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Abstract

:

Rotational strip intercropping involves the strategic combination of stubble intercropping and the rotational placement of intercropped strips, which can improve crop yield. Here, we evaluated the effects of rotational strip bean (Phaseolus vulgaris L.) and celery (Apium graveolens L.) intercropping with bed ratios of 1:1 and 2:2 on crop yield, soil microbial community and nutrition. The 1:1 ratio of rotational strip bean and celery intercropping had a higher yield than the 2:2 ratio. The 1:1 rotational strip intercropping markedly improved the nitrate nitrogen and available phosphorus contents of the beans, and the nitrate nitrogen and available potassium contents of the celery. The 2:2 rotational strip intercropping reduced the bacterial α diversity of the beans, and the 1:1 and 2:2 rotational strip intercropping enhanced the fungal α diversity of both the beans and the celery. Both planting patterns also altered the microbial communities found on the bean and celery plants. Microorganisms enriched in the rhizosphere of the bean and celery plants significantly increased the soil nutrient content and yield in the 1:1 rotational strip intercropping, and included the genera Achromobacter, Luteibacter, Stenotrophomonas, Fusarium, Flavobacterium and Preussia in the bean rhizosphere, and Alternaria, Arthrographis and Pluteus, Sphingopyxis and Clostridium_sensu_stricto_1 in the celery rhizosphere.
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1. Introduction


Plant diversity plays a crucial role in the stability of ecosystems [1,2]. In agricultural ecosystems, plant diversity is widely utilized to address a series of challenges posed by continuous cropping. Thus, crop rotation, intercropping and the use of cover crops are common practices in agricultural systems [3,4,5]. In rotation and intercropping systems, some plants can inhibit plant pests and diseases and improve crop yield and growth by increasing soil nutrients and improving the soil microbial environment. In these rotational and intercropping systems, legumes play a role in increasing the yield of other cash crops and inhibiting disease, such as in wheat, corn and cotton [6,7,8,9,10,11]. In order to combine the advantages of intercropping and rotation, a new cultivation model was proposed: rotational strip intercropping, in which two crops are intercropped on a wide strip, and their planting positions are alternated on the same land each season or year [12]. When choosing the crop combination for rotational strip intercropping, it should be matched according to the growth habit of the crop and the role of growth. Some rotational strip intercropping patterns, such as maize and peanuts, peanuts and cotton and cotton and soybeans rotational strip intercropping, have been successful [11,13,14,15,16]. However, the application value of rotational strip bean and celery intercropping in agricultural production has not yet been determined.



Rhizosphere microorganisms play an important role in crop growth and yield, and rotational and intercropping systems increase agriculture ecosystem diversity and alter the soil microbial environment. Compared with the continuous cropping of peanuts, the bacterial diversity and richness of the rhizosphere in an intercropping system using maize and peanut were significantly increased after rotation. The main bacterial phyla affected were Proteobacteria, Acidobacteria, Firmicutes, Bacteroidetes and actinobacteria [17,18]. Compared with cucumber monoculture, rotation increased rhizosphere bacterial diversity, but decreased fungal diversity and abundance, but also significantly increased the relative abundance of bacterial genes representing Flavobacterium and Ohtaekwangia and the fungal genes Monographella and Operculomyces in the cucumber rhizosphere [19]. Compared with melon monoculture, rotation increased the relative diversity and abundance of fungi and bacteria found in the melon plants, and decreased the relative abundance of Fusarium [20]. Intercropping of potato onion and tomato increased the diversity and richness of bacteria and fungi, increased the relative abundance of Acidobacteria-Subgroup-6, Arthrobacter, Bacillus and Pseudomonas and decreased the relative abundance of Cladosporium [21]. Intercropping of wheat and cucumber significantly increased the diversity of cucumber rhizosphere bacteria, and the relative abundance of potentially beneficial plant bacteria (Pseudomonas, Haliangium and Archangium) was significantly improved [22]. Compared with maize and peanut monoculture, rotational strip intercropping significantly increased both bacterial richness and diversity [16]. Rotational strip peanut and cotton intercropping increased the bacterial richness and diversity of the plants, and increased the relative abundance of Nitrospirae and Bryobacter in the peanut rhizosphere, and the relative abundance of Bacillus, Sediminibacterium and Pseudomonas in the cotton rhizosphere [11].



Soil microbial communities, as major drivers of the ecosystem’s function, are regulated by plant diversity through changes in resource availability or environmental conditions [23,24,25]. Soil microorganisms are one of the largest reservoirs of biodiversity and participate in various ecological processes in terrestrial ecosystems [26,27,28,29]. For example, microorganisms perform soil decomposition and mediate C, N, S and P biogeochemical cycles [26,28]. Plant–microbial interactions can also have an impact on soil properties, which can vary depending on crop species and cultivation patterns. It had been reported that the relative abundance of Fimbriimonadia is an important variable in predicting the levels of KCl, available phosphorus (AP) and organic matter contents, while the relative abundance of Cytophagia and Phycisphaerae are important variables in predicting available potassium (AK) contents. Additionally, the relative abundance of Bacilli was an important variable in predicting AP contents in maize soil. The relative abundance of Clostridia and Bacilli were the most important variables in predicting NH4+−N contents, while the relative abundance of Anaerolineae and Ktedonobacteria were the predictors of AK and AP contents, respectively [29]. It had been reported that Arthrobacter is positively correlated with NO3−−N, AK and total nitrogen (TN) contents in cover crops [30]. Agromyces, Arthrobacter, Bacillus, Lysobacter and Paenibacillus play an important role in nitrogen fixation, while Gemmatimonas, Heliobacillus, Natronocella and Sorangiumincrease increase the nitrogen-fixing capacity of nitrogen-fixing bacteria through indirect means in an intercropping pattern using faba bean and maize [31]. The abundance of Sphingomonas was positively correlated with available phosphorus (AP), total phosphorus (TP), total potassium (TK) and soil organic carbon (SOC) contents, while the abundance of Gemmatimonas was positively correlated with AP and TP contents in rotational strip maize and peanut intercropping [16]. However, there are few studies on the effects of microorganisms on soil nutrient cycling in the rotational strip intercropping system.



In this study, we aimed to address the following questions: (1) Which rotational strip intercropping pattern, 1:1 or 2:2, is more suitable for beans (Triticum aestivum L.) and celery (Apium graveolens L.) in intensive agricultural production? (2) How do two cultivation patterns affect soil microbes and nutrients? To answer these questions, we evaluated the crop yield, soil microbial community diversity and nutrient contents in a rotational strip bean and celery intercropping system. We first studied the effects of rotational strip intercropping on bean and celery yields and soil nutrients. The effects of rotational strip intercropping on soil bacterial and fungal community diversity were studied by high-throughput amplification sequencing. We formed the following hypotheses: (1) the crop yield can be increased by rotational strip intercropping of bean and celery, with the 1:1 ratio being more effective than the 2:2 ratio in rotational strip bean and celery intercropping; (2) soil microbial diversity will be affected by rotational strip intercropping of bean and celery; (3) there will be a significant correlation between soil microorganisms, soil nutrients and yield in the rotational strip intercropping of bean and celery.




2. Materials and Methods


2.1. Experimental Design and Treatments


Field experiments were conducted from 2019 to 2021 at Northeast Agricultural University, Harbin, China (45°419 N, 126°379 E). The experiment was conducted twice a year in a greenhouse (spring crop: 25 April~15 July; autumn crop: 25 July~20 October). The experiments followed a randomized block design with three replications. The ratios of the number of beds between the beans and celery in the rotational strip intercropping were 1:1 and 2:2. The treatments were as follows: the number of beds split between beans and celery is 1:1; that is, 1 bed of beans and 1 bed of celery intercropped (Bean1:1 and Celery1:1). And the number of beds split between beans and celery is 2:2; that is, 2 beds of beans and 2 beds of celery intercropped (Bean2:2 and Celery2:2) (Figure 1). Continuously monocropped beans and celery were used as controls (ControlB and ControlC). Both crop species were planted in a south–north bed direction. Each experimental plot had an area of 4.5 m2 (5 m × 0.9 m) and the border beds were not used for sampling. Four rows of celery and two rows of beans, respectively, were planted in each bed. Beans were planted where celery was last grown, and celery was planted where beans were last grown; the sole bean and sole celery plots did not change. The row spacing for beans was 60 cm, and plant spacing was 30–35 cm. The row spacing for celery was 15 cm, and plant spacing was 10–12 cm.




2.2. Bean and Celery Yields


Bean and celery yields were measured in fall 2020 and spring and fall 2021. Beans and celery were planted twice a year in the spring and autumn, respectively. Spring planting: celery and beans were planted in late April and harvested in mid-July. Autumn planting: celery and beans were planted in late July and harvested in late October. In spring planting, celery with more consistent growth was selected in mid-June to measure fresh weight and the yield of beans was measured in early July every day, respectively, and 5 plants were selected for each replication. In autumn planting, the fresh weight of celery and the yield of beans were measured in mid-September and early October, respectively. The total yield of each plot was measured and converted to kg·ha−1 to standardize yield measurements.




2.3. Photosynthesis Property


The illuminance and net photosynthetic rate (Pn) were measured on a sunny day during the growth periods of the beans and celery. Illuminance and Pn were measured once at 10 a.m. Illuminance was measured using the Illuminometer TES-1355. The net photosynthetic rate was measured with a Photosynthesizer Li-6400 (Li-Cor Inc., Lincolin, NE, USA).




2.4. Soil Sampling


In the autumn planting of 2021, celery bulk soils and rhizosphere soils were collected in mid-September, while bean bulk soils and rhizosphere soils were collected in early October. Five soil cores (8 cm diameter, 20 cm deep) were randomly collected from each plot, and these five soil cores were mixed to create a composite sample. Thus, there were three composite samples for each treatment. Briefly, bean or celery roots were gently removed from the soil, and soil loosely attached to the bean or celery roots were carefully removed by manual shaking was considered as bulk soil. Then, soil tightly adhering to the roots was removed from the root surface with a sterile brush and considered as rhizosphere soil. Soils were sieved (2 mm), and large stone and plant debris were removed. Bulk soils were stored at 4 °C for soil chemical property analysis, while rhizosphere soils were stored at −80 °C for DNA extraction.




2.5. Soil Nutrients


Ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3−-N), available phosphorus and available potassium (AK) were determined with a SKALAR continuous Flow analyzer (SKALAR San++, Skalar, Breda, The Netherlands) [30,32].




2.6. Soil DNA Extraction and Quantitative PCR


Total soil DNA was extracted by the Power Soil DNA isolation Kit according to the manufacturer’s instructions (MO BIO laboratories, Garlsbad, CA, USA). We required 0.25 g of soil for each sample. A spectrophotometer (NanoDrop2000, Thermo, Waltham, MA, USA) was used to evaluate the quantity and purity of the DNA. Three separate extractions were carried out for each of the composites of every soil sample and then combined to form a single composite sample of extracted DNA for each soil sample (three composite DNA samples per treatment). Abundances of total bacterial and fungal communities were estimated using SYBR Green quantitative PCR assays conducted with an IQ5 Real-time PCR system (Bio-Rad Lab, Hercules, CA, USA). For the total bacterial community, the primer set 338 F/518 R [33] was used to amplify the partial bacterial 16S rRNA gene. The primer set ITS1 F/ITS4 R [34] was used to amplify the ITS regions of the rRNA gene for the total fungal community, and this process was repeated three times. Purified water was used as a negative control. Sequences of plasmids (pMD18-T) containing the target genes of bacteria and fungi for the standard curves were created with tenfold dilution, respectively. To determine the copy number of the target gene, the threshold cycle values obtained for each sample were compared with the standard curve.




2.7. High-Throughput Amplicon Sequencing and Data Processing


High-throughput amplicon sequencing for the determination of soil bacterial and fungal community structures were conducted. The V3–V4 regions of the bacterial 16 S rRNA gene and the ITS1 regions of the fungal rRNA gene were amplified using the primer sets F338/R806 and ITS1F/ITS2, respectively [35]. Similarly, both forward and reverse primers were tagged with a 6 bp unique barcode to differentiate each sample. Every combination soil DNA sample had three exactly replicated PCR responses and then the PCR products were pooled and purified using an Agarose Gel DNA purification kit (TaKaRa, Dalian, China). The purified amplicons were quantified using a TBS-380 micro fluorometer (Invitrogen, Waltham, MA, USA) and then mixed to achieve equal concentrations in the final mixture. The concluding mixture was then paired-end sequenced (2 × 300) on an Illumina Miseq platform (Majorbio Bio-Pharm Technology Co. Ltd., Shanghai, China).



Raw sequence reads were de-multiplexed, quality-filtered and processed using FLASH [36]. Chimeric structures were recognized and removed by USEARCH11 in QIIME. Operational taxonomic units (OTUs) were collected at 97% resemblance with UPARSE by an agglomerative collecting algorithm [37]. The actual structure of each OTU was taxonomically categorized using the SILVA database issue 128 (bacteria) and Unite databases (fungi) [38,39]. The proposal Assent Numbers PRJNA859279 for bacteria and PRJNA859295 for fungi were obtained from the statistical data in the NCBI-sequence delivered record.




2.8. Statistical Analysis


For all statistical analyses, R software (version 4.2) was used. The Shannon diversity indices, relative abundances and bacterial and fungal alpha diversities were measured. To assess the differences in the structures of bacterial and fungal communities (R vegan package), Principal Coordinates Analysis (PCoA) based on the Bray–Curtis distance variation was performed using the vegan package in R. To examine the effect of rotational strip intercropping ratio on bacterial community structures, Permutational Multivariate Analysis of Variance (PERMANOVA) with Bray–Curtis distance and 9999 random permutations was performed. Sensitive OTUs stimulated by rotational strip intercropping were identified using the indicator species study and likelihood ratio test with the Benjamini–Hochberg (BH) p value adjustment, respectively (R indicspecies and edgeR packages) [40]. The relationships between environmental factors and significantly altered bacterial taxa were establish on the Spearman correlation coefficient (R heat map package). All data were tested for normality and homogeneity of variances to meet the assumptions of normality before statistical analysis. Analysis of variance (ANOVA) followed by Tukey’s HSD test was used to assess the differences between treatments, with p < 0.05 considered statistically significant.





3. Results


3.1. Yields of Bean and Celery under Rotational Strip Intercropping


Treatments of Bean 1:1 and Bean 2:2 significantly improved the bean yield during all three assessments (2020 autumn, 2021 spring and 2021 autumn) compared with ControlB (p < 0.05) (Figure 2a). The yield of Bean 1:1 was higher than that of Bean 2:2 in autumn 2020, and there was no difference between the yields of Bean 1:1 and Bean 2:2 in 2021 (p < 0.05) (Figure 2a).



Celery 1:1 and Celery 2:2 also improved the celery yield in 2021 compared with ControlC, and Celery1:1 significantly improved the yield in 2020 autumn (p < 0.05) (Figure 2b). However, the Celery1:1 yield was notably higher than the Celery 2:2 yield in autumn 2020 and 2021 (Figure 2b).




3.2. Illuminance and Net Photosynthetic Rate of Rotational Strip Bean and Celery Intercropping


The Pns of the Bean1:1 and Bean2:2 treatments were significantly higher than that of the ControlB monoculture in the autumn of 2020 and the spring of 2021. Additionally, the Pn of the Bean1:1 treatment was higher than that of the Bean2:2 treatment (Table S1). Compared with ControlC treatment, the Pns of the Celery1:1 and Celery2:2 treatments were higher. The Pn of Celery 1:1 treatment was higher than that of the Celery2:2 treatment in the autumn of 2021 (Table S1).



The illuminance of the Bean 1:1 treatment was significantly higher than the ControlB and Bean2:2 treatments in the spring of 2021. The illuminance of the Bean1:1 treatment was significantly higher than that of the Bean2:2 treatment in 2020 and 2021, and the Bean2:2 treatment did not show a significant difference compared to the ControlB treatment in 2021 (Table S1). The illuminances of the Celelry1:1 and Celery2:2 treatments were lower than the ControlC treatment, and the illuminance of the Celery1:1 treatment was lower compared to that of the Celery2:2 treatment in 2020 and 2021 (Table S1).




3.3. Soil Nutrients of Rotational Strip Bean and Celery Intercropping


Compared with the ControlB, the Bean1:1 and Bean2:2 treatments significantly increased the AP content in the yields from the autumn of 2020 and 2021, and the AP content of the crops following the Bean1:1 treatment was higher than that of those after the Bean2:2 treatment (p < 0.05). The Bean1:1 treatment significantly increased the content of NO3−-N relative to the bean monoculture during all assessments, and the NO3−-N content of the Bean1:1 treated crops was also higher than that of the Bean2:2 crops (p < 0.05). The Bean2:2 treatment prominently increased the NH4+-N content in 2021 (p < 0.05) (Figure 3a).



NO3−-N and AP contents were higher in the crops treated with Celery1:1 and Celery2:2 than ControlC at the Autumn 2020 and 2021 assessments (p < 0.05) (Figure 3b). Compared to the monoculture of celery, the AK content was significantly reduced in the Celery2:2 group. The NO3−-N and AK contents were higher in the Celery1:1 group compared to Celery2:2 (p < 0.05) (Figure 3b). The NH4+-N content did not show a significant difference between treatments during any of the assessments (Figure 3b).




3.4. Soil Microbial Community Abundances and Diversity


Compared with the monoculture, the 1:1 rotational strip intercropping increased the bacterial abundances of both the bean and celery plants, while the 2:2 rotational strip intercropping was not different. Thus, the bacterial abundance of the 1:1 rotational strip intercropping was higher than that of the 2:2 rotational strip intercropping (p < 0.05) (Figure 4a,b). The fungal abundance was lower in the 1:1 and 2:2 rotational strip intercropping compared to the single culture, but there was no difference between the two rotational treatments (p < 0.05) (Figure 4a,b). In the bacterial community, the Bean2:2 treatment significantly reduced the Shannon index of the bacterial community compared to ControlB, while the Shannon index of the bacterial community in the Bean1:1 crops did not show any significant differences compared to ControlB. (p < 0.05) (Figure 4a). However, the 1:1 and 2:2 rotational strip intercropping had no effect on the alpha diversity of the celery bacteria (Shannon index and richness) (Figure 4b). In terms of the fungal community, compared with the monoculture, both the 1:1 and 2:2 rotational strip intercropping treatments significantly increased the fungal Shannon index of the bean crops, but there was no difference between them (p < 0.05) (Figure 4a,b). Additionally, the 1:1 rotational strip intercropping significantly increased fungal richness. The PERMANOVA analysis revealed that the proportions of rotational strip bean and celery intercropping had significant effects on both bacterial and fungal community beta diversities (Figure 4a,b).




3.5. Bacterial Community Composition in Rotational Strip Intercropping


A total of 41 bacterial phyla were observed in the bean and celery samples. The dominant phyla were Proteobacteria, Actinobacteria, Acidobacteria and Chloroflexi, which together accounted for more than 75% and 70% of the bacterial sequences in the bean and celery plants, respectively. Firmicutes, Gemmatimonadetes, Bacteroidetes, Nitrospirae, Verrucomicrobia and Saccharibacteria were also detected at relatively high abundances in the beans and celery (average relative abundance > 1% at in all treatments) (Figure S1a). Compared with the bean monoculture treatment, both Bean1:1 and Bean2:2 had higher relative abundances of Saccharibacteria and had lower relative abundances of Nitrospirae, but there was no difference between the two treatments (Figure 5a). Moreover, the abundance of Actinobacteria and Bacteroidetes in Bean1:1 was significantly higher than that in ControlB and Bean2:2, while the relative abundance of Firmicutes was higher in Bean2:2 than in ControlB (p < 0.05) (Figure 5a). Compared with the celery monoculture treatment, Celery1:1 showed higher relative abundances of Bacteroidetes. The relative abundance of Saccharibacteria was lower in Celery1:1 and Celery2:2 than in celery monoculture (p < 0.05) (Figure 5b).



Taxonomical classification at the genus level revealed that more than 480 bacterial genera were detected in the bean treatments and more than 496 bacterial genera were detected in the celery treatments.



Compared to the bean monoculture treatment, bean intercropping showed a lower relative abundance of Nitrospira and a higher relative abundance of Clostridium_sensu_stricto_1, Rhizobium and Aeromicrobium (p < 0.05). Additionally, RB41 and Streptomyces exhibited significantly higher relative abundances in the rhizosphere of bean under 1:1 rotational strip intercropping (p < 0.05). The relative abundance of Steroidobacter was significantly higher, while the abundances of Gaiella and Lysobacter were significantly lower in the bean rhizosphere under the 2:2 rotational strip intercropping treatment compared to ControlB. The relative abundances of Streptomyces and Gaiella were higher in Bean1:1 than in Bean2:2 (p < 0.05) (Figure S2a). Compared to the celery monoculture treatment, celery intercropping led to higher relative abundances of Clostridium_sensu_stricto_1 and Flavobacterium, and lower relative abundances of Rhizobium, Streptomyces, Burkholderia-Paraburkholderia, Pseudomonas and Pseudarthrobacter (p < 0.05). Furthermore, Celery1:1 exhibited higher relative abundances of Haliangium and Streptomyces compared to Celery2:2 (p < 0.05). Meanwhile, compared with the celery monoculture, the relative abundances of Gaiella and Lysobacter were significantly higher, while the relative abundances of RB41 were significantly lower in rhizosphere of celery in the 1:1 rotational strip intercropping (p < 0.05). Additionally, the relative abundance of Sphingomonas was significantly higher in the rhizosphere of celery in the 2:2 rotational strip intercropping (p < 0.05) (Figure S2b).




3.6. Fungi Community Composition of in Rotational Strip Intercropping


In total, 10 fungi phyla were observed across all of the bean samples. Ascomycota, Basidiomycota and Mortierellomycota, accounted for more than 98% of the sequences, and Olpidiomycota was a minor phyla with a relatively lower abundance (Figure S1b). Compared with the bean monoculture treatment, Bean1:1 and Bean2:2 had higher relative abundances of Ascomycota and Olpidiomycota, and had lower relative abundances of Basidiomycota. In addition, the relative abundance of Mortierellomycota was higher in Bean1:1 than in Bean2:2 (Figure 5b). Eleven fungi phyla were observed across all of the celery samples. The dominant phyla were Ascomycota, Mortierellomycota and Basidiomycota, and these phyla accounted for more than 99% of the fungal sequences (Figure S1b). Compared with celery monoculture treatment, Celery1:1 and Celery2:2 had higher relative abundances of Mortierellomycota (Figure 5b).



Taxonomical classification at the genus level revealed that more than 216 fungal genera were detected across all of the bean treatments. Compared with the bean monoculture treatment, Bean1:1 and Bean2:2 had higher relative abundances of Lophotrichus, Wardomyces, Plectosphaerella and Olpidium. They also had lower relative abundances of Solicoccozyma, Tausonia and Cephaliophora. Moreover, the relative abundances of Mortierella, Fusarium and Aphanoascus were higher in Bean1:1 than in the bean monoculture. Additionally, the relative abundances of Acaulium, Alternaria, Sodiomyces, Acremonium and Thelebolus were higher in Bean2:2 than in the bean monoculture. In addition, the relative abundances of Lophotrichus, Mortierella and Fusarium were higher in Bean1:1 compared to Bean2:2. Conversely, the relative abundances of Acaulium, Alternaria and Acremonium were lower in Bean1:1 than Bean2:2 (Figure S3a).



In the celery treatments, more than 241 bacterial genera were detected. Compared with the celery monoculture treatment, Celery1:1 and Celery2:2 had higher relative abundances of Mortierella, Alternaria and Idriella, and lower relative abundances of Acaulium, Botryotrichum, Plectosphaerella, Thelebolus and Penicillium. Moreover, the relative abundances of Lophotrichus and Tausonia were higher, while the relative abundance of Cephaliophora was lower in Celery1:1 than in the celery monoculture. The relative abundances of Sodiomyces, Chrysosporium and Scutellinia were higher, while the relative abundance of Acremonium was lower in Celery2:2 compared to the celery monoculture. Additionally, the Celery1:1 treatment had higher relative abundances of Mortierella, Alternaria, Tausonia, Acremonium and Idriella, while the relative abundances of Acaulium, Botryotrichum, Sodiomyces, Chrysosporium and Scutellinia were lower compared to Celery2:2 (Figure S3b).




3.7. Correlation Analysis of Sensitive OTUs with Soil Nutrients and Yield


The indicator species analysis and likelihood ratio test identified 66 and 98 sensitive OTUs of the bacteria found in the bean and celery soils, respectively, within the rotational strip intercropping system using beans and celery (Figure S4a,b).



In the 1:1 rotational strip intercropping, we found eight OTUs and sixteen OTUs that were enriched in bean and celery, respectively (Figure S5a,b). In the bacterial-sensitive OTUs in the bean soils, Methylobacillus sp. OTU4257 was significantly positively correlated with NO3−-N, AP, AK and yield. Achromobacter sp. OTU5462, Luteibacter sp. OTU1712 and Stenotrophomonas sp. OTU6012 were significantly positively correlated with AP. Achromobacter sp. 5462 and Flavobacterium sp. OTU5429 was significantly positively correlated with NO3−-N, AP and yield, but Haliangium sp. OTU3576 and Gaiella sp. OTU4143 were significantly negative correlated with NH4+-N (Figure S6a). In the bacterial-sensitive OTUs of the celery, Bryobacter sp. OTU4361 was significantly positively correlated with NO3−-N and AP. Flavisolibacter sp. OTU5084 was significantly positively correlated with NO3−-N and yield. Fluviicola sp. OTU5254 was significantly positively correlated with AK. Sphingopyxis sp. OTU3971 and Flavobacterium sp. OTU5429 were significantly positively correlated with AP and yield (Figure S6b).



In the 2:2 rotational strip intercropping, we found 28 OTUs and 22 OTUs, respectively, that were enriched in the bean and celery soils (Figure S5a,b). In bacterial-sensitive OTUs in the bean soils, Saccharomonospora sp. OTU4006, Rhodococcus sp. OTU4867, Asticcacaulis sp. OTU203, Caulobacter sp. 3018, Brevundimonas sp. OTU654 and Massilia sp. OTU2063 were significantly positively correlated with NH4+-N. Bryobacter sp. OTU5786, Agromyces sp. OTU3978, Archangium sp. OTU5416 and Fluviicola sp. OTU5148 were significantly positively correlated with AK. Steroidobacter sp. OTU5723 was significantly positively correlated with AK and yield. Rhizobium sp. OTU5934 was significantly positively correlated with NH4+-N, AK and yield (Figure S6a). In the bacterial-sensitive OTUs in the celery soil, Stenotrophobacter sp. OTU4138, Streptosporangium sp. OTU4352 and Escherichia-Shigella sp. OTU5167 were significantly positively correlated with AP. Flavobacterium sp. OTU4700 was significantly positively correlated with yield. Nocardioides sp. OTU4929, Flavobacterium sp. OTU4173, Gemmatimonas sp. OTU4002, Pseudoxanthomonas sp. OTU5878 and Nocardioides sp. OTU4929 were significantly positively correlated with AP and yield. Sphingomonas sp. OTU4339 was significantly positively correlated with NH4+-N, AP and yield (Figure S6b).



The indicator species analysis and likelihood ratio test, respectively, identified 33 and 46 sensitive OTUs in the fungi found in the bean and celery soils under the rotational strip intercropping system (Figure S4c,d).



In the rotational strip intercropping system between bean and celery in the 1:1 ratio, six OTUs were enriched in rhizosphere of the beans, and eleven OTUs were enriched in the rhizosphere of celery (Figure 6a,b). In the fungal-sensitive OTUs in the bean soils, Fusarium sp. OTU174 was significantly positively correlated with NO3−-N and AP. Lophotrichus sp. OTU1527 was significantly positively correlated with AP and yield. Ilyonectria sp. OTU52 and Preussia sp. OTU97 were significantly positively correlated with NO3−-N, AP and yield. Stachybotrys sp. OTU122, Acaulium sp. OTU20 and Podospora sp. OTU111 were significantly negative correlated with NH4+-N (Figure 7a). In fungal sensitive OTUs of celery, Alternaria sp. OTU12, Chaetomium sp. OTU70, Idriella sp. OTU19, Mortierella sp. OTU6 and Pluteus sp. OTU390 were significantly positively correlated with NO3−-N. Podospora sp. OTU111 and Tetracladium sp. OTU160 were significantly positively correlated with AK. Arthrographis sp. OTU88 and Periconia sp. OTU297 were significantly positively correlated with NO3−-N and yield. Retroconis sp. OUT 68 was significantly positively correlated with AP and yield. Penicillium sp. OTU233 was significantly positively correlated with NH4+-N, NO3−-N and yield (Figure 7b).



In the rotational strip intercropping system between bean and celery in the 2:2 ratio, 14 OTUs were enriched in rhizosphere of bean, and 15 OTUs were enriched in the rhizosphere of celery (Figure 6a,b). In fungal-sensitive OTUs in the bean soils, Pseudotaeniolina sp. OTU210, Purpureocillium sp. OTU443 and Alternaria sp. OTU12 were significantly positively correlated with AK (Figure 7a). Penicillium sp.162 and Acaulium sp. OTU4 were significantly positively correlated with NH4+-N. Wardomyces sp. OTU8 was significantly positively correlated with AK and yield. In the fungal-sensitive OTUs in the celery soil, Gymnascella sp. OTU211, Chrysosporium sp. OTU21 and OTU1561 and Scutellinia sp. OTU30 were significantly positively correlated with AP. Pithoascus sp. OTU279, Acaulium sp. OTU509, Duddingtonia sp. OTU332 and Sodiomyces sp. OTU18 were significantly negatively correlated with AK. Stachybotrys sp. OTU122, Sarocladium sp. OTU465, Gymnoascus sp. OTU139 and Schizothecium sp. OTU248 were significantly positively correlated with AP and yield (Figure 7b).





4. Discussion


Crop rotation and intercropping are common ways to increase crop yield in agricultural cultivation [41,42]. Rotational strip intercropping has the dual advantages of intercropping and rotation cropping, and is more widely used in agricultural production. It was found that rotational strip intercropping led to an increase in the crop yields of both beans and celery compared to monoculture practices (Figure 2), which was corroborated by the findings of Zou et al. [16]. This supports our first hypothesis. However, the yield from the 1:1 rotational strip intercropping was higher than that from the 2:2 rotational strip intercropping. Additionally, compared with the 2:2 rotational strip intercropping, the photosynthesis of the beans was stronger, while that of the celery was weaker in the 1:1 rotational strip intercropping system (Table S1). Therefore, the 1:1 rotational strip bean and celery intercropping pattern is feasible for facility-based agricultural production.



The relationship between plant diversity and soil chemical properties is of great significance in understanding the function of agricultural ecosystem [43]. Soil chemical properties can be used to evaluate soil heath, and the growth and development of crops will adapt in response to changes in the soil chemical properties [44]. Similarly, variations in surface vegetation can also lead to changes in the soil chemical properties. In this study, 1:1 rotation strip intercropping significantly increased the contents of AP and NO3−-N in the bean rhizosphere, as well as those of NO3−-N and AK in the celery rhizosphere (Figure 3), which was consistent with previous research’s results [16]. Further investigations can explore the effects of reducing fertilizer input on crops in rotational strip bean and celery intercropping. Diverse planting patterns create complex relationships within the plant–soil–microbial complex [45], and Nitrogen, which is an essential element for plant growth and development, plays a crucial role in these interactions. Reducing nitrogen fertilizer application can reduce minimize nitrogen loss, enhance nitrogen recovery efficiency, up-regulate the abundance of nitrogen cycling-related genes in soil, and strengthen the activity of nitrogen conversion cycles [46,47,48]; in addition, nutrient optimization may be associated with selective nutrient uptake by crops or microbial driven nutrient morphological transformations [49]. Further research on nutrient optimization mechanisms is essential to improve nutrient management in diversified cropping systems.



Plant diversity research focuses on interspecific interactions and their legacy effects on soil [50,51,52]. In this study, rotational strip intercropping of bean and celery altered the rhizosphere microbial community composition and diversity of bean and celery (Figure 4), these results were consistent with previous observations, supporting the second hypothesis in this study [53,54]. These results suggest that fungal and bacterial communities play different roles in rotational strip intercropping. Rotational strip intercropping altered the abundance of microorganisms in soil bacterial and fungal communities. In this study, rotational strip intercropping improved the relative abundances of Aeromicrobium, Rhizobium, Clostridium_sensu_stricto_1 and Lophotrichus in the bean rhizosphere, and the relative abundances of Flavobacterium, Clostridium_sensu_stricto_1, Mortierella and Alternaria in the celery rhizosphere (Figure S2). Previous studies have found that Aeromicrobium, Clostridium_sensu_stricto_1, Flavobacterium, Lophotrichus and Mortierella spp. participate in lignocellulose degradation, releasing nutrients that can be absorbed by plants and promoting plant growth, and some of these microbes also inhibit plant diseases [32,55,56,57,58,59]. Rotational strip intercropping increased the relative abundance of Rhizobium in the bean rhizosphere (Figure S2). Legumes and Rhizobium establish a symbiotic relationship to enhance nitrogen fixation, which helps to improve soil fertility [60]. Additionally, rotational strip intercropping decreased the relative abundance of potential pathogenic microorganisms like Botryotrichum in the celery rhizosphere (Figure S2) [61]. Compared with the 2:2 rotational strip intercropping system, the relative abundances of bacteria such as Gaiella and Streptomyces, and fungi such as Mortierella, Fusarium and Lophotrichus, were increased in the bean rhizosphere, and the relative abundances of the bacteria Haliangium and Streptomyces and the fungi Mortierella, Alternaria, Tausonia, Acremonium and Idriella were increased in the celery rhizosphere following the 1:1 rotational strip intercropping (Figures S2, S3 and S5). Some microorganisms increased the decomposition effect on organic matter under the 1:1 rotational strip intercropping system. Gaiella is commonly involved in the decomposition of organic matter, breaking down complex organic matter into simpler compounds. This facilitates the circulation of organic matter and the release of nutrients from the soil, and increases nutrient availability and assimilation to promote plant growth [62]. Haliangium is considered to be an important nitrogen-fixing microorganism [63], which has a potential role in denitrification and phosphorus enhancement [64]. Additionally, Streptomyces is known for their antagonistic abilities and ability to inhibit a variety of plant diseases [65,66]. Therefore, we suggest that the 1:1 rotational strip bean and celery intercropping alter specific rhizosphere microbial groups, and these decomposition-related microorganisms release nutrients from plant litter. At the same time, the input of exogenous substrates such as plant litter may stimulate the activity of specific microbial assemblages, thus decomposing soil organic matter and releasing nutrients that become available to plants in the rotational strip intercropping system.



In agroecosystems, microbial communities play a crucial role in soil nutrient cycling under diverse cropping patterns, and soil microbes as decomposers provide nutrients that can be absorbed by plants [67,68]. In the rotational strip bean and celery intercropping, certain microbial taxa were stimulated, which were significantly correlated with soil nutrient content and yield, and these results support our third hypothesis. We found that the yield and soil nutrient content of the 1:1 rotational strip intercropping were higher than the 2:2 rotational strip intercropping, which may be related to the presence of some beneficial microorganisms. In the 1:1 rotational strip intercropping, some microorganisms were enriched in the rhizosphere of the beans and the rhizosphere of the celery, and there was a significantly positive correlation between these microorganisms and yield and nutrients. Stenotrophomonas were significantly positively correlated with AP, and Flavobacterium was significantly positively correlated with AP and yield in the bean and/or celery rhizosphere (Figure S6). Stenotrophomonas may convey benefits to plant growth through multiple mechanisms, such as the production of siderophores and IAA, the enhancement of soil alkaline phosphatase activity and phosphate solubilization, and the promotion of N, P and K uptake by plants [69,70,71]. It is possible to provide essential nutrients for plant growth through mechanisms such as dissolving inorganic phosphorus from non-mobile quartzes in the soil or fixing nitrogen from the atmosphere [72]. Fusarium and Preussia were significantly positively correlated with NO3−-N, AP and yield in both the beans and celery (Figure 7). Fusarium and Preussia are known for their ability to degrade recalcitrant compounds [73,74]. They may degrade lignocellulose by breaking the glycosidic bond in the cell wall of litter in the rotational strip bean and celery intercropping system, thereby increasing the nutrients in the soil and the yield [75]. However, further experiments are necessary, and isolating and testing the litter-decomposing abilities of these stimulated microbial taxa are necessary to improve our understanding of the role of microbial decomposer community in the rotational strip intercropping.




5. Conclusions


We found that rotational strip bean and celery intercropping altered the diversity and compositions of decomposition-related microorganisms, and increased the relative abundances of certain taxa that serve as potential decomposers. Moreover, the yield from the 1:1 rotational strip intercropping was more than that from the 2:2 rotational strip intercropping. The 1:1 rotational strip intercropping also increased soil nitrogen and phosphorus contents. The 1:1 rotational strip bean and celery intercropping pattern is feasible in facility-based agricultural production.
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Figure 1. Diagram of 1:1 and 2:2 rotational strip beans and celery intercropping. 
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Figure 2. Effects of rotational strip bean (a) and celery (b) intercropping on yield. ControlB and ControlC, bean monoculture and celery monoculture; Bean1:1 and Celery1:1, rotational strip intercropping of bean and celery in 1:1 ratio; Bean2:2 and Celery2:2, rotational strip intercropping of bean and celery in 2:2 ratio. Values (mean ± standard error) in the same figure followed by different letters are significantly different (p < 0.05, Tukey’s HSD test). 
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Figure 3. Effects of rotational strip bean (a) and celery (b) intercropping on the soil nutrients. Values (mean ± standard error) in the same figure followed by different letters are significantly different (p < 0.05, Tukey’s HSD test). 
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Figure 4. Abundances and diversity of bacterial and fungal communities detected for rotational strip bean (a) and celery (b) intercropping. Values (mean ± standard error) in the same figure followed by different letters are significantly different (p < 0.05, Tukey’s HSD test). 
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Figure 5. Different bacterial and fungi phyla with average relative abundances > 1% altered by rotational strip intercropping of bean (a) and celery (b). Values (mean ± standard error) in the same figure followed by different letters are significantly different (p < 0.05, Tukey’s HSD test). 
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Figure 6. Fungal taxa-sensitive OTUs to rotational strip bean (a) and celery (b) intercropping. Solid circles represent sensitive OTU enrichment in the treatment. 
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Figure 7. Spearman correlation heat map of fungal-sensitive OTUs in bean (a) and celery (b) soil samples under rotational strip intercropping. Sensitive OTUs not correlated with soil nutrients or yield were not shown. ***, ** and * denote significance at 0.001, 0.01 and 0.05 probability levels, respectively. 
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