI, DSI, and DI, and the methods of 

280 network analysis and source tracking analysis are detailed in the Supplementary 

281 Material (Method S1). Scripts employed in the computational analyses and plotting 

282 figures are available at 

283 https://github.com/ChaoXiong2020/Xiong2020_NewPhytologist.git. 

284 Results

285 Crop microbiome assembly was shaped more strongly by host than by 

286 environmental factors 

287 Our results based on NMDS ordinations and nested PERMANOVA analysis of the 

288 complete dataset suggested that the variation in bacterial community was mainly 

289 explained by compartment niche (R2 = 39.8%, p < 0.001) and host species (R2 = 7.8%, 

290 p < 0.001), then by site (R2 = 2.7%, p < 0.001) and fertilization practice (R2 = 0.4%, p 

291 = 0.07) (Fig. 1a, Table S2). Bacterial communities within each crop season showed 

292 similar patterns, with the variations in microbial communities mainly explained by 

293 compartment niche (Fig. 1a, Table S3). Moreover, hierarchical clustering analysis 

294 revealed a clear and separate clustering among leaf, root, and soil samples (Fig. S2a). 

295 The sampling year had significant influence on maize bacterial community but only 

296 accounted for slight variation (3.3%) (Fig. 1a, Table S2). Fertilization practice did not 

297 show significant influence on bacterial community structure for the first season (maize 

298 in 2016) (R2 = 0.7%, p = 0.83), but did for the second season (wheat/barley in 2017) 

299 (R2 = 0.6%, p = 0.03) and the third season (maize in 2017) (R2 = 1.2%, p < 0. 001) 

300 (Table S3). Within each compartment niche, bacterial community was distinctly 

301 separated according to crop species and sites, with varied intensity of host effects and 

302 environment effects (Fig. 1b, Table 1). 

303 We defined “Host-environment effects index” (HEEI) to evaluate the relative 

304 contribution of crop species and site on bacterial community in different compartments. 

305 The HEEI values gradually increased from soils (bulk soil: 0.13, rhizosphere: 0.34) to 

306 epiphytes (rhizoplane: 3.36, phylloplane: 0.83) and then to endophytes (root endosphere: 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://github.com/ChaoXiong2020/Xiong2020_NewPhytologist.git


This article is protected by copyright. All rights reserved

307 4.93, leaf endosphere: 10.79), demonstrating an increasing host effect from soils to 

308 epiphytes to endophytes, with the strongest host effect in leaf endosphere (host species 

309 explained 60.4% of variation) (Fig. 1b, Table 1). Although the two study sites are 

310 thousands of miles far away, the endophytic samples of maize from two sites (2 

311 cultivars) formed a close cluster but distinctly separated from wheat and barley samples 

312 (Fig. 1b). In contrast, environment effect sequentially decreased from soils to epiphytes 

313 to endophytes, with site explained 48.3% and 56.5% of variation in rhizosphere and 

314 bulk soil, respectively (Fig. 1b, Table 1). Additionally, fertilization practice also 

315 showed significant influence on bacterial communities in rhizosphere soil (R2 = 6.7%, 

316 p < 0. 001), bulk soil (R2 = 4.6%, p = 0.041), leaf endosphere (R2 = 4.4%, p = 0.011), 

317 and rhizoplane (R2 = 2.7%, p = 0.049), while the influence was marginal in comparison 

318 to crop species and site (Table 1).

319 Host selection effect reduced bacterial diversity and network complexity 

320 To further characterize the host selection effect on crop microbiomes, particularly for 

321 endophytes, we assessed the alpha-diversity and co-occurrence patterns of bacterial 

322 communities along the soil-plant continuum. Our results suggested that crop host had a 

323 strong effect on bacterial diversity (Shannon diversity and Chao1 richness) and network 

324 complexity (a higher average degree representing a greater network complexity) (Fig. 

325 2a-c). Bacterial richness and network complexity gradually decreased from soils (with 

326 an average degree of 32.46 in bulk soil and 26.55 in rhizosphere) to epiphytes (19.02 in 

327 rhizoplane and 16.40 in phylloplane) and then to endophytes (8.15 in root endosphere 

328 and 5.33 in leaf endosphere), with the lowest richness and network complexity in leaf 

329 endosphere (Fig. 2a-c). Moreover, the lowest network complexity was found in leaf 

330 endosphere in functional network (Fig. S3a). The number of “Hub nodes” (nodes with 

331 high values of degree (> 60) and closeness centrality (> 0.3) in the network) gradually 

332 decreased from soils to epiphytes to endophytes (Fig. 2d, Table 2). The taxonomic 

333 composition of the networks differed between soil and plant compartments, with more 

334 nodes belonged to Acidobacteria in soil niches and Firmicutes in plant niches (Fig. 2b). 
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335 Remarkably, the genus Carnobacterium within Firmicutes was identified as an 

336 important network hub in rhizoplane (Fig. 2b, d). In addition, higher modularity and 

337 average path distance were found in phylloplane and rhizoplane (Fig. 2a, Table 2). 

338 The linear mixed model analysis based on all samples showed that bacterial alpha 

339 diversity was mainly influenced by compartment niche (Shannon diversity, F5, 581 = 

340 360.1, p < 0.0001) and crop species (F2, 589 = 14.6, p < 0.0001) (Table S4), further 

341 supporting the above observation. Moreover, the fertilization practice had significant 

342 influence on bacterial Shannon diversity in bulk soil (F6, 29 = 5.8, p = 0.0005), 

343 rhizosphere soil (F6, 29 = 3.4, p = 0.01), and phylloplane (F6, 29 = 4.0, p = 0.005) 

344 (Table S5). Additionally, host showed strong selection effect on the distribution 

345 patterns of the core taxa (ZOTUs present in at least 80% of samples in each niche) and 

346 the dominant phyla/class (relative abundance ≥ 1%) among different compartment 

347 niches (Fig. S2b). The numbers of core taxa gradually decreased from soils (bulk soil: 

348 571, rhizosphere: 359) to epiphytes (root: 54, leaf: 67) to endophytes (root: 23, leaf: 2) 

349 (Table S6), with the lowest values in leaf endophytes. 

350 The potential sources and selection processes of crop microbiome

351 Source-tracking analysis was conducted to identify the potential sources of observed 

352 bacterial communities in each host niche. The Source Model of Plant Microbiome 

353 (SMPM) suggested that crop-associated bacterial communities were mainly derived 

354 from bulk soils and gradually filtered at different plant compartment niches (Fig. 3a). 

355 Specifically, rhizoplane, root endosphere, and leaf endosphere potentially selected 

356 majority of taxa from nearby species pool, with the known source values more than 

357 78%, and root endophytes were the main potential sources of leaf endophytes (Fig. 3a). 

358 Similar source patterns were also observed in each crop species (Fig. S3b). In contrast, 

359 the neighbor compartments accounted for less proportion of the derivation in 

360 phylloplane microbiome in comparison to rhizoplane and endosphere niches, with 51-

361 66% of known source from rhizosphere and rhizoplane for wheat and barley, but only 

362 ~35% for maize (Fig. 3a, Fig. S3b), indicating other environmental sources might 
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363 contribute to phylloplane microbiome. 

364 The differential abundance analysis indicated that 4.6% of ZOTUs (310 out of 6744 

365 ZOTUs), mainly from the families Enterobacteriaceae (40 ZOTUs), 

366 Pseudomonadaceae (36 ZOTUs) and Methylobacteriaceae (30 ZOTUs), were 

367 significantly enriched and overlapped in 4 plant niches (epiphyte and endophyte of leaf 

368 or root) (Fig. 3b, c). In contrast, 21.2% of ZOTUs (1427 out of 6744 ZOTUs) were 

369 significantly depleted in 4 plant niches, and these ZOTUs mainly belonged to 

370 Chitinophagaceae (101 ZOTUs) (Fig. 3b, c). Additionally, rhizoplane and phylloplane 

371 possessed the greatest numbers (249，470) of specific enriched ZOTUs, while leaf 

372 endosphere possessed the greatest numbers (352) of depleted ZOTUs (Fig. 3b, c). We 

373 defined “Depleted index (DI)” and “Dissimilarity index (DSI)” to further evaluate the 

374 species filtration and selection processes from bulk soil to other niches. DI value was 

375 found to be gradually increased from rhizosphere (0.08) to epiphytes (0.90-1.32) and to 

376 endophytes (1.60-2.12), with the highest DI and DSI values in leaf endosphere (Fig. 

377 3b). 

378 Correspondingly, large variation in bacterial community composition was observed 

379 between plants (leaves and roots) and soils, with Gammaproteobacteria (25.7%) and 

380 Actinobacteria (23.9%) as the most abundant phylum in plants and soils, respectively 

381 (Fig. S2b, Fig. S4). Specifically, leaf endosphere and root endosphere possessed more 

382 abundant Alphaproteobacteria (~34.6%) and Gammaproteobacteria (~43.7%) 

383 respectively, than any other niches (Fig. S4). The heat map of the dominant functional 

384 groups (top 40) showed a strong clustering of functional groups dependent on three 

385 compartment niches (Fig. S5a). The linear discriminant analysis effect size (LEfSe) 

386 identified Methylobacterium in leaves, Enterobacteriaceae in roots, and 

387 Chitinophagaceae in soils as the most significant biomarker taxa (Fig. S5b). 

388 Dominant taxa, biomarker taxa, and potential function of bacterial microbiome 

389 among three crops 

390 To better characterize the host effect at crop species level, we identified the dominant 
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391 taxa (ZOTUs present in at least 60% of plant samples and with a relative abundance ≥ 

392 0.1%) and biomarker taxa for each crop (leaves and roots). Though more than 10 

393 thousand of ZOTUs were retrieved from each crop, only 43 (0.2%), 91 (0.7%), and 65 

394 (0.6%) ZOTUs were identified as the dominant taxa for maize, wheat, and barley, 

395 respectively, and these ZOTUs accounted for ~50% (31.1, 62.5, and 49.1%) of the total 

396 sequences from each crop (Fig. 4a-c). For all three crops, these dominant ZOTUs were 

397 mainly affiliated within Gammaproteobacteria, with a relative abundance of 39%-50% 

398 within each crop (Fig. 4a-c). In total, there were 9 dominant taxa shared by three crops 

399 and 8 of them belonged to Gammaproteobacteria, with the top 4 abundant dominant 

400 taxa affiliated within the family Enterobacteriaceae (Fig. 4a-c, Table S7). 

401 The class Bacilli accounted for a high proportion in the dominant taxa of wheat 

402 (19.0%) and barley (9.0%), but only accounted for 0.8% in maize (Fig. 4a-c). 

403 Remarkably, the LEfSe further identified Bacillus as the biomarker taxa for wheat, 

404 Lactobacillaceae (belonging to class Bacilli) for barley and Methylobacteriaceae for 

405 maize (Fig. S6a). Coincidently, the Random Forest Model identified 

406 Gammaproteobacteria and Bacilli as the main predictors of maize and wheat/barley 

407 yield, respectively (Fig. S6b). 

408 Bacterial function prediction analyses for these dominant taxa showed that the top 5 

409 abundant functional groups (accounting for more than 70% of total groups) included 

410 chemoheterotrophy, fermentation, ureolysis, symbionts, and nitrate reduction for maize, 

411 wheat and barley (Fig. S6c). Additionally, a greater relative abundance of functional 

412 group methylotrophy was observed in maize samples (3.8%) than in wheat (0.8%) and 

413 barley (0) samples (Fig. S6c), further supporting the LEfSe analysis result of 

414 Methylobacteriaceae as the biomarker taxa for maize (Fig. S6a). 

415 Discussion 

416 In this study, a scenario survey on bacterial communities along the soil-plant continuum 

417 in field-grown crops demonstrates that crop microbiomes are shaped largely by host 

418 selection at the plant level, with marginal influence from site-dependent environmental 
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419 factors and fertilization practice. Our results further showed that host had a strong effect 

420 on bacterial diversity and network complexity, with host selection sequentially 

421 increased from soils to epiphytes to endophytes. These findings provide comprehensive 

422 and empirical evidences for the theoretical host selection and niche occupation theory 

423 for crop microbiome assembly under different environmental conditions. Moreover, we 

424 identified the potential sources, selection processes, and keystone taxa of crop 

425 microbiome through multiple machine learning methods, which provided critical 

426 information for future crop microbiome manipulation.

427 The assemblies and maintenance of crop-associated bacterial microbiomes

428 Our results based on the complete dataset show that microbiome assembly at the plant 

429 level is primarily determined by compartment niche and crop species rather than by 

430 environmental factors. Although sampling year showed significant effect on maize 

431 bacterial community, the effect was slight in comparison to plant compartment. These 

432 results suggest that crop can select niche compliant microbes to occupy various 

433 compartments even when crops are planted in two contrasting soil types across long 

434 geographical distance and under different fertilization practices. Similarly, some 

435 previous studies on root microbiome of rice, microbiome in roots and aboveground 

436 compartments of poplar trees and sugarcane suggested that different root or leaf niches 

437 harbored distinct microbial communities (Edwards et al., 2015; Beckers et al., 2017; 

438 Hamonts et al., 2017; Cregger et al., 2018). We further found that within each plant 

439 compartment, the variation in bacterial community was explained more strongly by 

440 crop species than by site or fertilization practice. Consistently, some previous studies 

441 working on tree phyllosphere and maize rhizosphere separately showed that host 

442 genetics (e.g. species and subspecies level) played an important role in shaping bacterial 

443 microbiome in terms of a specific compartment (Laforest-Lapointe et al., 2016; Walters 

444 et al., 2018). All these suggest that host selection (i.e. compartment niche and species) 

445 has determining effect over environmental factors in shaping plant microbiome 

446 assembly. Together these results provide comprehensive empirical evidence for host 
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447 selection and theoretical framework of coevolution between the host and microbes, in 

448 which the host plant employs exudations to recruits, filters, and enriches microbial taxa 

449 with specific functions in different niches (Muller et al., 2016; Martin et al., 2017; Sasse 

450 et al., 2018), and microbes competing for these resources drive their rapid evolutionary 

451 radiations thus diverge and adapt to different niches to reduce competition (Foster et 

452 al., 2017). 

453 We further found that host selection sequentially increased while bacterial richness 

454 and network complexity decreased from soils to epiphytes to endophytes, with highest 

455 HEEI, DI and DSI values and lowest bacterial diversity recorded in leaf endosphere. 

456 All these suggest that host species has the strongest selection effect on crop endophytes 

457 particular for leaf endophytes. It could be explained as there are intensive selection 

458 pressures caused by host immune system and plant exudates in endosphere and thus 

459 only relatively few bacteria are able to colonize therein (Guttman et al., 2014; Kembel 

460 et al., 2014; Hacquard et al., 2015). By contrast, studies on Arabidopsis thaliana 

461 suggested that root endosphere bacterial communities were strongly influenced by soil 

462 type and soil properties, while host genotype had limited effect on the root 

463 microbiome (Bulgarelli et al., 2012; Lundberg et al., 2012; Thiergart et al., 2020). This 

464 inconsistency could be due to the less difference in host effect at genotype level within 

465 Arabidopsis thaliana than that at species level in our study. Further, our data showed 

466 that endosphere samples from two maize cultivars in two sites formed a close cluster, 

467 but distinctly separated from wheat and barley samples. All these suggest that the 

468 relative contribution of host effect and environmental effect on plant endosphere 

469 microbiome could vary depending on host genetic difference, and host effect would be 

470 much stronger at species level than at genotype level. 

471 Moreover, we showed that both host species and site had significant effects on 

472 bacterial community in rhizoplane and phylloplane (site explained 18-44% of variation), 

473 suggesting that the microbes inhabiting rhizoplane and phylloplane were shaped by 

474 both host and environment. It’s reasonable as the surfaces of leaf or root were supposed 
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475 to be the interface between host and environment (Lindow & Brandl, 2003; Barnes et 

476 al., 2016; Vacher et al., 2016; Remus-Emsermann & Schlechter, 2018). Corresponding 

477 to the strong host-environment interaction effects in rhizoplane and phylloplane, 

478 microbial network modules were highly differentiated and much higher numbers of 

479 network node and specific enriched ZOTUs were observed in the two niches (Table 2 

480 and Fig. 3c), further indicating that rhizoplane and phylloplane act as a hotspot of plant-

481 microbes-environment interactions. Our work therefore further advanced current 

482 understanding of the crop microbiome assembly by providing systematic evaluation on 

483 the relative contribution of host species and multiple environmental factors on bacterial 

484 communities across different compartment niches.

485 We showed that bacterial microbiomes in soils were distinct between two sites 

486 (explained ~50% variation), which could be explained by large geographic distance and 

487 distinct environmental characteristics (Bahram et al., 2018; Shi et al., 2018). In our 

488 study, the site effect represented the effect of site-dependent environmental factors 

489 (including climate and edaphic factors) and the effect of cultivar used in each site, 

490 which may co-influence microbiome composition (Bulgarelli et al., 2013; Walters et 

491 al., 2018). Furthermore, fertilization practice had greater effects on bacterial Shannon 

492 diversity and community structure in soils than in other plant niches (Table 1 and Table 

493 S5). These results suggest that microbiomes in soils are more sensitive to different 

494 fertilization practices than those in plant niches in which microbiomes remained 

495 relatively stable potentially due to the strong selection pressure from the crop host. 

496 These findings provide critical message for developing effective strategy for future 

497 manipulation of the crop microbiomes.

498 The potential sources of crop-associated bacterial communities

499 Understanding the potential sources and enrichment process of crop-associated 

500 microbiomes could provide critical information on the interactions among plants, soil, 

501 and microbes (Bulgarelli et al., 2012; Edwards et al., 2015; Zhang et al., 2017). 

502 Although previous studies have reported that plant aboveground compartments shared 
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503 a large proportion of microbial taxa with belowground compartments (Bai et al., 2015; 

504 Zarraonaindia et al., 2015; Wagner et al., 2016), we know little about the enrichment 

505 process of crop microbiome. Our source-tracking analysis reveals that crop-associated 

506 bacterial communities are derived primarily from bulk soils and are gradually filtered 

507 and enriched by different compartment niches. Further, we found that some members 

508 within Enterobacteriaceae, Pseudomonadaceae, and Methylobacteriaceae were 

509 significantly enriched in 4 plant niches, whereas some members of family 

510 Chitinophagaceae were significantly depleted in these niches. This finding is supported 

511 by previous works, which reported that these taxa were significant enriched in plant 

512 compartments (Hassani et al., 2018; Cernava et al., 2019). Furthermore, some members 

513 of Enterobacteriaceae are believed to be tolerant to a broad range of plant-specific 

514 metabolites and be able to adapt to plant-associated habitats (Solana et al., 2014; 

515 Cernava et al., 2019). These results suggest that soil habitats are the major sources for 

516 crop microbial selection, and certain taxa are gradually enriched while others are 

517 filtered out by different host niches. Soil microbes were supposed to colonize plant 

518 compartments through early inoculation, roots, and other external force like wind, rain 

519 splashes, and crawling insects (Vorholt et al., 2017; Mangeot-Peter et al., 2020; Tkacz 

520 et al., 2020). Intriguingly, we found that the main source of leaf endophytes is root 

521 endophytes rather than phylloplane, and root endophytes are mainly derived from 

522 rhizoplane, indicating that the rhizosphere microbiomes can be transported to plant 

523 above-ground compartments via internal plant tissue transmission, among which 

524 rhizoplane act as an important transitional boundary (Hacquard et al., 2015; 

525 Vandenkoornhuyse et al., 2015). Moreover, lower unknown source was detected in 

526 endophytes than in epiphytes, further supported the strong host selection in endophytes. 

527 In contrast, higher unknown source in leaf epiphytes suggests that other environmental 

528 sources like air and rainwater potentially contribute to the formation of phylloplane 

529 microbiome (Remus-Emsermann & Schlechter, 2018). All these further supported that 

530 epiphytes are shaped by both host and environmental effects (Agler et al., 2016). 
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531 Compared to wheat and barley, higher unknown source was observed in maize leaf 

532 epiphytes, which may be due to the difference in plant functional traits like leaf area 

533 and height, and season-dependent factors like precipitation between maize and 

534 wheat/barley (Vandenkoornhuyse et al., 2015; Muller et al., 2016; Vacher et al., 2016). 

535 Overall, the relative contribution of other important sources (such as seed, air and 

536 rainwater) to crop microbiome formation remains unclear and requires further 

537 research (Shade et al., 2017).

538 The keystone taxa for crop microbiome

539 The dominant taxa, biomarker taxa and network hubs were considered as potential 

540 keystone taxa, which have an important ecological role in microbiome assembly and 

541 ecosystem functions (Banerjee et al., 2018; Delgado-Baquerizo et al., 2018). We found 

542 that only ~0.5% of bacterial phylotypes consistently accounted for ~50% of bacterial 

543 community in each crop, suggesting that only few bacterial taxa dominate in plant 

544 compartment niches though there are highly diverse bacteria inhabiting. This is 

545 consistent with the finding that only 2% of bacterial phylotypes accounted for almost 

546 half of the soil bacterial communities at the global scale (Delgado-Baquerizo et al., 

547 2018). Our results demonstrated that the most dominant taxa belonged to 

548 Gammaproteobacteria, and that Enterobacteriaceae and Pseudomonadaceae within 

549 Gammaproteobacteria were significantly enriched in plant niches. The members of 

550 Gammaproteobacteria are capable of colonizing a wide range of niches like 

551 phyllosphere and rhizosphere, and play a key role in modulating host fitness, pathogen 

552 suppression and plant tolerance to stress (Mendes et al., 2011; Alvarez-Perez et al., 

553 2017), which well explained their dominant distribution in various plant compartments.

554 A greater relative abundance of Bacilli was detected in wheat and barley samples 

555 than in maize samples in this study. Consistently, it was reported that more Bacilli-

556 affiliated strains were isolated in wheat rhizoplane than in canola rhizoplane (Germida 

557 et al., 1998). We further found that the relative abundance of Bacilli was a good 

558 predictor of wheat and barley yield, which is not surprising as members of Bacilli like 
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559 Bacillus cereus were frequently reported as the antagonist bacteria of soil borne 

560 disease (Fira et al., 2018). A recent study also reported that wheat may respond to the 

561 elevated N input by recruiting Bacillus through secretion of organic acids (Chen et al., 

562 2019). Together these results suggest that wheat and barley may preferentially enrich 

563 members of class Bacilli, which may be greatly beneficial to host performance. 

564 Moreover, Methylobacteriaceae was identified as biomarker taxa for maize by LEfSe, 

565 and function prediction showed a higher relative abundance of functional group 

566 methylotrophy in maize than in wheat and barley. This might be attributed to the 

567 difference in host selection pressure from host immune system and secondary 

568 metabolites among different plant species (Guttman et al., 2014; Laforest-Lapointe et 

569 al., 2016; Kudjordjie et al., 2019), while the molecular mechanisms for these selection 

570 effects remain to be explored.

571 Irrespective of crop species, Methylobacterium was identified as the most significant 

572 biomarker taxa in leaves by LEfSe (Fig. S5b). Methylobacterium is facultative 

573 methylotrophs capable of growing on one-carbon compounds like methanol (Green, 

574 2006). Previous studies have shown its ubiquitous occurrence in the phyllosphere, and 

575 some members of Methylobacterium were able to fix nitrogen in leaves of Jatropha 

576 curcas and promote host biomass (Knief et al., 2010; Madhaiyan et al., 2015). For roots, 

577 the genus Morganella, Enterobacter, and Serratia within family Enterobacteriaceae 

578 (Gammaproteobacteria) were identified as the biomarker taxa (Fig. S5b), further 

579 confirming that some members of family Enterobacteriaceae are able to utilize or 

580 tolerate plant metabolites like root exudates (Solana et al., 2014; Cernava et al., 2019). 

581 In addition, the distribution patterns of the “Hub nodes” varied among compartment 

582 niches, and Firmicutes was identified as a key network hub in rhizoplane. We further 

583 found that plant niches possessed more network nodes affiliating within Firmicutes in 

584 comparison to soils, indicating that Firmicutes are able to adapt to plant niches as 

585 well (Bulgarelli et al., 2013; Bai et al., 2015). Together these results demonstrated that 

586 plant compartments likely create distinct niches for specific microbiota with capability 
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587 of recognizing the signal molecules and adapting to immune systems in each 

588 niche (Foster et al., 2017; Cordovez et al., 2019). The identification of these dominant 

589 taxa, biomarker taxa and network hubs could provide essential information for 

590 developing strategies to manipulate crop-associated microbiomes and facilitate the 

591 application of bioinoculants for crop health (Agler et al., 2016; Toju et al., 2018; Qiu 

592 et al., 2019).

593 Conclusions 

594 In this study, we provide comprehensive and empirical evidences on the relative 

595 contribution of host and environmental factors to microbiome assembly in maize, wheat 

596 and barley. Our results demonstrate that crop microbiome assembly is shaped 

597 predominantly by host niche and host species, rather than by site or fertilization practice. 

598 Further, we revealed that host selection sequentially increased and had a strong effect 

599 on reducing bacterial diversity and network complexity from soils to epiphytes to 

600 endophytes. These findings significantly advance our current understanding of the 

601 bacterial community assembly in maize-wheat/barley rotation system under different 

602 environment selection pressures, and highlight the importance of host selection effect. 

603 Moreover, we provide empirical evidence of gradual filtration from bulk soils to 

604 various plant compartments and selective enrichment of specific microbial taxa like 

605 Enterobacteriaceae, Pseudomonadaceae and Methylobacteriaceae in plant. Crop 

606 endophytes could select a majority of taxa from nearby species pool, with root 

607 endophytes as the main potential sources of leaf endophytes. We further revealed that 

608 crop microbiomes were dominated by few dominant taxa (mainly belonging to 

609 Gammaproteobacteria) which accounted for only ~0.5% of bacterial phylotypes, and 

610 identified Bacilli as the important biomarker taxa for wheat and barley and 

611 Methylobacteriaceae for maize. Our work advances the discipline for eco-evolutionary 

612 theory of host microbiome assembly. Results from this study have implications for 

613 future crop management by providing baseline data to inform translational research to 

614 harness plant microbiome to sustainably increase agriculture productivity. 
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919 Tables

920 Table 1 Effects of crop species, site, and fertilization practice on bacterial community 

921 structure in different compartment niches based on PERMANOVA

Crop species Site Fertilization practice

Niche

R2 (%) P ( > F) R2 (%) P ( > F) R2 (%) P ( > F)

Explained 

variation (%)

HEEI a

Bulk soil 7.3 < 0.001 56.5 < 0.001 4.6 0.041 77.3 0.13

Rhizosphere soil 16.5 < 0.001 48.3 < 0.001 6.7 < 0.001 81.3 0.34

Rhizoplane 58.8 < 0.001 17.5 < 0.001 2.7 0.049 85.3 3.36

Phylloplane  36.5 < 0.001 44.2 < 0.001 1.9 0.193 87.3 0.83

Root endosphere 52.8 < 0.001 10.7 < 0.001 3.9 0.065 77.5 4.93

Leaf endosphere 60.4 < 0.001 5.6 < 0.001 4.4 0.011 80.3 10.79

922 a HEEI represents “host-environment effects index” (HEEI = relative contribution of crop species / relative 

923 contribution of site, based on nested PERMANOVA analysis). The higher HEEI value represents greater host species 

924 effect.
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925 Table 2 Bacterial co-occurrence network characteristics in each compartment niche

Niche Node

Positive

edge

Negative

edge

Avg.

degree

Modularity 

a

Avg. 

clustering

coefficient b

Avg. 

path

distance c

Hub 

node 

d

Bulk soil 243 1997 1947 32.46 0.229 0.612 2.118 42

Rhizosphere 

soil

296 2000 1929 26.55 0.297 0.586 2.545 39

Rhizoplane 419 1985 1999 19.02 0.542 0.533 3.333 18

Phylloplane 269 1989 217 16.40 0.325 0.565 3.337 9

Root 

endosphere

133 500 42 8.15 0.215 0.594 2.908 0

Leaf 

endosphere

18 45 3 5.33 0.124 0.761 1.856 0

926 In the network, modularity a means the degree of nodes tending to differentiate into different network modules while 

927 clustering coefficient b represents the degree of nodes tending to cluster together. c Network path distance is the 

928 length of the shortest path between two nodes within the network. d “Hub node” was defined as a node with high 

929 values of degree (> 60) and closeness centrality (> 0.3) in the network.
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930 Figure legends 

931 Fig. 1 Host dominates over environment in shaping crop microbiome. (a) Non-metric 

932 multi-dimensional (NMDS) ordinations based on weighted UniFrac distances matrices 

933 of bacterial communities for all samples (n = 684), maize samples in 2016 (n = 216) 

934 and 2017 (n = 252), and wheat/barley samples in 2017 (n = 216). “XC” represents site 

935 “Xuchang, “QJ” represents site “Qujing. (b) NMDS ordinations based on weighted 

936 UniFrac distances of bacterial community in each compartment niche from samples in 

937 2017 (n = 468). “HEEI” represents host-environment effects index, and the higher 

938 HEEI value represents greater host species effect. “Env. Effect” represents 

939 environmental effect.

940 Fig. 2 Crop host has a strong effect on reducing bacterial diversity and network 

941 complexity. (a, b) Bacterial co-occurrence networks along the soil-plant continuum 

942 based on samples collected in 2017 (n = 468). (c) Bacterial alpha diversity in different 

943 niches based on all samples (n = 684). “endo” represents endosphere. (d) The 

944 distribution patterns of the “Hub nodes” of bacterial network in different niches. 

945 Fig. 3 Crop-associated bacterial communities are mainly derived from bulk soils and 

946 gradually enriched and filtered by different compartment niches. (a) Source Model of 

947 Plant Microbiome (SMPM) showing the potential sources of crop-associated bacterial 

948 communities based on samples collected in 2017 (n = 468). “U” represents the unknown 

949 source, and the thickness of lines equivalent to the source contribution. (b) MA plot 

950 illustrating the enrichment and depletion patterns of the crop-associated bacterial 

951 microbiomes in each compartment niche compared with bulk soil. Each point 

952 represents a single ZOTU (RA > 0.1%, 6744 in total). Each red point represents an 

953 individual enriched ZOTU, and green point represents an individual depleted ZOTU. 

954 The position along the y-axis represents the abundance fold change compared with bulk 

955 soil, and x-axis reports average ZOTU abundance (as count per million, CPM). “DI” 

956 represents depleted index. “DSI” represents dissimilarity index. “All” represents the 

957 numbers of the total ZOTUs (RA > 0.1%) in each niche. (c) Venn diagrams showing 
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958 the shared and specific bacterial ZOTUs in different niches within the significant 

959 enriched ZOTUs and depleted ZOTUs. For these shared differentially ZOTUs, only the 

960 top 3 taxonomies were shown. 

961 Fig. 4 Phylogenetic tree, taxonomic composition, and distribution patterns of crop 

962 dominant taxa. (a) Identification of dominant taxa for maize (only considering leaf and 

963 root compartments, n = 312). (b) Identification of dominant taxa for wheat (n = 72). (c) 

964 Identification of dominant taxa for barley (n = 72). The dominant taxa were defined as 

965 ZOTUs with an average relative abundance ≥ 0.1% and present in more than 60 % of 

966 all samples. Low abundance classes with less than 2% of the total sequences of 

967 dominant taxa across three crops are grouped into “Other”. 
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