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19 ABSTRACT

20 Cassava/peanut intercropping is a popular cultivation method in southern China 

21 and has the advantages of apparently increased yield and economic efficiency 

22 compared with monoculture, however, the ecological benefits of this method 

23 are poorly understood. This study aimed to investigate the effects of 

24 intercropping on the physicochemical properties and microbial community 

25 structures of soil. Field trials were performed to determine the effects of 

26 cassava/peanut intercropping on rhizospheric soil nutrient content, enzyme 

27 activities, microbial quantity and microbial community structure. The microbial 

28 community was characterized by 16S rRNA tag-based high-throughput 

29 sequencing on the Illumina MiSeq platform. Results showed that 

30 cassava/peanut intercropping could improve the physicochemical properties of 

31 rhizospheric soil by increasing the available nutrient content, pH, bacterial 

32 quantity, and some enzyme activities and by altering the microbial community 

33 structure. 16S rRNA gene sequencing demonstrated that the microbial 

34 community structure varied between the intercropping and monoculture 

35 systems. Nitrospirae, Verrucomicrobia and Gemmatimonadetes were more 

36 abundant in the intercropping system than in the monocultures. Redundancy 

37 analysis (RDA) revealed that the abundances of DA101, Pilimelia and 

38 Ramlibacter were positively correlated with environmental parameters such as 

39 available nitrogen and pH, and these were dominant genera in the rhizospheric 

40 soil of the intercropped peanut plants. 
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42 INTRODUCTION

43 Intercropping is a global agricultural practice involving the growing of two or 

44 more crops at the same yield during the growing season, and this method has 

45 become increasingly important for the improvement of soil quality and to 

46 increase crop productivity [1-3]. Intercropping has additional advantages, such 

47 as efficient acquisition of nutrients, establishment of soil microbial diversity 

48 and improved utilization of land resources [4, 5]. There have been several 

49 intercropping systems developed to date, such as maize/peanut, wheat/cotton, 

50 and wheat/maize [6-8]. 

51 It has been reported in previous studies that intercropping can change the 

52 soil microecology, as indicated by increasing farmland biodiversity [9]. 

53 Intercropping can effectively improve the mobilization and uptake of nitrogen 

54 (N), phosphorus (P), potassium (K), and micronutrients via interspecific 

55 interactions in the rhizosphere[4, 10, 11]. In addition, legume/cereal 

56 intercropping systems could improve the utilization of phosphorus (P) by root 

57 exudation of organic acids from legume crops also improve legume nitrogen (N) 

58 uptake by enhanced nodulation of legume crops [12, 13]. 

59 Soil microbe and soil enzyme activities play important roles in nutrient 

60 cycling, organic matter decomposition and suppression of soil-borne pathogens 

61 in the rhizosphere ecosystem [14-16]. Plants can release root exudates, thereby 

62 affecting the rhizosphere microbial community [17]. The potential activities of 

63 soil enzymes can be influenced by changes in microbial community 
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64 composition. Due to the quantitative and qualitative differences between the 

65 root exudates of intercropping and monocropping systems, differences in the 

66 microbial communities can be observed [18]. Many studies have investigated 

67 the changes in the biochemical and microbial characteristics of rhizospheric 

68 soils caused by intercropping [1, 19]. For the alfalfa/rye intercropping system, 

69 it has been found that intercropping can affect the soil microbial composition 

70 and soil enzymatic activities [20]. By using phospholipid fatty acid (PLFA) 

71 analysis, it was found that the soil urease and invertase activities and the soil 

72 gram-negative (G-) bacterial abundance increased significantly in the 

73 peanut/Atractylodes lancea system [21]. Many studies have shown that the 

74 maize/peanut intercropping system can facilitate the acquisition of Fe and Zn 

75 by the peanut crop and can improve the yield of both crops [10, 22]. 

76 Cassava/peanut intercropping is a typical intercropping cultivation mode in 

77 southern China because the original spacing of the cassava crop remains 

78 unchanged when intercropped with peanut, thereby providing a distinct yield 

79 advantage. However, at present, although much research has been conducted 

80 regarding the selection of the cassava/peanut intercropping model and the 

81 associated yield benefits, the corresponding theoretical research remains 

82 insufficient. Previous studies on cassava/peanut intercropping have mainly 

83 focused on the uptake and utilization of nutrients, photosynthesis, agronomic 

84 traits, yield, efficiency and nutrient conversion efficiency in the soil [23, 24]. 

85 However, the influence of the soil microecological environment in the 
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86 cassava/peanut intercropping system remains unknown. The objectives of this 

87 study were to determine the effect of the cassava/peanut interaction patterns on 

88 physiochemical properties and microbial community, and to examine the 

89 relationships among the microbial communities, soil enzymatic activities, and 

90 soil nutrients.

91 MATERIALS AND METHODS

92 Materials

93 The tested cassava crop, named “Huanan 205”, was provided by farmers in 

94 Wuming County of Guangxi Province and is a main cassava variety in Guangxi, 

95 China. The tested high-yield and shade-tolerant peanut crop, named “Guihua 

96 836”, was provided by the Cash Crops Research Institute of the Guangxi 

97 Academy of Agricultural Sciences and is suitable for intercropping. 

98 Experimental site and soil 

99 The field trial was conducted in the Lijian Scientific Base of the Guangxi 

100 Academy of Agricultural Sciences, Nanning City, Guangxi province in China

101 （23°14′N, 108°03′E） , at an altitude of 99 m above sea level. The field site 

102 had been previously used for monoculturing cassava.The tested soil was acid 

103 red loam, the organic matter content, total nitrogen content, total phosphorus 

104 content, total potassium content, available nitrogen content, available 

105 phosphorus content and available potassium content of which were 16.2 g/kg, 

106 1.34 g/kg, 0.53 g/kg, 12.6 g/kg, 70.5 mg/kg, 13.9 mg/kg and 98 mg/kg, 
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107 respectively. The pH value was 5.8. 

108 Experimental design and management

109 On March 8, 2016, cassava and peanut were planted simultaneously in the field. 

110 Monocultured cassava(MC) and monocultured peanut(MP) crops were the 

111 controls, and cassava/peanut intercropping was the treatment group, which 

112 were intercropped cassava(IC) and intercropped peanut(IP). For monoculture, 

113 cassava was planted with a row spacing of 1.1 m × 0.8 m and with equivalent 

114 line spacing. For monoculture, peanut was planted in narrow-wide row spacing. 

115 The line spacing for peanut in the wide line was 0.5 m. The row spacing of the 

116 peanut plants in the narrow row was 0.3 m × 0.16 m. For cassava/peanut 

117 intercropping, two lines of peanut were planted between two lines of cassava. 

118 The line spacing between cassava and peanut was 0.4 m. The row spacing for 

119 cassava and peanut intercropping was 1.1 m × 0.8 m and 0.3 m × 0.16 m, 

120 respectively. The experiment was arranged in plots (6 m×8 m) in a randomized 

121 design with three replicates in each treatment.

122     Cassava and peanut respectively received different fertilizing amount in 

123 seed furrow according to their growth demand before sowing. All peanut 

124 treatments received 450 kg. ha−1 compound NPK granulated fertilizers

125 （ N-P2O5-K2O=15-15-15） and 750 kg. ha−1 fused calcium-magnesium 

126 phosphate fertilizer（ available P2O5 18%） , and all cassava treatment only 

127 received 750 kg. ha−1 compound NPK granulated fertilizers. The crops were 
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128 irrigated two times during crop growth, based on crop water requirement and 

129 soil water content. Cultivating and weeding were done about two month after 

130 sowing, and made sure that the experimental plot have not weed and prevent 

131 soil compaction. 

132 Soil sampling 

133 On July 10, 2016 (when mature peanut plants were ready for harvest), ten 

134 plants of cassava and peanut per sample were uprooted. The rhizospheric soil 

135 from loose soil and cohesive soil from the plant roots （ loose soils were 

136 shaken off and cohesive soils were brushed with a sanitized soft brush）were 

137 collected , mixed and separated into three sealed virus-free bags, which were 

138 kept in an icebox and taken to the laboratory. One bag was maintained in the 

139 refrigerator at 4℃ and used for soil microbe determination. One bag was 

140 maintained in the refrigerator at -80℃ and used for extracting soil DNA and for 

141 high-throughput sequencing. The last bag was dried naturally, ground and 

142 sieved for determining the nutrient content and soil enzyme activity. 

143 Soil chemical analysis 

144 The nutrient content was measured according to the Technical Specifications 

145 for Soil Analysis. The available N, available P, available K and organic matter 

146 levels were measured by the alkaline hydrolysis diffusion method, sodium 

147 bicarbonate extraction/Mo-Sb colorimetry, ammonium acetate extraction/flame 

148 photometry and the potassium bichromate titrimetric method, respectively. 
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149 Soil enzyme activity was measured by colorimetry and titration [25]. 

150 Catalase activity, sucrase activity, proteinase activity, urease activity and acid 

151 phosphatase activity were measured by permanganate titration, sodium 

152 thiosulfate titration, ninhydrin colorimetry, indophenol blue colorimetry and 

153 the disodium phosphate benzene colorimetric method, respectively.

154 Determination of soil microbial quantity 

155 Soil microbial quantity was measured by the conventional microculture method 

156 [26]. Bacteria, fungi and actinomycetes were cultured in beef extract-peptone 

157 medium, Martin medium and Gao 1 medium, respectively. The 

158 Shannon-Wiener index method was used to calculate the biodiversity index (H): 

159 H = -Σ(ni/N)×ln(ni/N) [27].In this formula, ni is the microbial quantity of 

160 species i, and N is the total microbial quantity. 

161 Soil DNA extraction, PCR amplification, high-throughput sequencing and 

162 analysis

163 Total genomic DNA was extracted from the samples using the FastDNA SPIN 

164 Kit (MP Biomedicals, Santa Ana, USA) according to the manufacturer’s 

165 instructions. DNA concentration and purity were monitored on 1% agarose gels, 

166 and the DNA was diluted to 1 ng/µL using sterile water. The DNA extracts 

167 were stored at -80°C until subsequent PCR amplification. The total genomic 

168 DNA was subjected to PCR amplification using the 515f/806r primer pair, 

169 which amplifies the V4 region of the 16S rDNA gene [28], following a 
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170 previously described protocol [29]. All PCRs were carried out in 30-µL 

171 reactions with 15 µL of Phusion® high-fidelity PCR master mix, 0.2 µM 

172 forward and reverse primers, and approximately 10 ng of template DNA. 

173 Thermal cycling consisted of an initial denaturation at 98 °C for 1 min; which 

174 was followed by 30 cycles of denaturation at 98 °C for 10 s, annealing at 50 °C 

175 for 30 s, and elongation at 72 °C for 30 s; and a final step at 72 °C for 5 min. 

176 The PCR products were mixed with equal volumes of 1× loading buffer 

177 (containing SYBR Green), and electrophoresis was conducted on a 2% agarose 

178 gel for detection. Samples with a bright band at 400-450 bp were chosen for 

179 further experiments. The PCR products were mixed at equal concentrations. 

180 Then, the mixture of PCR products was purified with the GeneJET Gel 

181 Extraction Kit (Thermo Scientific). Sequencing libraries were generated using 

182 the NEB Next® UltraTM DNA Library Prep Kit for Illumina (NEB, USA) 

183 following the manufacturer’s recommendations, and the index codes were 

184 added. The library quality was assessed on a Qubit 2.0 fluorometer (Thermo 

185 Scientific) and an Agilent 2100 bioanalyzer system. Finally, the library was 

186 sequenced on an Illumina MiSeq platform by the Novogene Corporation 

187 (Beijing, China), and 250/300-bp paired-end reads were generated.

188 Paired-reads from the original DNA fragments were merged based on a 

189 previously described method [30]. Sequencing reads were assigned to each 

190 sample according to the individual unique barcodes. Sequences were analyzed 

191 with the QIIME (Quantitative Insights Into Microbial Ecology) software 
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192 package and UPARSE pipeline [31]. The reads were first filtered by QIIME 

193 quality filters. Default settings for Illumina processing in QIIME were used. 

194 Then, the UPARSE pipeline was used to select operational taxonomic units 

195 (OTUs) at 97% similarity. For each OTU, a representative sequence was 

196 selected and used to assign taxonomic composition by using the RDP classifier 

197 [32]. Then, the estimated species richness was determined by rarefaction 

198 analysis [33]. Redundancy analysis (RDA) was performed to analyze the 

199 correlation between environmental factors and microbial communities.

200 Data analysis

201 The means, standard deviations and histograms of the four treatments were 

202 plotted using GraphPad Prism (version 5.0). One-way variance analysis was 

203 performed with SPSS18.0, and Duncan’s methods were used to test the 

204 homogeneity of variance at confidence levels of 0.01 and 0.05.

205 RESULTS

206 Effects of cassava/peanut intercropping on the soil nutrient content 

207 Fig. 1 a-h shows that the total N, total K, available N, available K, and organic 

208 matter content and the pH value in the rhizospheric soil of the intercropped 

209 peanut plants were greater than those of the monocultured peanut plants. The 

210 total N and available N content and the pH value for the intercropped peanut 

211 plants were significantly different from those for the monocultured peanut 

212 plants, increasing by 18.1%, 9.1% and 19.6%, respectively, whereas the total P 
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213 and available P levels for the intercropped peanut plants were lower than those 

214 for the monocultured peanut plants. 

215 Fig 1. Effect of the cassava/peanut intercropping system on the physical 

216 and chemical properties of the soil. 

217 a: percentage of total nitrogen in the rhizospheric soil; b: percentage of total phosphorus in the 

218 rhizospheric soil; c: percentage of total potassium in the rhizospheric soil; d: organic matter 

219 content in the rhizospheric soil; e: available nitrogen content in the rhizospheric soil; f: 

220 available phosphorus content in the rhizospheric soil; g: available potassium content in the 

221 rhizospheric soil; h: pH of the rhizospheric soil environment. MP: peanut in monoculture; IP: 

222 peanut intercropped with cassava; MC: cassava in monoculture; IC: cassava intercropped with 

223 peanut. Bars with different capital letter and small letters within a substrate are significantly 

224 different at P<0.01 and P<0.05, respectively.

225

226 All the nutrient indices in the rhizospheric soil of the intercropped cassava 

227 plants (total N, total P, total K, available N, available P, available K and 

228 organic matter content and pH value) were greater than those in the 

229 rhizospheric soil of the monocultured cassava plants. The total P and available 

230 N content and the pH value for the intercropped cassava plants were 

231 significantly different from those for the monocultured cassava plants, 

232 increasing by 9.3%, 4.5% and 7.0%, indicating that cassava/peanut 

233 intercropping could improve the soil pH, increase the nutrient content and 

234 markedly boost the total N and available N content in the peanut rhizosphere as 
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235 well as the total P and available N content in the cassava rhizosphere. 

236 Intercropping greatly affected the available N content in the peanut and 

237 cassava rhizospheres. However, compared to the levels in the monocultured 

238 peanut and cassava rhizospheres, the available P content in the rhizospheric 

239 soils of intercropped cassava and peanut plants exhibited contrasting trends. 

240 Effects of cassava/peanut intercropping on the soil enzyme activity

241 The catalase, sucrase, urease and acid phosphatase activities in the rhizospheric 

242 soil of the intercropped peanut plants were all higher than those in the 

243 rhizospheric soil of the monocultured peanut plants, increasing by 2.8%, 10.1%, 

244 24.2% and 24.7%, respectively, while the proteinase activity in the rhizospheric 

245 soil of the intercropped peanut plants did not differ significantly from that in 

246 the rhizospheric soil of the monocultured peanut plants, decreasing by 10.4%

247 （Fig. 2）. 

248 Fig 2. Effect of cassava/peanut intercropping on soil enzyme activities. 

249 MP: peanut in monoculture; IP: peanut intercropped with cassava. MC: cassava in 

250 monoculture; IC: cassava intercropped with peanut. Bars with different capital letter and 

251 small letters within a substrate are significantly different at P<0.01 and P<0.05, respectively.

252

253 Similar to the results for the intercropped peanut plants, the catalase, 

254 sucrase, urease and acid phosphatase activities in the rhizospheric soil of the 

255 intercropped cassava plants were all higher than those observed for the 

256 monocultured cassava plants, of which the difference in urease activity 
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257 between intercropped cassava (78.5% increase) and monocultured cassava was 

258 significant. The proteinase activity in the rhizospheric soil of intercropped 

259 cassava did not differ significantly from that observed for monocultured 

260 cassava, decreasing by 21.5%（Fig. 2）.

261 Compared to monoculture, cassava/peanut intercropping improved the 

262 catalase, sucrase, urease and acid phosphatase activities; however, 

263 intercropping reduced the proteinase activity. Among the abovementioned 

264 enzyme activities, urease activity was the one that was most affected in the 

265 rhizospheric soil. 

266 Effects of cassava/peanut intercropping on the microbial quantity in the 

267 rhizospheric soil 

268 The bacterial abundance (27.5% increase), fungal abundance (2.5% increase), 

269 actinomycete levels (53.1% increase), total microbial quantity (31.7% increase) 

270 and microbial diversity index (9.3% increase) in the rhizospheric soil of the 

271 intercropped peanut plants were all greater than those observed for the 

272 monocultured peanut plants. Among these parameters, the bacterial abundance 

273 and actinomycete levels increased greatly, and the difference was significant 

274 (Fig. 3a-e). 

275 Fig 3. Effect of cassava/peanut intercropping on soil microbial quantity. 

276 MP: peanut in monoculture; IP: peanut intercropped with cassava; MC: cassava in 

277 monoculture; IC: cassava intercropped with peanut. Bars with different capital letter and 

278 small letters within a substrate are significantly different at P<0.01 and P<0.05, respectively.
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279

280 The bacterial abundance (10.9% increase) and fungal abundance (2.5% 

281 increase) in the rhizospheric soil of intercropped cassava were slightly greater 

282 than those observed for monocultured cassava, while the actinomycete levels, 

283 total microbial quantity and microbial diversity index were marginally lower in 

284 the rhizospheric soil of intercropped cassava than those observed for 

285 monocultured cassava. The total microbial quantity and microbial diversity 

286 index did not differ significantly between intercropped cassava and 

287 monocultured cassava. It can be deduced that cassava/peanut intercropping is 

288 much better than monoculture in terms of increasing the bacterial abundance 

289 and actinomycete levels in the peanut rhizospheric soil. However, the 

290 cassava/peanut intercropping system barely affects the total microbial quantity 

291 in the cassava rhizospheric soil, demonstrating that the total microbe amounts 

292 in the rhizospheric soils of intercrops vary with crops (Fig. 3).

293 Effects of cassava/peanut intercropping on the microbial community

294 16S rRNA gene sequencing on the Illumina MiSeq platform yielded a total of 

295 43,519 valid sequences, which represented the wide diversity of the microbial 

296 community. Sequence analyses at the phylum and genus taxonomic levels are 

297 shown in Fig. 4 and Fig. 5, respectively. The taxonomic distribution at the 

298 phylum level is described in Fig. 4, Proteobacteria was the most abundant 

299 phylum in all the samples, accounting for 28.24 to 37.45% of the total valid 
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300 reads in all the samples, with an average relative abundance of 34.45%. 

301 Actinobacteria was the second most abundant phylum in all the samples, with 

302 an average relative abundance of 20.70%. The other dominant phyla were 

303 Acidobacteria (12.55–18.32%, with an average value of 14.79%), Chloroflexi 

304 (7.19–8.40%, with an average value of 7.76%), Gemmatimonadetes 

305 (3.80–5.83%, with an average value of 4.63%), Nitrospirae (3.27–5.81%, with 

306 an average value of 4.16%), Planctomycetes (1.60–4.36%, with an average 

307 value of 2.96%), Verrucomicrobia (1.46–4.51%, with an average value of 

308 2.71%), and Bacteroidetes (1.03-3.75%, with an average value of 1.91%). In 

309 addition, Nitrospirae, Verrucomicrobia and Gemmatimonadetes were more 

310 abundant the rhizospheric soils of the peanut and cassava plants in the 

311 intercropping system than in the soil of the monocropping systems. 

312 Bacteroidetes and Planctomycetes were also more abundant in the rhizospheric 

313 soil of the peanut plants of the intercropping system than in those of the 

314 monocropping system, but these phyla were less abundant in the rhizospheric 

315 soil of the monocultured cassava plants than in that of the intercropped cassava 

316 plants. Other phyla, such as Proteobacteria, Actinobacteria, Acidobacteria and 

317 Chloroflexi did not exhibit significantly different abundances between the 

318 monoculture and intercropping systems.

319 Fig 4. Taxonomic classification of bacterial reads from different soil 

320 environments under different planting patterns at the phylum level using 

321 RDP classifier. 
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322 MP: peanut in monoculture; IP: peanut intercropped with cassava; MC: cassava in 

323 monoculture; IC: cassava intercropped with peanut.

324 Fig 5. Heatmap analysis of the distribution of dominant genera among the 

325 four treatments. 

326 The double hierarchical dendrogram shows the microbial distribution among the four 

327 treatments. The relative values for the microbial genera are indicated by color intensity; the 

328 legend can be found at the top of the figure. The abundance is expressed as the value of the 

329 targeted sequence to the total number of high-quality sequences from each soil sample. MP: 

330 peanut in monoculture; IP: peanut intercropped with cassava; MC: cassava in monoculture; 

331 IC: cassava intercropped with peanut.

332

333 The most abundant genera within the four samples in different soil 

334 environments and under different planting patterns were also determined, as 

335 depicted in Fig. 5. The different soil samples exhibited different dominant 

336 genera, for instance, Aquicella, Chthonomonas, Kribbella, DA101 and 

337 Nitrospira were more abundant in the rhizospheric soil of the cassava plants in 

338 the intercropping system, but Actinoallomurus and Streptomyces were more 

339 abundant in the cassava monoculture system. Compared with the cassava 

340 rhizospheric soil, the peanut rhizospheric soil exhibited a high diversity of 

341 dominant genera. There were 15 dominant genera in the rhizospheric soil of the 

342 intercropped peanut plants, including Optitutus, A4, Chthoniobacter, 

343 Flavisolibater, Dokdonella, and Pilimelia, but these genera were not highly 

344 abundant in the peanut monoculture system, which had different dominant 
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345 genera, such as Chryseobacterium, Alicyclobacillus, Escherichia, Ralstonia, 

346 and Hypomicrobium. Therefore, it was clearly demonstrated that 

347 cassava/peanut intercropping could change the microbial community structures, 

348 and the microbial communities of the intercropping system were distinct from 

349 those of the monocropping system. Furthermore, the microbial communities in 

350 the rhizospheric soils of the same crop can differ due to different planting 

351 patterns such as monoculture and intercropping.

352 Principal component analyses showed that samples from monoculture and 

353 intercropping systems were separated from each other, even though the 

354 monocultured peanut and intercropped peanut were distributed in quadrant 2 

355 and quadrant 1, 4 respectively(fig. 6), which were the same crop in different 

356 planting patterns, suggesting that different planting patterns favor different 

357 microbial communities. This finding may be associated with the environmental 

358 parameters in the different planting patterns. Therefore, correlations between 

359 environmental factors and the core genera were determined by RDA.

360 Fig 6. Principal component analyses of bacterial communities in the 

361 monoculture and intercropping systems based on Euclidean distance at the 

362 OTU level. 

363 MP: peanut in monoculture; IP: peanut intercropped with cassava; MC: cassava in 

364 monoculture; IC: cassava intercropped with peanut.

365
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366 Redundancy analysis (RDA) of microbial communities and environmental 

367 parameters

368 Microbial communities exhibit high correlation with intrinsic environmental 

369 parameters. Therefore, RDA was used to examine the mechanism via which 

370 microbes can adapt to the changes in physicochemical environments in situ. 

371 Correlations between the important environmental parameters and the 

372 microbial community was discerned by RDA, as shown in Fig. 6. The length of 

373 the arrow corresponding to an environmental parameter indicates the strength 

374 of the environmental parameter in relation to the overall microbial community.

375 The RDA suggested that there were differences in the bacterial 

376 communities in the different planting patterns. The results demonstrated that 

377 available nitrogen, catalase, organic matter, sucrase activity, acid phosphatase 

378 activity, urease activity, total nitrogen, pH, total potassium and available 

379 potassium were positively correlated with the RDA axis 1 and were strongly 

380 and significantly associated with the overall microbial community. In contrast, 

381 the total phosphorus, available phosphorus and protease activity were 

382 negatively correlated with the RDA axis 1. The results revealed that available 

383 nitrogen, pH, catalase activity and sucrase activity had the greatest impact on 

384 the microbial community. Additionally, the abundances of some microbial 

385 genera, such as DA101, Pilimelia, and Ramlibacter (Fig. 7), were positively 

386 correlated with available nitrogen. These were also the dominant genera among 

387 intercropped peanut plants (Fig. 4).
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388 Fig 7. Redundancy analysis (RDA) of 16S rRNA gene data and 

389 environmental parameters. 

390 Arrows indicate the direction and magnitude of the environmental parameters associated with 

391 bacterial community structure. MP: peanut in monoculture; IP: peanut intercropped with 

392 cassava; MC: cassava in monoculture; IC: cassava intercropped with peanut.

393

394 DISCUSSION

395 Variations in soil nutrient content in the cassava/peanut intercropping 

396 system

397 Soil nutrients are essential for crop growth. The results of this study prove that 

398 cassava/peanut intercropping can improve the soil in terms of pH and nutrient 

399 levels. In particular, this intercropping system can incredibly increase the 

400 available N content.  The available P levels in intercropped peanut and 

401 cassava exhibited different variation trends, and the available P content was 

402 higher in intercropped cassava than in monocultured cassava; however, the 

403 available P content was lower in intercropped peanut than in monocultured 

404 peanut. This finding was probably associated with competition for P uptake 

405 between peanut and cassava in the intercropping system. Previous studies on 

406 sugarcane/soybean [34], chestnut/tea [35], maize/peanut [36], soybean/tea [37] 

407 and maize/pepper [38] intercropping have also shown that intercropping can 

408 boost the soil nutrient content. Based on the results of previous research reports 
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409 and the current study, there are three possible factors that can account for the 

410 increase in soil nutrient content in the cassava/peanut intercropping system: 

411 root exudates, microbial function and enzymatic activity, and biological 

412 nitrogen fixation by intercropped peanut plants. Root exudates can improve the 

413 effective nutrient content because they can change physicochemical conditions 

414 of the rhizospheric soil and activate soil nutrients by dissolving nutrients that 

415 are difficult to dissolve [39]. The soil nutrient content can also increase due to 

416 increased microbial diversity together with increased catalase and acid 

417 phosphatase activity, as shown in Fig. 2a , 2c and Fig. 3d, 3e, which can 

418 improve the efficiency of the transformation of organic nutrients to effective 

419 inorganic nutrients. Moreover, microbial community maybe play an important 

420 role in improving soil nutrient of intercropping system. The phylum Nitrospirae, 

421 Verrucomicrobia and Gemmatimonadetes were more abundant in the 

422 intercropping soil than monocropping systems(Fig. 4). The genera DA101, 

423 Pilimelia and Ramlibacter were positively correlated with available nitrogen 

424 (Fig.7). Therefore, the mechanisms of interaction between microbial 

425 community and soil nutrient should be well worthy to be studied further. 

426 Variations in soil enzyme activity in the cassava/peanut intercropping 

427 system

428 Soil enzymes, which are involved in the cycling of nutrients and materials, are 

429 associated with soil nutrients and microbes [40, 41]. The results showed that 

430 cassava/peanut intercropping improved the activities of catalase, sucrase, 
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431 urease and acid phosphatase but reduced the proteinase activity. Among all the 

432 abovementioned enzymatic activities, urease activity was the most affected in 

433 the cassava rhizospheric soil. With regard to soil enzymatic activity in the 

434 intercropping system, the results from previous research reports have not been 

435 consistent. Kuang Shizi et al. found that compared to monocultured banana, 

436 intercropped banana (banana/soybean, banana/peanut, banana/ginger) could 

437 increase the activities of urease, sucrase and acid phosphatase, but the catalase 

438 activity decreased [42]. This result was not consistent with the result of the 

439 present study, which showed that cassava/peanut intercropping could improve 

440 catalase activity. Chai Qiang et al. [43] reported that compared to 

441 monocultured maize, the activities of urease and acid phosphatase decreased 

442 markedly in maize/chick pea intercropping. In contrast, Fruit/grass (grain) 

443 intercropping enhanced the activities of urease, acid phosphatase and catalase 

444 [44]. Based on the abovementioned studies, it can be concluded that soil 

445 enzymatic activity varies with enzyme type, crop cultivar and intercropping 

446 mode. Further research should be conducted on the variation mechanisms of 

447 soil enzyme activities and on the interactions of these enzymes with microbes 

448 and nutrients in soil. 

449 Variations in soil microbial quantity in the cassava/peanut intercropping 

450 system

451 Soil microbes, which are important for the formation of agricultural ecosystems 

452 and determine soil fertility and quality, play a key role in crop residue 
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453 degradation, humus formation, and nutrient conversion and cycling [45]. 

454 Compared to monocultured peanut, the total microbial quantity in the 

455 rhizospheric soil was higher for intercropped peanut, for which the amounts of 

456 bacteria and actinomycetes were greatly increased. This result was consistent 

457 with the results obtained for pear/aromatic plants, sugarcane/soybean, 

458 wheat/cotton and maize/soybean intercropping systems [34, 36, 46, 47]. Lu 

459 Yahai and Zhang Fusuo [48] stated that root exudates and crop residues could 

460 create a beneficial environment and provide carbon and energy sources for soil 

461 microbes. It can be inferred that intercropping leads to richer root exudates and 

462 crop residues than monoculture because there is more than one crop in the 

463 same plot in an intercropping system. An increased supply of energy sources 

464 for rhizospheric microbes leads to an improved growth environment, increasing 

465 the total microbial quantity. Additionally, the microbial diversity index of 

466 intercropped peanut was greater than that of monocultured peanut, while the 

467 microbial diversity index of intercropped cassava was marginally lower than 

468 that of monocultured cassava. Different reports have made different statements 

469 regarding variations in soil microbial diversity. Zhang [9] found that microbial 

470 diversity in the rhizospheric soil of crops increased with the increasing of 

471 aboveground crop cultivars. In contrast, Dong Yan and Song Yana showed that 

472 rhizospheric microbial diversity in a wheat/bean intercropping system was 

473 lower than that for monocultured bean at the mid-late stage [49, 50], which was 

474 inconsistent with the results of this study, which found that cassava/peanut 
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475 intercropping could boost microbial diversity in the rhizospheric soils of both 

476 intercropped and monocultured peanut. Therefore, soil microbial diversity is 

477 likely affected by crop combinations, crop varieties, growth period, root 

478 exudates, soil environment and sampling time. 

479 Changes in the microbial community in the cassava/peanut intercropping 

480 system

481 Microbes are important indicators of changes in soil ecosystems, and the soil 

482 microbial quantities and community structures are influenced by the 

483 environment, tillage and planting patterns [7, 51, 52]. In the present study, 

484 Proteobacteria, Actinobacteria, Acidobacteria,Gemmatimonadetes, Nitrospirae, 

485 Planctomycetes, Verrucomicrobia, and Bacteroidetes were the dominant phyla 

486 in the cassava/peanut intercropping system. These phyla have been shown to be 

487 common phyla in farmland soils [53, 54]. The most dominant bacteria in the 

488 intercropping system were Proteobacteria, which is consistent with the results 

489 of a summary report for several soils [55]. The members of Proteobacteria 

490 exhibit wide morphological and metabolic diversity, playing crucial roles in the 

491 global carbon, nitrogen and sulfur cycles [56, 57]. In addition, Nitrospirae, 

492 Verrucomicrobia and Gemmatimonadetes were more abundant in the 

493 intercropping system than in the monocropping systems, and these phyla are 

494 also well represented in agricultural ecosystems [58]. Members of the bacterial 

495 phylum Verrucomicrobia have been detected in agricultural grassland soils [59] 

496 and black soils [60] and play important roles in biogeochemical cycling 
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497 processes; these bacteria are strongly influenced by the soil pH and C:N ratio 

498 [61]. Members of the phylum Gemmatimonadetes have been found in various 

499 soils and have the ability to accumulate polyphosphates [62, 63]. 

500 The phylum Nitrospirae consists of gram-negative bacteria that act as 

501 nitrifiers, oxidizing nitrites to nitrates. Consequently, the increased abundance 

502 of the three dominant phyla might be associated with carbon, nitrogen and 

503 phosphorus nutrient cycling and soil acidity, which affects the nitrogen and 

504 phosphorus content in the intercropping system. Our results showed that 

505 intercropping could simultaneously increase the abundances of the three 

506 dominant phyla (Fig. 4) and pH, available nitrogen, and available phosphorus 

507 content of the cassava rhizospheric soil (Fig. 1). The mechanism for this effect 

508 remains unclear and should be explored in future research. However, several 

509 bacterial phyla varied between the intercropped peanut and intercropped 

510 cassava compares with the monocultured systems. For instance, Bacteroidetes 

511 and Planctomycetes were more abundant in intercropped peanut than in 

512 monocultured peanut but were less abundant in monocultured cassava than in 

513 intercropped cassava. 

514 Similarly, a heatmap analysis of the dominant genera also showed that 

515 different soil samples exhibtied different dominant genera between the 

516 intercropping and monoculture systems. Aquicella, Chthonomonas, Kribbella, 

517 DA101 and Nitrospira were more abundant in the rhizospheric soil of 

518 intercropped cassava, while the rhizospheric soil of intercropped peanut 
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519 exhibited a number of different dominant genera compared with intercropped 

520 cassava, including Optitutus, A4, Chthoniobacter, Flavisolibater, Dokdonella, 

521 and Pilimelia, suggesting that differences in planting patterns and crop 

522 rhizospheres can explain differences in microbial community structures. This 

523 result might be associated with the effect of rhizosphere interactions and root 

524 exudates of different crops in intercropping systems on the physicochemical 

525 properties of the soil. 

526 Correlations between environmental parameters and the microbial 

527 community

528 Soil microbial community structures are always associated with the 

529 physicochemical properties of the soil. He et al. demonstrated that soil 

530 properties (such as pH and moisture content) significantly influence microbial 

531 species richness, composition and structure, which may determine or modify 

532 the functioning of the ecosystem [64, 65]. By RDA of the relationships 

533 between microbial communities and environmental parameters, Xu et al. also 

534 indicated that, based on the DGGE profile, community structures are highly 

535 correlated with the concentrations of pollutants (deca-BDE and octa-BDE) and 

536 soil properties (total nitrogen content) [66, 67]. 

537 By RDA, we identified additional important soil factors that affect bacterial 

538 community structures. The results indicated that urease activity, catalase 

539 activity, sucrase activity, total nitrogen, pH, organic matter, available nitrogen, 
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540 acid phosphatase activity, total potassium and available potassium were 

541 positively correlated with the RDA axis 1 and were strongly and significantly 

542 correlated the overall microbial community. In contrast, total phosphorus, 

543 available phosphorus and protease activity were negatively correlated with the 

544 RDA axis 1. The results also revealed that available nitrogen, pH, catalase 

545 activity and sucrase activity had the greatest impact on the microbial 

546 community. The results are similar with those of previous studies. For example, 

547 by studying the effect of applied urea on rhizospheric soil bacterial 

548 communities in a greenhouse assay, Shang and Yi [57] reported that the 

549 bacterial communities were significantly correlated with the available nitrogen 

550 content and pH of the soil. Additionally, the abundance of DA101, Pilimelia, 

551 and Ramlibacter were positively correlated with important environment 

552 parameters such as available nitrogen and pH. These related genera were also 

553 dominant in the intercropped peanut plants, which may explain the increase in 

554 available nitrogen in the intercropping system. The abundance of the genus 

555 DA101, belonging to the phylum Verrucomicrobia, increased in the soil of the 

556 intercropping system, which was reported to be significantly negatively 

557 correlated with total nitrogen content and pH [61]. These results indicate that 

558 high N content is favorable for DA101 growth, which is similar to our results, 

559 in which DA101 abundance was seen to be significantly positively correlated 

560 with available nitrogen content, which is consistent with changes in the 

561 abundance of the phylum Verrucomicrobia in the intercropping system (Fig. 4). 
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562 Recently, Brewer et al. [68] assembled a draft genome of an organism named 

563 Candidatus Udaeobacter copiosus, which is a representative of the DA101 

564 clade, and speculated that Ca. U. copiosus is an oligotrophic soil bacterium that 

565 reduces its requirement for soil organic carbon by acquiring costly amino acids 

566 and vitamins from the environment. Pilimelia and Ramlibacter are seldom 

567 reported in agricultural soil, and their functions of these bacteria remain unclear; 

568 therefore, further research was performed to determine the correlations of these 

569 two genera with available nitrogen and other soil factors. 

570 CONCLUSIONS

571 (1) Cassava/peanut intercropping could increase the available N content, pH, 

572 and total N content of peanut rhizospheric soil as well as the pH, total P content 

573 and available N content of cassava rhizospheric soil. No significant difference 

574 in K content was observed between the cassava/peanut intercropping system 

575 and the monocultures.

576 (2) Compared to monoculture, cassava/peanut intercropping increased the 

577 activities of catalase, sucrase, urease and acid phosphatase but decreased the 

578 proteinase activity. Urease activity was most affected in the rhizospheric soil of 

579 intercropped cassava and was significantly different between intercropped 

580 cassava and monocultured cassava. 

581 (3) In the intercropping system, microbial quantity and biodiversity index 

582 increases in the peanut rhizosphere soil; in particular, the abundances of 

583 bacteria and actinomycetes were much greater in the rhizospheric soil of 
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584 intercropped peanut than in that of monocultured peanut. In the cassava 

585 rhizosphere soil, the abundances of bacteria and fungi for intercropped cassava 

586 were slightly greater than those for monocultured cassava, while the 

587 actinomycete levels, total microbial quantity and microbial diversity index 

588 were marginally lower for intercropped cassava than for monocultured cassava. 

589 None of the microbial factors differed significantly between intercropped 

590 cassava and monocultured cassava.

591 (4) The most dominant phylum in the cassava/peanut intercropping system was 

592 Proteobacteria, and Nitrospirae, Verrucomicrobia and Gemmatimonadetes were 

593 more abundant in the intercropping system than in the monocultures. At the 

594 genus level, the dominant genera varied among the different planting pattern 

595 and crop species. Notably, the abundances of DA101, Pilimelia, Ramlibacter 

596 were positively correlated with the microbial communities and environmental 

597 parameters such as available nitrogen and pH, suggesting that the three genera 

598 played an active role in shaping the intrinsic microbial communities and 

599 changing the nutrient nitrogen cycle. However, the mechanisms associated with 

600 the interactions between soil physicochemical factors and microbial 

601 communities need to be studied in further detail.
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