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Abstract

:

Intercropping systems often contribute to soil health management including inhibiting root-knot nematode disease. The main purpose of this study was to investigate the potential effect of the cucumber-amaranth intercropping system on soil biota, specifically the nematode and microbial communities. Furthermore, the cucumber root-nematode disease was also evaluated. The study found significant effects of cultivation systems (cucumber-amaranth intercropping and cucumber monocropping) and growing seasons (winter-spring (WS) and autumn-winter (AW)) on both soil nematode and microbial community structures in cucumber root-zone soil. Intercropping resulted in a decrease in the relative abundance of Meloidogyne spp., which was consistent with the observed alleviation of root-knot nematode disease. Bacterivorous nematodes were dominant in the intercropping system. The microbial biomass and community-level physiological profiles (CLPP) were generally higher in the intercropping system. Beta diversity analysis showed that the composition of microbial communities varied widely among the treatments and growth seasons. These findings suggest that intercropping with amaranth can regulate soil biota, leading to decreased incidence of root-knot nematodes (RKNs) diseases.
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1. Introduction


The intercropping system, which is based on different crop species combinations, is a widely used agronomic practice in promoting crop productivity and suppressing soil-borne diseases [1,2,3]. It has been demonstrated that a cultivation system with high crop diversity showed effective and continuous control of crop diseases [4,5,6]. Different agricultural practices including intercropping have often been considered to apply ecological principles related to biodiversity, plant interactions, and other natural regulatory mechanisms [7,8,9]. Compared with monocropping, plant diversity-driven changes in the abundance and composition of soil biota cause feedback on plant performance [10]. Intercropping is a critical practice to increase biodiversity which can increase ecosystem function and stabilize food production [11]. Plant community variations greatly influence the community composition of root-associated organisms [12,13] which can improve plant health and control the populations of plant pests [14,15].



Soil biota play an important role in a variety of ecological processes associated with plant health and soil productivity. Each plant species harbors a specific rhizosphere community [16]. Intercropping can modify the composition of bacterial and fungal communities in desert ecosystems [17] and improve the soil environment [18]. Soil nematodes are involved in numerous soil processes and also enhance plant health [19,20]. The root-zone soil environment changes can affect the nematode community structure [21]. In an intercropping system, the inputs of main crops and intercrop roots shape the microbial community and provide the resources for maintaining the soil nematode community [22]. Increasing aboveground plant diversity could also change the root-derived metabolites diversity which may affect soil biota [23,24].



However, the consequences of the biodiversity of these soil organisms have been rarely studied in intercropping systems, especially those suffering from RKNs disease. Root-knot nematodes especially Meloidogyne incognita is a devastating soil borne disease [25] and caused extensive damage to cucumber (Cucumis sativus L.) in China [17]. As sedentary endoparasites, Juveniles of Meloidogyne incognita locate host roots and penetrate them to establish permanent feeding sites in the vascular cylinder. The formation of giant cells for nutrient sources results in a deformed host root system and affects the root function which diminishes plant performance [26]. It was reported that the production of cucumbers in China accounted for about 59.5% of the worldwide production, which reached nearly 1.3 million hectares in 2021 (FAOSTAT). Although chemical nematicides have shown effective control they caused significant environmental risks. Conventional hybridization breeding method cannot confer M. incognita resistance to cucumber due to a lack of resistant cucumber cultivars germplasm resources [27] and candidate resistance genes [28]. According to the above, crop species-based intercropping systems may offer an alternative practice to contribute to the inhibition of RKNs disease through mobilizing soil biota shifts. The leafy vegetable amaranth (Amaranthus tricolor L.) could intercrop with a variety of crops including cowpea [29,30], maize [31] and cucumber [32]. In previous research, amaranth has shown the potential to increase cucumber production and decrease the population of plant-parasitic nematodes [18]. Therefore, amaranth may be used as a potential intercrop to control cucumber RKN disease.



The study aims to evaluate the potential influences of the cucumber-amaranth intercropping system on the cucumber root-zone soil nematode and microbial communities. The cucumber root-knot nematode disease was also evaluated. In the current study, a greenhouse experiment was conducted. We hypothesized that the soil nematode abundance and community would respond to the introduction of amaranth. The intercropping system would decrease the abundance of plant parasitic nematodes and suppress cucumber RKN disease. This study will focus on the shifting of soil biota mediated by the intercropping system.




2. Materials and Methods


2.1. Experimental Condition and Plant Materials


The experiment was carried out in the experimental station located in China Agricultural University, Beijing, from February 2020 to February 2021. The greenhouse had been planted with cucumbers for over a decade and had caused root-knot nematode disease. The chemical properties of the soil before the experiments have been described in Supplementary Materials and Methods. Cucumber (Cucumis sativus L. cv. ‘Jinyou No. 35′) and Amaranth (Amaranthus tricolor L. cv. ‘Jingxian No.1′) were used in the experiment. All seeds were sterilized using 70% ethanol and 3% sodium hypochlorite solution and rinsed with sterile water [33].




2.2. Cucumber-Amaranth Intercropping Experiment


Cucumber seedlings with two true leaves were transplanted into the greenhouse, with double rows of 40-cm row spacing and 20-cm plant spacing on the seedbed. Two treatments were set up including (i) Cucumber monocropping (C): Cucumber density was 40 plants per plot; (ii) Cucumber intercropping with amaranth (CA). Cucumber density was 40 plants per plot and about 20 amaranth seedlings were kept in the space of two rows between two cucumber plants. The distance between cucumber and amaranth is about 5 cm with no separation between the two crops’ roots. Each plot (0.8 m × 5 m) was performed for a biological replicate and three biological replicates were set up for the treatments. After transplanting, the water and fertilizer management were consistent among different treatments.



The soil samples were randomly collected from the cucumber root-zone area at 0–20 cm depths using a soil core probe in the vigorous fruiting period of the winter-spring (WS) season (2020, 2–7) and autumn-winter (AW) seasons (2020, 9–2021, 1). Each replicate of two treatments contained six cores and was well mixed. After removing the plant residues and stones, the soil was passed through a 2 mm sieve and frozen at 4 °C until further analyses. Soil samples were separated into two parts: one part was kept moist to determine the soil mineral N and soil biota, and the other was air-dried for measurement of soil chemical properties.




2.3. Status of Cucumber Root-Knot Nematode Disease


For the identification of the Meloidogyne species that caused the cucumber RKN disease, the DNA of nematode egg masses on the surface of cucumber root galls was extracted for molecular identification using the marker Mi F/R [34]. The sedentary female nematodes were handpicked from root galls and the perineal patterns were examined and identified. Cucumber roots were sampled randomly from each experimental plot of two treatments. Five cucumber root systems were washed with deionized water and weighed to determine fresh weight. The status of root-knot nematode disease was evaluated by the galls per gram fresh root weight.




2.4. Soil Chemical Properties Analysis


Soil pH and EC were measured using a soil: water ratio at 1:2.5 (w/v) and a soil: water ratio at 1:5 (w/v) by a pH meter (FE28, METTLER TOLEDO) and an EC meter (FE30, METTLER TOLEDO), respectively. Soil water content was measured using the regular gravimetric technique. The soil organic C was analyzed by dichromate oxidation titration and soil total N was determined by Micro-Kjeldahl digestion procedure. Soil mineral N (nitrate N plus ammonium N) was measured using a continuous flowing analyzer [35], while available P was determined by the molybdenum-blue colorimetry [36]. Moreover, soil available K was measured using the flame photometry [36]. Soil ionome was detected by ICP-OES (ICP Optima 8000, PerkinElmer) and the extracted digested with a combined nitric acid (HNO3), hydrofluoric acid (HF), and perchloric acid (HClO4) method [37].




2.5. Soil Nematode Community Analysis


Soil nematodes were isolated from 100 g of fresh soil [38]. After counting the nematode abundance (expressed as the total number per 100 g dry soil), a total of 100 specimens were randomly selected and identified to the genus level under a stereomicroscope. Soil nematodes were further assigned to four trophic groups including bacterivores (Ba), fungivores (Fu), omnivore-predators (OP) and plant parasites (PP) as recommended by Yeates [39]. Moreover, diversity and maturity indices were also calculated based on the nematode communities which included the Shannon–Weiner diversity index (H’) [40], Pielou evenness index (J’) [41], Margalef richness index (SR) [42], Simpson dominance index (λ) [43], maturity index for c-p 1-5 members (MI) [44], maturity index for c-p 2-5 members (MI25) [33,44] and plant parasite index (PPI) [44].




2.6. Soil Microbes-Related Parameters Analysis


Soil microbial biomass carbon (MBC) and soil microbial biomass nitrogen (MBN) were analyzed using the chloroform fumigation extraction method [45,46]. The community-level physiological profiling (CLPP) of the soil microbial community was evaluated using a Biolog EcoPlate method which contained 31 different carbon sources (Biolog Inc., Hayward, CA, USA) [47]. In detail, 5 g soil and 45 mL (1:9, w/v) sterilized water were placed in a 50 mL sterilized tube and vortexed for 1 h at 4 °C. Subsequently, the homogenized soil solution was diluted using sterilized water up to 10−3 fold. Finally, 150 μL soil suspension was added into the Biolog Ecoplate well and incubated at 25 °C in the dark. The optical density (OD) values of each well were measured at 590 nm every 24 h using a microplate reader. To eliminate the effects of inoculum density, the optical density value from each well was normalized by the average well color development (AWCD). Plate readings at 96 h (the shortest incubation time that allowed the best resolution among treatments) of incubation were selected to evaluate the soil microbial community carbon source utilization. The normalized values were added up to get the proportion of the AWCD that is attributed to six different guilds (i.e., amides/amines, amino acids, carbohydrates, carboxylic acids, miscellaneous and polymers). In addition, to measure the diversity index of soil microbial community carbon source utilization, the Shannon–Weiner (SW) index and Simpson index (1/D) were calculated [18]. Further details of materials and methodology for the community-level physiological profiling (CLPP) are provided in Supplementary Materials and Methods.




2.7. Soil Microbial Community Analysis


Microbial community genomic DNA was extracted and purified from about 400 mg of soil using the PowerSoil DNA Isolation Kit (QIAGEN). To universally amplify the 292-bp fragment of V4 region in 16S rRNA gene, we used primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) containing a variable 12 bp barcode sequence [48] and the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and reverse primer ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) used for the amplification of 300-bp fragment of fungal ITS gene [49]. The PCR was performed under the following conditions: 95 °C for 3 min, followed by 27 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 45 s, and a final extension at 72 °C for 10 min. Sample libraries for sequencing were prepared according to the MiSeq Reagent Kit Preparation Guide (Illumina) and subjected to a single sequencing run on the MiSeq platform (Illumina). For analyzing the soil microbial community, root-zone soil-based Illumina sequences of 16S and ITS were processed and sequentially quality-filtered using Fastp (version 0.19.6) [50]. Pair-end reads were merged with a minimum overlap using Flash (1.2.11) [51]. After removing chimeric sequences, the remaining sequences were binned into OTUs with 97% similarity and the representative sequence for each OTU was taxonomically classified via the Ribosomal Database Project’s classifier [52] and the SILVA database (version 138) [53] for bacteria and UNITE (version 8.0) for fungi [54]. All OTUs identified as belonging to chloroplast and mitochondria were removed from the data set. Then, the representative sequences for each OTU were aligned using PyNAST [55] in QIIME [56] and carried out by Uparse software (version 11) [57]. Further details of materials and methodology for soil microbial community analysis are provided in Supplementary Materials and Methods.




2.8. Statistical Analysis


Data were subjected to analysis of variance (ANOVA) and the Kruskal–Wallis test with SPSS 26.0. Both soil properties and nematode trophic groups were analyzed by a two-way ANOVA with the factors growing season (GS), cultivation system (CS) and the interaction of GS × CS. PCA analysis was applied to the soil property and soil nematode community to see the separations between the groups which was performed in the OmicShare tools, a free online platform for data analysis (https://www.omicshare.com/tools, accessed on 5 May 2023). Co-occurrence networks were constructed by using the “picante” R package based on Spearman’s correlation matrices of cucumber monocropping (C) and intercropping system (CA) (spearman’s >0.8; after Benjamin and Hochberg FDR adjust, p < 0.05) [58]. Networks were visualized using the interactive platform Gephi (v.9.2) [59]. The false discovery rate (FDR)-adjusted p-values had a 0.05 cutoff and correlation coefficients were >0.8. The nodes and edges in the network represent nematodes genus and microbial OTUs and the correlations between pairs of nematodes genus and microbial OTUs, respectively.





3. Results


3.1. Soil Properties and Cucumber RKN Disease


Principal component analysis (PCA) revealed soil properties in cucumber-amaranth intercropping system were distinctly separated from the monocropping (Figure 1a) and the distribution was largely separated between growing seasons along the x-axis (PCA1) (Figure 1a). A two-way analysis of variance showed that the growing seasons effect was greater than the cultivation system on soil chemical properties (Table S1). Furthermore, growing season and cultivation systems both alter soil chemical properties, especially for soil EC (p < 0.001) and soil available K (p < 0.01) (Table S1). That indicated soil nutrient accumulation and availability differed between monocropping and intercropping systems in two growing seasons. The specific amplification marker primers of M. incognita were used to characterize the root-knot nematode disease by sampling the egg masses on the surface of the cucumber root system. Combined with the perineal patterns of female nematodes, the results showed that the disease of the field is determined to be M. incognita (Figure S1). The RKN disease status was measured by recording root galls by fresh root weight. In this study, the number of cucumber root galls was declining in the intercropping system in both growing seasons (Figure 1b). Comparing the cucumber root system, the root system has only a few root knots in the intercropping system, and the lateral root development is not affected. In the monocropping system, a large number of root knots appeared (Figure 1b,c).




3.2. The Soil Nematode Community Shaped by Intercropping System


The density of soil nematodes had the same trends in the two growing seasons (Figure S1). Especially in the AW season, the total numbers of nematodes per 100 g dry soil were significantly higher in intercropping plots (Figure S1) which reached 434. The nematode trophic groups fluctuated obviously in the two growing seasons. The percentage stack histogram showed the proportion of each trophic group (Figure 1e). In the WS season, the dominant trophic group was bacterivores which occupied 43.5% and 51.5% in the monocropping and intercropping systems, respectively. The percentage of plant parasites in monocropping was higher than in the intercropping system (CA) which reached 54.2% of the total population (Figure 1e). The dramatic changes in the nematode community appeared at AW season, bacterivore nematodes occupied 93.9% of the intercropping system and only 4.9% of plant parasites nematodes which is much less than nematode proportion in monocropping. The same trend appeared in fungivores and omnivores-predators which is the higher proportion in intercropping system except that Fungivore nematode was not detected in the CA treatment at AW season (Figure 1e). The reverse trend of nematode community diversity indices is shown in two growing seasons (Figure 1f). Significant higher H’, SR and λ were detected in intercropping in the WS season and these indices were lower in the AW season (Figure 1f). The same differences were shown in maturity indices in which the MI, PPI and PPI/MI were significantly lower in the intercropping system and had a significantly higher value in MI25 (Figure 1g) in both growing seasons.




3.3. Soil Microbial Biomass and Community-Level Physiological Profiling


The intercropping system (CA) enhanced soil microbial biomass carbon and nitrogen. The trend of soil microbial biomass in two growing seasons is consistent (Figure 2c,d). The results indicated that CA increased the microbial biomass carbon (MBC), especially in the AW season which showed a significant increase compared with cucumber monocropping (p < 0.05) (Figure 2a). Microbial biomass nitrogen (MBN) of the intercropping system was significantly increased in the WS season (Figure 2b). The results of community-level physiological profiling (CLPP) showed the Shannon–Weiner index (H) was significantly increased in CA soils at both WS and AW seasons (Figure 2c). The reciprocal of the Simpson’s index (1/D) also showed an increase especially in the root-zone soils at AW season (Figure 2d). These results indicated that the diversity of soil microbial community in cucumber root-zone soils of the intercropping system was changed due to the amaranth root disturbance. The heatmap showed the metabolic diversity of the soil microbial community for the capacity to degrade 31 sources of carbon (Figure 2e). Based on the utilization of six kinds of carbon sources, the cucumber root-zone soil of CA made greater use of all kinds of carbon sources during both growing seasons (Figure 2f). Especially for the carbohydrates and miscellaneous at WS season and Amino acids and Polymers at AW season which were significantly higher in the cucumber intercropping system than in the monocropping system (p < 0.05) (Figure 2f). These results indicated that introducing amaranth in cucumber cultivation shaped the cucumber root-zone microbial community and increased the carbon utilization capacity.




3.4. Intercropping System Altered Soil Microbial Community Composition


All rarefaction curves for bacteria and fungi community analysis tended to approach the saturation plateau which indicated the data volume of sequenced reads was sufficient for the species diversity (Figure S2). A total of 545,241 bacterial sequences and 850,926 bacterial numbers were detected. After double-end sequence data were spliced and filtered, 537,756 and 742,199 optimized sequences were generated for bacteria and fungi, respectively. The number of effective sequences of bacteria and fungi was 33,561–54,294 and 57,081–68,031, respectively, in different samples. And then, the number of sequences was normalized to 33,561 per sample for bacteria and 56,785 for fungi according to the minimum number of sequences. In total, 5571 OTUs of bacteria were detected in monocropping and intercropping cucumber root-zone soils, belonging to 49 phyla, 155 classes, 360 orders, 564 families, 978 genera and 1931 species (Table S10). A total of 1293 OTUs which belong to 13 phyla, 35 classes, 69 orders, 159 families, 297 genera and 483 species of fungi were obtained (Table S11). The intercropping system could not substantially alter the soil microbial α diversity (Figure 3); however, it strongly influenced the microbial community structure. Nonmetric multidimensional scaling (NMDS) analysis based on Bray–Curtis distances were applied to determine the overall microbial community structure of root-zone soil and showed significant separation in both soil bacterial and fungal communities (Figure 4a,b). Furthermore, the growing seasons also displayed a substantial effect which varied by WS and AW growing seasons (Figure 4a,b). These results indicated that the cultivation system and seasonal changes both contributed to the shifts in the belowground microbial community. Venn diagram showing the overlapping microbes and the numbers of unique microbes (Figure 4e,f). Bacterial communities in soils at both growth seasons were primarily comprised of members of the phyla Proteobacteria, Actinobacteria, Chloroflexi, Firmicutes, Acidobacteria, Planctomycetota and Crenarchaeota accounting for about 80% of the relative abundance of all the identified phyla (Figure 4a). Fungal communities consisted of Ascomycota, Mortierellomycota, Basidiomycota, Rozellomycota and Chytridiomycota (Figure 4a), and the Ascomycota were the main phylum accounting for more than 60% of all samples.



Furthermore, the LefSe analysis showed that the number of genera of bacteria enriched in two cucumber cultivation systems was higher in monocropping than in intercropping (FDR-adjusted p < 0.05, Wilcoxon rank-sum test, the absolute LDA score > 2.5). Notably, both bacterial and fungal genera enriched by intercropping and monocropping are quite different. The class Alphaproteobacteria, the family Micromonosporaceae and the order Rhodobacterales were enriched in the intercropping system (Figure 4c). For the fungal community, the genera Cladosporium, Fusicolla and Chordomyces were enriched in the intercropping system (Figure 4c). Specifically, we conducted a non-parametric test (Kruskal–Wallis test) to determine the effect of the intercropping system on the abundance of bacteria and fungi at phylum and family levels. Based on phylum abundance analysis, the intercropping system increased the abundance of Proteobacteria, and Acidobacteriota in associated bacterial communities in the WS season (Figure 4a). The abundance of Proteobacteria in AW season had the same trend but the Acidobacteriota was decreased (Table S6). Associated with fungal communities, Ascomycota as the main phylum did not change in the WS season; however, the abundance was significantly increased in the AW season (p < 0.05) (Figure 4a; Table S7). In both growing seasons, the abundance of Basidiomycota and Mortierellomycota was decreased in the intercropping system (Figure 4a; Table S7). At the family level, the bacterial abundance of JG30KFCM45, Sphingomonadaceae was significantly higher in the intercropping system and Xanthomonadaceae showed a significantly lower abundance in WS season (Table S8). The abundance of Sphingomonadaceae showed the same trend in the AW season which indicated that amaranth may recruit its community formation (Table S8). Introducing amaranth into the cucumber intercropping system had a significant effect on the abundance of fungi based on family level, especially in the AW season (Table S9).




3.5. Co-Occurrence Network Soil Biota


We further explored co-occurrence patterns using network inference based on significant correlations (using non-parametric Spearman’s correlations). The network of soil nematode and microbial communities at each site demonstrated distinct co-occurrence patterns especially for nematode structure (Figure 5a–f). Here, we used the network topological parameters of node and edge numbers to assess soil microbial network complexity, with higher node and edge numbers representing greater network complexity.



The resulting soil nematode network consisted of 23 nodes and 67 edges (Figure 5a) in the cucumber monocropping system, but an increase appeared in intercropping soils which consisted of 37 nodes and 147 edges (Figure 5b). For the microbial network of cucumber root-zone soil, we generated four networks for bacteria and fungi under monocropping and intercropping systems. Collectedly, the introduction of amaranth in the cucumber intercropping system slightly improves the complexity of the soil microbial community (Figure 5c–f).





4. Discussion


Given that RKN disease is a global concern, it is crucial to investigate strategies that are both effective and environmentally safe for managing it. Intercropping systems have been shown to mitigate soil-borne diseases by influencing below-ground biodiversity. In the greenhouse experiment, the introduction of amaranth into the cucumber cultivation system resulted in distinct changes in the soil nematode and microbial communities. Our findings support the hypotheses of the intercropping system in suppressing RKN disease affected through affecting the soil biota.



Plants possess traits that regulate the abundance and composition of the soil organisms [60] including the soil nematode community [61]. Bacterivores were the major trophic group in this study which is in line with other agricultural systems [62,63,64]. Several studies demonstrated that root exudates stimulated microbial activities and improved the turnover of bacterivores and fungivores [65,66]. The significantly decreased indices include H’ and SR and the higher Simpson index (λ) indicated the lower diversity in soil nematode in the intercropping system (CA) at AW season (Figure 1f). This results from the decreased numbers of nematode taxa. However, the maturity indices of the soil nematode community showed a consistent trend in the two cultivation seasons (Figure 1g). A lower index of MI and a higher index of PPI/MI indicated soil disturbance [67,68]. So, the significantly higher MI and lower PPI/MI index indicated the adaptability of the cucumber-amaranth intercropping system. Soil nematodes can serve as indicators due to their sensitivity to soil environmental variation [69]. Complex chemical signals in the root zone soil contribute to the formation of nematode community [70]. Moreover, non-host plants were used as intercrops to disrupt the chemical communication between RKN nematodes and host roots by the repellent metabolites released into the soil [71,72]. Therefore, the significant changes in bacterivorous and plant parasite nematode abundance (Figure 1e) implied the introduction of amaranth may change the belowground metabolic diversity in cucumber root-sone soil.



Plants host specific rhizosphere microbiomes that change with the neighborhood richness [73,74]. The intercropping system significantly affects the β-diversity soil microbial community in this study (Figure 4a,b). Studies have reported that the structure, composition and diversity of the soil microbial community could be affected by plant species [75,76,77]. Continuous cropping decreases the diversity and biomass of the soil microbiome which generally improves in intercropping and rotation systems [77,78,79]. The Biolog Ecoplate method was applied to evaluate the CLPP of the soil microbial community [80]. The significant difference in carbohydrates and miscellaneous utilization in the WS season and carboxylic acids and polymers in the AW season showed the improvement of the intercropping system (Figure 2f). Combined with the increasing microbial biomass N and C (Figure 2a,b), the intercropping system enhanced soil carbon sources metabolic utilization intensity and had positive effects on soil microbial biomass. The microbial community also showed separation following the cultivation system and growing season (Figure 4b), which implied the belowground effects of amaranth. Soil temperature is an important environmental factor affecting microbial and nematode communities [81,82,83]. That may also explain the variation in soil nematode communities due to the tight links with soil microbial communities. Generally, increasing soil microbial diversity is beneficial to soil function and health [84]. The number of nodes and edges (Figure 5c–f) indicated that the intercropping system could promote the connectivity and complexity of the soil microbial community and may cause positive interactions. Moreover, the soil nematode community responded more strongly to intercropping system than the microbial community which may lead to the inhibition of plant parasitic nematodes (Figure 5a,b). The specific members of the family Sphingomonadaceae and Xanthomonadaceae were significantly changed in the intercropping system (Table S8), which may be relative to the pathogen invasion due to its ability to produce secondary metabolites [85]. The two-way interactions between soil microbial communities and soil nematode communities were studied in different crop systems [86,87] which might decrease the abundance of plant-parasitic nematodes. We demonstrated that, similarly to the variations in the soil microbial community, the soil nematode community was also changed due to the intercropping system.



In this study, Plant parasites decreased in the intercropping system (Figure 1e; Table S4) and the decreasing populations of Meloidogyne sp. J2s were consistent with the alleviation of cucumber root-knot nematode disease in the intercropping system (Figure 1b,c; Table S4). The intercropping system was widely used to improve crop productivity and control root-knot nematode disease [3,15,88] which allows amaranth to serve as an intercrop to affect soil biota and promote soil health.




5. Conclusions


In this study, we have demonstrated the shifts in the soil microbial community and soil nematode community in the cucumber-amaranth intercropping system. Moreover, we indeed observed a significant reduction in cucumber RKN disease. The amaranth which served as an intercrop, enhanced the microbial biomass and soil microbial carbon source utilization capacity. The cucumber-amaranth intercropping system also increased the bacterivores and suppressed plant-parasitic nematodes in soils, thereby alleviating the damage of RKNs to cucumber roots. This study demonstrated the potential of a cucumber-amaranth intercropping system for regulating soil biota and alleviating the cucumber RKN disease. Further research will focus on the direct mechanism of amaranth to suppress the RKN disease especially the metabolic profiling of root and rhizosphere in cucumber and amaranth and the relationship between specific compounds and RKN management in intercropping systems.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/horticulturae9080924/s1, Supplementary file [18,49,51,52,53,54,55,56,57]; Figure S1: Total numbers of soil nematode and the identification of Meloidogyne incognita in cucumber cultivation; Figure S2: Rarefaction curves of different soil microbial communities. Table S1: Effects of cultivation system and growing season on soil chemical property; Table S2: Effects of cultivation system and growing season on soil ionome; Table S3: Changes in the abundances (individuals per 100 g soil) of nematode functional guilds; Table S4: The mean proportion (%) of various nematodes on genus level in cucumber root-zone soil under monocropping and intercropping system; Table S5: Effects of cultivation system and growing season on soil nematode diversity and maturity indices; Table S6: Results of Kruskal–Wallis test the abundance of bacterial taxa at phylum level; Table S7: Results of Kruskal–Wallis test of the abundance of fungal taxa at phylum level; Table S8: Results of Kruskal–Wallis test of the abundance of bacterial taxa at family level; Table S9: Results of Kruskal–Wallis test of the abundance of fungal taxa at family level; Table S10: The OTU data of bacterial community; Table S11: The OTU data of fungal community.





Author Contributions


Conceptualization, Supervision and Writing, review and editing, L.G. and Y.T.; Writing-original draft, X.Z.; Methodology, X.Z. and M.S.; Investigation, J.L. and X.L. All authors have read and agreed to the published version of the manuscript.




Funding


The National Natural Science Foundation of China (Project 31972478), the Beijing Innovation Consortium of Agriculture Research System (BAIC01-2023), and the earmarked fund for China Agriculture Research System (CARS-23).




Data Availability Statement


The raw data of 16S rRNA gene and ITS sequences have been submitted to the NCBI Sequence Read Archive (SRA) database under the BioProject number PRJNA855629.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Boudreau, M. Diseases in Intercropping Systems. Annu. Rev. Phytopathol. 2013, 51, 499–519. [Google Scholar] [CrossRef] [PubMed]

	



Raza, M.A.; Yasin, H.S.; Gul, H.; Qin, R.; Mohi Ud Din, A.; Khalid, M.H.B.; Hussain, S.; Gitari, H.; Saeed, A.; Wang, J.; et al. Maize/Soybean Strip Intercropping Produces Higher Crop Yields and Saves Water under Semi-Arid Conditions. Front. Plant Sci. 2022, 13, 1006720. [Google Scholar] [CrossRef] [PubMed]

	



Brooker, R.W.; Bennett, A.E.; Cong, W.-F.; Daniell, T.J.; George, T.S.; Hallett, P.D.; Hawes, C.; Iannetta, P.P.M.; Jones, H.G.; Karley, A.J.; et al. Improving Intercropping: A Synthesis of Research in Agronomy, Plant Physiology and Ecology. New Phytol. 2015, 206, 107–117. [Google Scholar] [CrossRef]

	



Wolfe, M.S. Crop Strength through Diversity. Nature 2000, 406, 681–682. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Wu, M.; Xu, R.; Wang, X.; Pan, R.; Kim, H.-J.; Liao, H. Root Interactions in a Maize/Soybean Intercropping System Control Soybean Soil-Borne Disease, Red Crown Rot. PLoS ONE 2014, 9, e95031. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; de Boer, W.; Zhang, Y.; Ding, C.; Zhang, T.; Wang, X. Suppression of Soil-Borne Fusarium Pathogens of Peanut by Intercropping with the Medicinal Herb Atractylodes Lancea. Soil Biol. Biochem. 2018, 116, 120–130. [Google Scholar] [CrossRef]

	



Malézieux, E.; Crozat, Y.; Dupraz, C.; Laurans, M.; Makowski, D.; Ozier-Lafontaine, H.; Rapidel, B.; de Tourdonnet, S.; Valantin-Morison, M. Mixing Plant Species in Cropping Systems: Concepts, Tools and Models: A Review. In Sustainable Agriculture; Lichtfouse, E., Navarrete, M., Debaeke, P., Véronique, S., Alberola, C., Eds.; Springer: Dordrecht, The Netherlands, 2009; pp. 329–353. ISBN 978-90-481-2666-8. [Google Scholar]

	



Huang, W.; Zwimpfer, E.; Hervé, M.R.; Bont, Z.; Erb, M. Neighbourhood Effects Determine Plant–Herbivore Interactions below-Ground. J. Ecol. 2018, 106, 347–356. [Google Scholar] [CrossRef]

	



Chen, P.; Song, C.; Liu, X.; Zhou, L.; Yang, H.; Zhang, X.; Zhou, Y.; Du, Q.; Pang, T.; Fu, Z.; et al. Yield Advantage and Nitrogen Fate in an Additive Maize-Soybean Relay Intercropping System. Sci. Total Environ. 2019, 657, 987–999. [Google Scholar] [CrossRef]

	



Ristok, C.; Poeschl, Y.; Dudenhöffer, J.-H.; Ebeling, A.; Eisenhauer, N.; Vergara, F.; Wagg, C.; van Dam, N.M.; Weinhold, A. Plant Species Richness Elicits Changes in the Metabolome of Grassland Species via Soil Biotic Legacy. J. Ecol. 2019, 107, 2240–2254. [Google Scholar] [CrossRef]

	



Renard, D.; Tilman, D. National Food Production Stabilized by Crop Diversity. Nature 2019, 571, 257–260. [Google Scholar] [CrossRef]

	



Dastogeer, K.M.G.; Tumpa, F.H.; Sultana, A.; Akter, M.A.; Chakraborty, A. Plant Microbiome—An Account of the Factors That Shape Community Composition and Diversity. Curr. Plant Biol. 2020, 23, 100161. [Google Scholar] [CrossRef]

	



Dietrich, P.; Cesarz, S.; Liu, T.; Roscher, C.; Eisenhauer, N. Effects of Plant Species Diversity on Nematode Community Composition and Diversity in a Long-Term Biodiversity Experiment. Oecologia 2021, 197, 297–311. [Google Scholar] [CrossRef] [PubMed]

	



Baker, R. Diversity in Biological Control. Crop Prot. 1991, 10, 85–94. [Google Scholar] [CrossRef]

	



Detrey, J.; Cognard, V.; Djian-Caporalino, C.; Marteu, N.; Doidy, J.; Pourtau, N.; Vriet, C.; Maurousset, L.; Bouchon, D.; Clause, J. Growth and Root-Knot Nematode Infection of Tomato Are Influenced by Mycorrhizal Fungi and Earthworms in an Intercropping Cultivation System with Leeks. Appl. Soil Ecol. 2022, 169, 104181. [Google Scholar] [CrossRef]

	



Bardgett, R.D.; van der Putten, W.H. Belowground Biodiversity and Ecosystem Functioning. Nature 2014, 515, 505–511. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Chai, X.; Tariq, A.; Zeng, F.; Li, X.; Graciano, C. Intercropping Systems Modify Desert Plant-Associated Microbial Communities and Weaken Host Effects in a Hyper-Arid Desert. Front. Microbiol. 2021, 12, 754453. [Google Scholar] [CrossRef] [PubMed]

	



Tian, Y.; Zhang, X.; Liu, J.; Gao, L. Effects of Summer Cover Crop and Residue Management on Cucumber Growth in Intensive Chinese Production Systems: Soil Nutrients, Microbial Properties and Nematodes. Plant Soil 2011, 339, 299–315. [Google Scholar] [CrossRef]

	



van den Hoogen, J.; Geisen, S.; Routh, D.; Ferris, H.; Traunspurger, W.; Wardle, D.A.; de Goede, R.G.M.; Adams, B.J.; Ahmad, W.; Andriuzzi, W.S.; et al. Soil Nematode Abundance and Functional Group Composition at a Global Scale. Nature 2019, 572, 194–198. [Google Scholar] [CrossRef]

	



Li, G.; Liu, T.; Whalen, J.K.; Wei, Z. Nematodes: An Overlooked Tiny Engineer of Plant Health. Trends Plant Sci. 2023. [Google Scholar] [CrossRef]

	



Bongers, T.; Ferris, H. Nematode Community Structure as a Bioindicator in Environmental Monitoring. Trends Ecol. Evol. 1999, 14, 224–228. [Google Scholar] [CrossRef]

	



Zhang, G.; Yang, H.; Zhang, W.; Bezemer, T.M.; Liang, W.; Li, Q.; Li, L. Interspecific Interactions between Crops Influence Soil Functional Groups and Networks in a Maize/Soybean Intercropping System. Agric. Ecosyst. Environ. 2023, 355, 108595. [Google Scholar] [CrossRef]

	



Bi, B.; Wang, K.; Zhang, H.; Wang, Y.; Fei, H.; Pan, R.; Han, F. Plants Use Rhizosphere Metabolites to Regulate Soil Microbial Diversity. Land Degrad. Dev. 2021, 32, 5267–5280. [Google Scholar] [CrossRef]

	



Ulbrich, T.C.; Rivas-Ubach, A.; Tiemann, L.K.; Friesen, M.L.; Evans, S.E. Plant Root Exudates and Rhizosphere Bacterial Communities Shift with Neighbor Context. Soil Biol. Biochem. 2022, 172, 108753. [Google Scholar] [CrossRef]

	



Abad, P.; Gouzy, J.; Aury, J.-M.; Castagnone-Sereno, P.; Danchin, E.G.J.; Deleury, E.; Perfus-Barbeoch, L.; Anthouard, V.; Artiguenave, F.; Blok, V.C.; et al. Genome Sequence of the Metazoan Plant-Parasitic Nematode Meloidogyne incognita. Nat. Biotechnol. 2008, 26, 909–915. [Google Scholar] [CrossRef] [PubMed]

	



Abad, P.; Favery, B.; Rosso, M.-N.; Castagnone-Sereno, P. Root-Knot Nematode Parasitism and Host Response: Molecular Basis of a Sophisticated Interaction. Mol. Plant Pathol. 2003, 4, 217–224. [Google Scholar] [CrossRef] [PubMed]

	



Mukhtar, T.; Kayani, M.Z.; Hussain, M.A. Response of Selected Cucumber Cultivars to Meloidogyne incognita. Crop Prot. 2013, 44, 13–17. [Google Scholar] [CrossRef]

	



Huang, S.; Li, R.; Zhang, Z.; Li, L.; Gu, X.; Fan, W.; Lucas, W.J.; Wang, X.; Xie, B.; Ni, P.; et al. The Genome of the Cucumber, Cucumis sativus L. Nat. Genet. 2009, 41, 1275–1281. [Google Scholar] [CrossRef]

	



Mndzebele, B.; Ncube, B.; Fessehazion, M.; Mabhaudhi, T.; Amoo, S.; du Plooy, C.; Venter, S.; Modi, A. Effects of Cowpea-Amaranth Intercropping and Fertiliser Application on Soil Phosphatase Activities, Available Soil Phosphorus, and Crop Growth Response. Agronomy 2020, 10, 79. [Google Scholar] [CrossRef]

	



Mndzebele, B.; Ncube, B.; Nyathi, M.; Kanu, S.A.; Fessehazion, M.; Mabhaudhi, T.; Amoo, S.; Modi, A.T. Nitrogen Fixation and Nutritional Yield of Cowpea-Amaranth Intercrop. Agronomy 2020, 10, 565. [Google Scholar] [CrossRef]

	



Awe, G.O.; Abegunrin, T.P. Effects of low input tillage and amaranth intercropp Effects of Low Input Tillage and Amaranth Intercropping System on Growth and Yield of Maize (Zea mays). Afr. J. Agric. Res. 2009, 4, 578–583. [Google Scholar]

	



Pitan, O.O.R.; Esan, E.O. Intercropping Cucumber with Amaranth (Amaranthus cruentus L.) to Suppress Populations of Major Insect Pests of Cucumber (Cucumis sativus L.). Arch. Phytopathol. Plant Prot. 2014, 47, 1112–1119. [Google Scholar] [CrossRef]

	



Li, H.; La, S.; Zhang, X.; Gao, L.; Tian, Y. Salt-Induced Recruitment of Specific Root-Associated Bacterial Consortium Capable of Enhancing Plant Adaptability to Salt Stress. ISME J. 2021, 15, 2865–2882. [Google Scholar] [CrossRef] [PubMed]

	



Meng, Q.P.; Long, H.; Xu, J.H. PCR Assays for Rapid and Sensitive Identification of Three Major Root-Knot Nematodes, Meloidogyne incognita, M. Javanica and M. Arenaria. Acta Phytopathol. Sin. 2004, 34, 204–210. [Google Scholar]

	



Houba, V.J.G.; Temminghoff, E.J.M.; Gaikhorst, G.A.; van Vark, W. Soil Analysis Procedures Using 0.01 M Calcium Chloride as Extraction Reagent. Commun. Soil Sci. Plant Anal. 2000, 31, 1299–1396. [Google Scholar] [CrossRef]

	



Carson, P.L. Recommended Potassium Test. In Recommended Chemical Soil Test Procedures for the North Central Region, Bulletin 499; North Dakota Agricultural Experiment Station: Fargo, ND, USA, 1980; pp. 17–18. [Google Scholar]

	



Jones Sr, J.B.; Wolf, B.; Mills, H.A. Microwave Digestion Using CEM Microwave Digestion System. In Plant Analysis Handbook; Micro-Macro Publishing: Athens, GA, USA, 1991. [Google Scholar]

	



Townshend, J.L. A Modification and Evaluation of the Apparatus for the Oostenbrink Direct Cottonwool Filter Extraction Method. Nematologica 1963, 9, 106–110. [Google Scholar] [CrossRef]

	



Yeates, G.W.; Bongers, T.; De Goede, R.G.M.; Freckman, D.W.; Georgieva, S.S. Feeding Habits in Soil Nematode Families and Genera—An Outline for Soil Ecologists. J. Nematol. 1993, 25, 315–331. [Google Scholar] [PubMed]

	



Shannon, C.E.; Weaver, W. The Mathematical Theory of Communication, by CE Shannon (and Recent Contributions to the Mathematical Theory of Communication), W. Weaver; University of illinois Press: Champaign, IL, USA, 1949. [Google Scholar]

	



Pielou, E.C. Ecological Diversity; Quarterly Review of Biology: Hoboken, NJ, Wiley, 1975.

	



Yeates, G.W.; King, K.L. Soil Nematodes as Indicators of the Effect of Management on Grasslands in the New England Tablelands (NSW): Comparison of native and improved grasslands. Pedobiology. 1997, 41, 526–536. [Google Scholar]

	



Simpson, E.H. Measurement of Diversity. Nature 1949, 163, 688. [Google Scholar] [CrossRef]

	



Bongers, T. The Maturity Index: An Ecological Measure of Environmental Disturbance Based on Nematode Species Composition. Oecologia 1990, 83, 14–19. [Google Scholar] [CrossRef]

	



Jenkinson, D.S.; Powlson, D.S. The Effects of Biocidal Treatments on Metabolism in Soil—I. Fumigation with Chloroform. Soil Biol. Biochem. 1976, 8, 167–177. [Google Scholar] [CrossRef]

	



Vance, E.D.; Brookes, P.C.; Jenkinson, D.S. An Extraction Method for Measuring Soil Microbial Biomass C. Soil Biol. Biochem. 1987, 19, 703–707. [Google Scholar] [CrossRef]

	



Choi, K.-H.; Dobbs, F.C. Comparison of Two Kinds of Biolog Microplates (GN and ECO) in Their Ability to Distinguish among Aquatic Microbial Communities. J. Microbiol. Methods 1999, 36, 203–213. [Google Scholar] [CrossRef] [PubMed]

	



Niu, B.; Paulson, J.N.; Zheng, X.; Kolter, R. Simplified and Representative Bacterial Community of Maize Roots. Proc. Natl. Acad. Sci. USA 2017, 114, E2450–E2459. [Google Scholar] [CrossRef] [PubMed]

	



Gardes, M.; Bruns, T.D. ITS Primers with Enhanced Specificity for Basidiomycetes-Application to the Identification of Mycorrhizae and Rusts. Mol. Ecol. 1993, 2, 113–118. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An Ultra-Fast All-in-One FASTQ Preprocessor. Bioinformatics 2018, 34, i884–i890. [Google Scholar] [CrossRef] [PubMed]

	



Magoč, T.; Salzberg, S.L. FLASH: Fast Length Adjustment of Short Reads to Improve Genome Assemblies. Bioinformatics 2011, 27, 2957–2963. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian Classifier for Rapid Assignment of RRNA Sequences into the New Bacterial Taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [Google Scholar] [CrossRef] [PubMed]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA Ribosomal RNA Gene Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res. 2012, 41, D590–D596. [Google Scholar] [CrossRef]

	



Nilsson, R.H.; Larsson, K.-H.; Taylor, A.F.S.; Bengtsson-Palme, J.; Jeppesen, T.S.; Schigel, D.; Kennedy, P.; Picard, K.; Glöckner, F.O.; Tedersoo, L.; et al. The UNITE Database for Molecular Identification of Fungi: Handling Dark Taxa and Parallel Taxonomic Classifications. Nucleic Acids Res. 2019, 47, D259–D264. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Bittinger, K.; Bushman, F.D.; DeSantis, T.Z.; Andersen, G.L.; Knight, R. PyNAST: A Flexible Tool for Aligning Sequences to a Template Alignment. Bioinformatics 2010, 26, 266–267. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.; Gordon, J.I. QIIME Allows Analysis of High-Throughput Community Sequencing Data. Nat. Methods 2010, 7, 335–336. [Google Scholar] [CrossRef] [PubMed]

	



Edgar, R.C. UPARSE: Highly Accurate OTU Sequences from Microbial Amplicon Reads. Nat. Methods 2013, 10, 996–998. [Google Scholar] [CrossRef] [PubMed]

	



Kembel, S.W.; Cowan, P.D.; Helmus, M.R.; Cornwell, W.K.; Morlon, H.; Ackerly, D.D.; Blomberg, S.P.; Webb, C.O. Picante: R Tools for Integrating Phylogenies and Ecology. Bioinformatics 2010, 26, 1463–1464. [Google Scholar] [CrossRef] [PubMed]

	



Newman, M.E.J. Modularity and Community Structure in Networks. Proc. Natl. Acad. Sci. USA 2006, 103, 8577–8582. [Google Scholar] [CrossRef] [PubMed]

	



Jing, J.; Cong, W.-F.; Bezemer, T.M. Legacies at Work: Plant-Soil-Microbiome Interactions Underpinning Agricultural Sustainability. Trends Plant Sci. 2022, 27, 781–792. [Google Scholar] [CrossRef] [PubMed]

	



Sikder, M.M.; Vestergård, M.; Kyndt, T.; Fomsgaard, I.S.; Kudjordjie, E.N.; Nicolaisen, M. Benzoxazinoids Selectively Affect Maize Root-Associated Nematode Taxa. J. Exp. Bot. 2021, 72, 3835–3845. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Li, X.; Liu, Q. Soil Nematode Communities in Jujube (Ziziphus jujuba Mill.) Rhizosphere Soil under Monoculture and Jujube/Wheat (Triticum aestivum Linn.) Intercropping Systems, a Case Study in Xinjiang Arid Region, Northwest of China. Eur. J. Soil Biol. 2016, 74, 52–59. [Google Scholar] [CrossRef]

	



Yang, B.; Banerjee, S.; Herzog, C.; Ramírez, A.C.; Dahlin, P.; van der Heijden, M.G.A. Impact of Land Use Type and Organic Farming on the Abundance, Diversity, Community Composition and Functional Properties of Soil Nematode Communities in Vegetable Farming. Agric. Ecosyst. Environ. 2021, 318, 107488. [Google Scholar] [CrossRef]

	



Martin, T.; Sprunger, C.D. Soil Food Web Structure and Function in Annual Row-Crop Systems: How Can Nematode Communities Infer Soil Health? Appl. Soil Ecol. 2022, 178, 104553. [Google Scholar] [CrossRef]

	



Leff, J.W.; Bardgett, R.D.; Wilkinson, A.; Jackson, B.G.; Pritchard, W.J.; De Long, J.R.; Oakley, S.; Mason, K.E.; Ostle, N.J.; Johnson, D.; et al. Predicting the Structure of Soil Communities from Plant Community Taxonomy, Phylogeny, and Traits. ISME J. 2018, 12, 1794–1805. [Google Scholar] [CrossRef]

	



Thakur, M.P.; Geisen, S. Trophic Regulations of the Soil Microbiome. Trends Microbiol. 2019, 27, 771–780. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Wang, W.; Liu, P.; Zhou, H.; Chen, Z.; Suonan, J. Plant-Soil Mediated Effects of Long-Term Warming on Soil Nematodes of Alpine Meadows on the Qinghai-Tibetan Plateau. Biology 2022, 11, 1596. [Google Scholar] [CrossRef] [PubMed]

	



Sun, F.; Coulibaly, S.F.M.; Cheviron, N.; Mougin, C.; Hedde, M.; Maron, P.-A.; Recous, S.; Trap, J.; Villenave, C.; Chauvat, M. The Multi-Year Effect of Different Agroecological Practices on Soil Nematodes and Soil Respiration. Plant Soil 2023, 1–16. [Google Scholar] [CrossRef]

	



Yeates, G.W. Effects of Plants on Nematode Community Structure. Annu. Rev. Phytopathol. 1999, 37, 127. [Google Scholar] [CrossRef] [PubMed]

	



Sikder, M.M.; Vestergård, M. Impacts of Root Metabolites on Soil Nematodes. Front. Plant Sci. 2020, 10, 1792. [Google Scholar] [CrossRef]

	



Ochola, J.; Coyne, D.; Cortada, L.; Haukeland, S.; Ng’ang’a, M.; Hassanali, A.; Opperman, C.; Torto, B. Cyst Nematode Bio-Communication with Plants: Implications for Novel Management Approaches. Pest Manag. Sci. 2021, 77, 1150–1159. [Google Scholar] [CrossRef]

	



Mwamba, S.; Kihika-Opanda, R.; Murungi, L.K.; Losenge, T.; Beck, J.J.; Torto, B. Identification of Repellents from Four Non-Host Asteraceae Plants for the Root Knot Nematode, Meloidogyne incognita. J. Agric. Food Chem. 2021, 69, 15145–15156. [Google Scholar] [CrossRef]

	



Bakker, M.G.; Bradeen, J.M.; Kinkel, L.L. Effects of Plant Host Species and Plant Community Richness on Streptomycete Community Structure. FEMS Microbiol. Ecol. 2013, 83, 596–606. [Google Scholar] [CrossRef]

	



LeBlanc, N.; Kinkel, L.L.; Kistler, H.C. Soil Fungal Communities Respond to Grassland Plant Community Richness and Soil Edaphics. Microb. Ecol. 2015, 70, 188–195. [Google Scholar] [CrossRef]

	



Fitzpatrick, C.R.; Copeland, J.; Wang, P.W.; Guttman, D.S.; Kotanen, P.M.; Johnson, M.T.J. Assembly and Ecological Function of the Root Microbiome across Angiosperm Plant Species. Proc. Natl. Acad. Sci. USA 2018, 115, E1157–E1165. [Google Scholar] [CrossRef]

	



Bever, J.D.; Platt, T.G.; Morton, E.R. Microbial Population and Community Dynamics on Plant Roots and Their Feedbacks on Plant Communities. Annu. Rev. Microbiol. 2012, 66, 265–283. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; Li, X.; Xi, X.; Cong, W.-F. Crop Diversification Reinforces Soil Microbiome Functions and Soil Health. Plant Soil 2022, 476, 375–383. [Google Scholar] [CrossRef]

	



Wang, S.; Cheng, J.; Li, T.; Liao, Y. Response of Soil Fungal Communities to Continuous Cropping of Flue-Cured Tobacco. Sci. Rep. 2020, 10, 19911. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Guo, X.; Guo, Q.; Tan, X.; Wang, Z. Long-Term Chili Monoculture Alters Environmental Variables Affecting the Dominant Microbial Community in Rhizosphere Soil. Front. Microbiol. 2021, 12, 681953. [Google Scholar] [CrossRef] [PubMed]

	



Bebber, D.P.; Richards, V.R. A Meta-Analysis of the Effect of Organic and Mineral Fertilizers on Soil Microbial Diversity. Appl. Soil Ecol. 2022, 175, 104450. [Google Scholar] [CrossRef]

	



Yan, X.; Wang, K.; Song, L.; Wang, X.; Wu, D. Daytime Warming Has Stronger Negative Effects on Soil Nematodes than Night-Time Warming. Sci. Rep. 2017, 7, 108. [Google Scholar] [CrossRef] [PubMed]

	



Simmons, B.L.; Wall, D.H.; Adams, B.J.; Ayres, E.; Barrett, J.E.; Virginia, R.A. Long-Term Experimental Warming Reduces Soil Nematode Populations in the McMurdo Dry Valleys, Antarctica. Soil Biol. Biochem. 2009, 41, 2052–2060. [Google Scholar] [CrossRef]

	



Cui, Y.; Bing, H.; Fang, L.; Wu, Y.; Yu, J.; Shen, G.; Jiang, M.; Wang, X.; Zhang, X. Diversity Patterns of the Rhizosphere and Bulk Soil Microbial Communities along an Altitudinal Gradient in an Alpine Ecosystem of the Eastern Tibetan Plateau. Geoderma 2019, 338, 118–127. [Google Scholar] [CrossRef]

	



Wagg, C.; Bender, S.F.; Widmer, F.; van der Heijden, M.G.A. Soil Biodiversity and Soil Community Composition Determine Ecosystem Multifunctionality. Proc. Natl. Acad. Sci. USA 2014, 111, 5266–5270. [Google Scholar] [CrossRef]

	



Deng, X.; Zhang, N.; Li, Y.; Zhu, C.; Qu, B.; Liu, H.; Li, R.; Bai, Y.; Shen, Q.; Falcao Salles, J. Bio-Organic Soil Amendment Promotes the Suppression of Ralstonia Solanacearum by Inducing Changes in the Functionality and Composition of Rhizosphere Bacterial Communities. New Phytol. 2022, 235, 1558–1574. [Google Scholar] [CrossRef]

	



Liu, X.; Zhang, D.; Li, H.; Qi, X.; Gao, Y.; Zhang, Y.; Han, Y.; Jiang, Y.; Li, H. Soil Nematode Community and Crop Productivity in Response to 5-Year Biochar and Manure Addition to Yellow Cinnamon Soil. BMC Ecol. 2020, 20, 39. [Google Scholar] [CrossRef] [PubMed]

	



Topalović, O.; Hussain, M.; Heuer, H. Plants and Associated Soil Microbiota Cooperatively Suppress Plant-Parasitic Nematodes. Front. Microbiol. 2020, 11, 313. [Google Scholar] [CrossRef] [PubMed]

	



Chadfield, V.G.A.; Hartley, S.E.; Redeker, K.R. Associational Resistance through Intercropping Reduces Yield Losses to Soil-Borne Pests and Diseases. New Phytol. 2022, 235, 2393–2405. [Google Scholar] [CrossRef] [PubMed]








[image: Horticulturae 09 00924 g001 550] 





Figure 1. Intercropping changed the cucumber root-zone soil nematode community and decreased the RKNs disease. C: Cucumber monocropping; CA: Cucumber-amaranth intercropping; WS: Winter-spring season; AW: Autumn-winter season. (a) Soil chemical and ionome profiles analyzed by PCA. (b) Numbers of cucumber root galls in monocropping (C) and intercropping system (CA) in two growing seasons. p-values calculated using Student’ t-test, *** p < 0.001, n = 5. (c) Representative pictures of cucumber root planted in monocropping (C) and intercropping (CA) system, bar: 2 cm. (d) Partial Canonical analysis of soil nematode community. (e) Distribution of soil nematodes by trophic groups. (f) The diversity indices of soil nematode community. p-values calculated using Student’s t-test, * p < 0.05, ** p < 0.01, ns: not significant, n = 3. (g) The maturity indices of soil nematode community. p-values calculated using Student’s t-test, * p < 0.05, n = 3. 
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Figure 2. The community level physiological profiling (CLPP) of cucumber root-zone soil. C: Cucumber monocropping; CA: Cucumber-amaranth intercropping; WS: Winter-spring season; AW: Autumn-winter season. Soil microbial biomass carbon (a) and nitrogen (b) of cucumber root-zone soil in two growing seasons. MBC, microbial biomass carbon; MBN, microbial biomass nitrogen. (c) The Shannon-Weiner index and (d) the reciprocal of Simpson’s index (1/D) of cucumber monocropping and intercropping system. (e) Heatmap showed the OD values of various 31 substrates. The observations of OD values at the 96 hr incubation points were used for drawing heatmaps. (f) The carbon substrates are grouped into six major carbon categories and we evaluated the carbon substrate utilization by OD values. p-values calculated using Student’ t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant, n = 3. 
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Figure 3. The α-diversity of cucumber root-zone soil community. C: Cucumber monocropping; CA: Cucumber-amaranth intercropping; WS: Winter-spring season; AW: Autumn-winter season. (a) Shannon, Simpson and Chao 1 index of bacterial community. (b) Shannon, Simpson and Chao 1 index of fungi community. p-values calculated using Student’ t-test, * p < 0.05, n = 3. 
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Figure 4. Intercropping system shaped cucumber root-zone soil microbial community structure. C: Cucumber monocropping; CA: Cucumber-amaranth intercropping; WS: Winter-spring season; AW: Autumn-winter season. (a) Microbial composition in root-zone soil displayed as stacked bar plot at phylum level of bacterial and fungal community. (b) Non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity displaying bacterial and fungal community. (c) The linear discriminant analysis (LDA) scores to identify the intercropping system shaped taxa at the phylum (p) and genus (g) levels, detected by the LDA of effect size (LEfSe) analysis. Only taxa with the absolute LDA score > 2.5 are shown. 
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Figure 5. Co-occurrence patterns of soil nematode and microbial community in cucumber root-zone soil. Co-occurrence network of soil nematode community (a,b), soil bacterial (c,d) and fungal community (e,f) differed in two monocropping and intercropping systems. The sizes of the nodes (genus for soil nematode and OTUs for bacterial and fungal community) are proportional to the number of connections. Only nodes (OTUs) that were significantly correlated each other (spearman’s > 0.8; after Benjamin and Hochberg FDR adjust, p < 0.05) were connected (edges). The numbers of nodes and edges showed in the network diagram. 
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