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Abstract

:

Medicinal plant intercropping is a new intercropping method. However, as a new intercropping model, the influence of intercropping of alfalfa on microorganisms has not been clarified clearly. In this study, the composition and diversity of microbial communities in alfalfa intercropping were studied, and the differences of bacterial and fungal communities and their relationships with environmental factors are discussed. Intercropping significantly decreased soil pH and significantly increased soil total phosphorus (TP) content, but did not increase soil total carbon (TC) and total nitrogen (TN). Intercropping can increase the relative abundance of Actinobacteria and reduce the relative abundance of Proteobacteria in soil. The relative abundance and diversity of bacteria were significantly correlated with soil pH and TP, while the diversity of fungi was mainly correlated with TC, TN and soil ecological stoichiometry. The bacterial phylum was mainly related to pH and TP, while the fungal phylum was related to TC, TN, C: P and N: P. The present study revealed the stoichiometry of soil CNP and microbial community characteristics of mulberry-alfalfa intercropping soil, clarified the relationship between soil stoichiometry and microbial community composition and diversity, and provided a theoretical basis for the systematic management of mulberry-alfalfa intercropping in northwest Liaoning.
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1. Introduction


Under the background of high quality development of animal husbandry, herbivorous animal husbandry has higher requirements for the yield and quality of herbage [1]. In addition, due to the degradation of natural grassland, China’s pasture production cannot meet the needs of animal husbandry [2]. Alfalfa has strong palatability and contains a lot of protein in its stems and leaves. It is the best feed for laying hens [3], dairy cows and other animals. As a perennial forage, alfalfa can greatly reduce the initial input [4]. Therefore, the demand for high quality alfalfa increases rapidly [5]. Southern China is not suitable for alfalfa planting [6]. However, in the semi-arid area in northern China with the same period of rain and heat, alfalfa can grow well in the saline-alkali environment in northern Liaoning and reduce the nitrogen input in the intercropping system [7]. Intercropping of mulberry-alfalfa is a new method of forest intercropping in recent years [8]. Mulberry is a kind of medicinal plant. Its roots [9], leaves [10] and phellinus [11] can be used as medicine. Its leaves and young stems are also superior tree fodder forages [12]. The protein contained in mulberry leaves is about 15–28%, which is the highest content of the tree fodder forages [13]. The phenolic compounds in mulberry leaves can resist the infection of some pathogens and insects [14], and the abundant bioactive substances can enhance the immunity of the body [15].



It is well known that intercropping is achieved through different plant configurations to improve productivity or ecological benefits [16,17], and the internal mechanism of this facilitation is driven by soil microorganisms [18]. For aboveground vegetation, soil microorganisms (bacteria and fungi) use their own characteristics to shape plant diversity [19], promote plant growth [20], improve plant productivity, and participate in plant decomposition [21]. For underground ecological processes, soil microorganisms can affect plant allelopathy [22], regulate organic matter accumulation [23], and promote the absorption and transformation of soil nutrients [24,25].



At present, studies on the intercropping of mulberry and alfalfa mainly focus on the effects of the intercropping system and fertilization on soil physicochemical properties and microbial community structure, but there are few studies on the relationship between environmental factors and soil microorganisms [26]. The relevant research of Zhang et al. is different from the test area of this study, resulting in a large difference in microbial composition and structure [8,27]. Previous studies mainly focused on soil available nutrients, while this study was elaborated from soil stoichiometry and microbial community. Moreover, the number of OTUs detected in this study is much higher than that in previous studies, and the data are more convincing. Soil is the living place of plants and microorganisms, and the change of soil environment has a high correlation with microorganisms [7]. In order to clarify the relationship between environmental factors and microbial communities under intercropping conditions, in this study, we used high-throughput sequencing technology to determine the soil microbial community composition of mulberry-alfalfa intercropping. Combined with the analysis of the soil’s physical and chemical properties and ecological stoichiometry characteristics, the response model of the soil’s physical and chemical properties, ecological stoichiometry and soil microorganisms to mulberry-alfalfa intercropping was determined, and the correlation between soil C, N and P elements and their stoichiometry characteristics and microorganisms in this system was explored. It provides theoretical support for the establishment of a management system for the mulberry-alfalfa intercropping system.




2. Materials and Methods


2.1. Test Varieties and Planting Patterns


The pilot area was located in Zhangwu County, northwest Liaoning Province, China (42°07′–42°51′ N, 121°53′–122°58′ E). The experiment was conducted in the Breeding Center of Zhangwu County Aerospace Park. Mulberry is the variety “Shensang No. 1” cultivated by the Forestry College of Shenyang Agricultural University, and alfalfa is the “Queen” of alfalfa cultivated in Paozi Town of Fumeng County. The soil used in the experiment was taken from the same block, and its physicochemical properties were as follows: organic carbon content was 4.74 g kg−1, TN content was 0.44 g kg−1, and TP content was 0.50 g kg−1. Three plant configurations were established in this experiment: mulberry monoculture (MM), alfalfa monoculture (MA) and mulberry-alfalfa intercropping (IMA). The upper inner diameter of the pot was 25 cm, the bottom inner diameter was 17 cm, and the height was 30 cm. Potted plants were placed on the same plot at random. “MM” has two mulberries per pot, “MA” has four alfalfas per pot, “IMA” has one mulberry and two alfalfas per pot. Four replicates were set in this experiment. The annual mulberry seedlings and alfalfa seedlings were planted on 8 April 2021. In the experiment, the system was not fertilized, only weeds were removed.




2.2. Collection and Chemical Property Analysis of Soil Samples


The plant was removed from the basin, the soil outside its root was shaken off, and the soil attached to the root was taken for subsequent measurement. The experiment consisted of three treatments and 12 samples. The soil was placed in a bag and stored in an ice box. After returning to the laboratory, the soil debris was removed and screened with a 100 mesh (diameter 0.150 mm) screen. The soil samples for the determination of physical and chemical properties were air-dried and stored at 4 °C. The soil samples for the determination of soil microorganisms were packed into a centrifugal tube and stored in a refrigerator at −180 °C.



Instruments required for soil physical and chemical properties determination are as follows: soil pH, Leici PHS-3C pH meter; soil total carbon (TC) and nitrogen (TN), elemental analyzer (Elementar Vario EL III, Hanau, Germany); Soil total phosphorus (TP), AA3 flow analyzer (AA3, Hamburg, Germany).




2.3. DNA Extraction and Sequencing of Soil Microorganisms


The total genomic DNA of soil microorganisms was extracted by OMEGA Mag-bind Soil DNA Kit (Omega M5636–02) (Omega Bio-Tek, Norcross, GA, USA). After qualitative detection by agarose gel electrophoresis, the concentration was determined by a nucleic acid quantifier NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). Using the extracted total DNA as a template, the V3–V4 region of the bacterial 16S rRNA gene was amplified with primers 338F (5′–ACTCCTACGGGAGGCAGCAG–3′) and 806R (5′–GGACTACHVGGGTWTCTAAT–3′). The fungal ITS region was amplified with primers ITS1F (5′–CTTGGTCATTTAGAGGAAGTAA–3′) and ITS2R (5′–GCTGCGTTCTTCATCGATGC–3′). PCR amplification and sequencing was performed by Shanghai Paisonol Biotechnology Co., Ltd. TruSeq Nano DNA LT library Prep Kit (Illumina) (Shanghai, China).




2.4. Statistical Analysis


IBM SPSS Statistics 22.0 (Chicago, IL, USA) was used for statistical analysis of experimental data. Univariate analysis of variance (ANOVA) was used to analyze the significance of differences. Microbiome bioinformatics were performed with QIIME2 2019.4 [28] with slight modification according to the official tutorials (https://docs.qiime2.org/2019.4/tutorials/ (accessed on 1 November 2019)). The steps of priming removal, mass filtering, denoise, splicing and dechimerism were implemented using DADA2 methods [29]. Each sequence of weight removal generated after quality control is called ASVs (corresponding to OTU representing sequence). ASVs used the classify-sklearn naïve Bayes taxonomy classifier in feature-classifier plugin [30] against the SILVA Release 132 (Bacteria)/UNITE Release 8.0 (Fungi) Database [31]. The self-written perl script was used to calculate the number of taxon contained in different samples at each classification level, and the feature table after singleton was removed, counted and plotted with “qiime taxa barplot”. The Venn diagrams were generated using the “VennDiagram” package in R (R v.3.4.4) (New Zealand). The alpha diversity and beta diversity were analyzed using QIIME (Version 1.7.0) software package. The data normalization process was used in the alpha diversity analysis. The “p-min-depth” was set to 10 and the “p-max-depth “was set to 95% of the minimum sequencing depth in all samples. The alpha diversity of species was characterized by Shannon, Simpson, Pielou’s evenness and Observed_species. The MetaCyc database was used to predict the metabolic pathway of 16S rRNA and ITS gene sequences, and Bray–Curtis distance combined with principal coordinates analysis was used to visualize the functional differences of samples. Bray–Curtis distance was calculated using the “qiime diversity core-metrics” command. CANOCO 5.0 software (http://www.canoco5.com/ (accessed on 5 December 2022)) was used to analyze redundancy among environmental factors, microbial abundance changes and environmental factors.





3. Results


3.1. Effects of Mulberry-Alfalfa Intercropping on Soil CNP Stoichiometry


Soil pH of the intercropping was significantly lower than that of the monoculture. The contents of TC and TN in MA soil, as well as C: P and N: P in soil were significantly higher than those in MM and IMA. The soil TP content of IMA was the highest, and the TP content of MM was significantly different from that of MA, but there was no significant difference. The soil C: N of IMA and MA was significantly higher than that of MM (Table 1).




3.2. Effects of Mulberry-Alfalfa Intercropping on Soil Microflora Composition and Structure


With Paired-end sequencing, a total of 904,537 effective tags were obtained from 12 soil samples. A total of 33,430 OTUs were detected in all samples, including 30,508 OTUs for bacteria and 2922 OTUs for fungi. Bacterial OTU analysis showed that 3014 OTUs were common to all samples, 1323 OTUs were shared by mulberry monocropping (MM) and alfalfa monocropping (MA), 1259 OTUs were shared by mulberry monocropping and mulberry-alfalfa intercropping, 1718 OTUs were shared by alfalfa monocropping and mulberry-alfalfa intercropping (Figure 1a). Fungal OTU analysis showed that 371 OTUs were common to all samples, 104 OTUs were found in mulberry monoculture (MM) and alfalfa monoculture (MA), 158 OTUs were found in mulberry monoculture and mulberry-alfalfa intercropping, and 194 OTUs were found in alfalfa monoculture and mulberry-alfalfa intercropping (Figure 1b).



In the bacterial community, there are four dominant phylas, namely Actinobacteria, Proteobacteria, Acidobacteria and Chloroflexi (Figure 2a). Actinobacteria maintained the highest relative abundance in the three groups. Its relative abundance in IMA and MA was significantly higher than that in MM (p < 0.05). The relative abundance of Proteobacteria in IMA was significantly lower than that in the other two treatments (p < 0.05). Chloroflexi and Acidobacteria in MM had the highest relative abundance (15% and 11%, respectively), which was significantly higher than that of IMA and MA (p < 0.05) (Table 2). In the fungal community, the relative abundance of ascomycota in each treatment was more than 70%, which was in an absolutely dominant position (Figure 2b). The relative abundance of ascomycetes of MA was 84%, which was significantly higher than MM (p < 0.05), but it had no significant difference with IMA (p > 0.05) (Table 2).



The community structure of bacteria (fungi) under different treatments was significantly different at genus level. Subgroup_6 and Aeromicrobium prevailed in the community (relative abundance > 5%), but their abundance distributions were different in different treatments (Figure 3a). In MM, the relative abundance of Subgroup_6 was significantly higher than that of IMA and MA (p < 0.05), while that of Aeromicrobium was significantly lower than that of other treatments (p < 0.05). There was no significant difference between IMA and MA (Table 3). There are six dominant genera of fungi (Figure 3b). Tausonia, Acaulium and Fusarium showed no significant differences among the three treatments. The relative abundance of Botryotrichum in IMA was significantly higher than that of MM, that of Pseudogymnoascus was significantly higher than that of IMA, and that of Gibberella was the highest in MA but not significantly different from that of IMA (Table 3).



There was no significant difference in the normalized abundance of functional units of bacteria and fungi. Therefore, we used the sample differential distance matrix combined with principal coordinate analysis (PcoA) to expand the sample functional differences in a low dimension. The first axis of bacterial functional unit PcoA explained 84.2%, and the second axis only explained 6.8%. IMA and MA are located on the same side of the first axis and are far away from MM (Figure 4a). The first axis of fungal functional unit PcoA explained 58.9%, and the second axis explained 25.4%. IMA and MA are located on the same side of the second axis and are far away from MM. The three groups were treated at similar distances (Figure 4b). In general, MA and IMA have higher similarities in bacterial and fungal functions.




3.3. The Impact of Mulberry-Alfalfa Intercropping on Diversity of Soil Microbial Populations


In Figure 5a, Shannon, Simpson and Pielou’s evenness indexes of soil bacteria showed significant differences. The above index of three groups of intermediate cropping was significantly lower than that of mulberry and alfalfa monocropping. As shown in Figure 5b, except for Observed species, the diversity indices of MA in soil fungi are all low, MM is high, and LB is in the middle.




3.4. Correlation Analysis between Soil Physical and Chemical Properties and Soil Microorganisms


As shown in Table 4, there is a closer correlation between fungal diversity and soil physicochemical properties. In bacterial diversity, Simpson and Pielou_e’s indices were significantly correlated with pH and TP, while fungal diversity was not significantly correlated with these two physicochemical properties. Fungal diversity was negatively correlated with most physical and chemical properties.



Redundancy analysis (RDA) was used to further analyze the effects of soil physical and chemical properties on soil microbial community structure. The first two axes of bacterial RDA explained 62.68% and 3.08% of the total variance, respectively, for a total of 65.76%. Soil pH (p = 0.042) and TP (p = 0.044) were the most important factors affecting the soil bacterial community. Soil pH was negatively correlated with Actinobacteria and positively correlated with Chloroflexi, Proteobacteria and Acidobacteria. The correlation between TP and the above phylum was the opposite (Figure 6a). The first two axes of fungal RDA explained 78.86% and 2.59% of the total variance, respectively, accounting for 81.44%. Soil TN (p = 0.020) and TC (p = 0.040) were the most important factors affecting the soil fungal community, and they were positively correlated with Ascomycota (Figure 6b).





4. Discussion


Medicago sativa is one of the common herbages in arid and semi-arid areas, and as a leguminous crop, alfalfa has a certain nitrogen fixation effect [32]. Many early studies have shown that intercropping forage legumes with other species can increase the yield of other plants [33]. In addition, intercropping with leguminous crops can improve the system’s fixation of atmospheric nitrogen. In the long run, nitrogen will spread to neighboring plants and increase the concentration and accumulation of nitrogen in the rhizosphere [34,35,36]. This biological nitrogen fixation method effectively reduces the need for nitrogen fertilizer and alleviates environmental pressure [37,38,39]. In our experiment, TC and TN contents of the alfalfa monoculture were significantly higher than those of the mulberry monoculture and intercropping, which was consistent with the results of the above related studies. Although the TN content in intercropping was not significantly different from that in the mono-cropping of mulberry, it still increased slightly. This increase in nitrogen may be due to the fact that most nitrogen transfer is through direct contact with roots [40], In this experiment, pot cultivation increased the root contact area of mulberry and alfalfa, and the transfer amount between them increased. Soil phosphorus is an important limiting factor for legume yield [41]. Oelmann reported that intercropping was more efficient than monocropping in phosphorus utilization [42]. In this study, intercropping soil can obtain more soil P to ensure the P supply of the intercropping system. The pH of intercropping soil decreased, which was consistent with the results of Zhang et al. [7].



Surface litter, soil microorganisms and soil nutrients all affect C, N and P ecological stoichiometry. The C: N of mulberry monocropping was low, which was due to the relatively small amount of plant litter in the soil under this treatment, resulting in the low TC content in the soil. The migration ability of the soil P element between plants and soil can be determined by soil C: P [43]. In this experiment, the C: P of intercropping was significantly lower than that of alfalfa monocropping, indicating that the P availability of intercropping soil was higher than that of alfalfa monocropping, and the higher P availability was enough to improve crop productivity [44]. Soil N: P is often used to determine nutrient limiting thresholds and nitrogen saturation [45]. N: P in the three groups was lower than the national level (9.3) [46], and the soil was still limited by nitrogen.



At phylum level, the structure of bacterial and fungal communities was similar in all treatments, but the relative abundance was different. Among the dominant bacterial phyla, compared with mulberry monoculture, intercropping significantly increased the relative abundance of Actinobacteria, while significantly reducing the relative abundance of Proteobacteria, Acidobacteria and Chloroflexi. The soil of the experimental area is weakly alkaline, which is the most suitable environment for the growth of Actinobacteria [47]. The increase in the relative abundance of Actinobacteria promotes the mineralization of TC [48,49]. However, Acidobacteria is acidophilus and has low competitiveness in this environment [50]. The relative abundance of Acidobacteria in mulberry monoculture soil is high and the tolerance of mulberry to environmental pressure is strong [51]. The tolerance of alfalfa is weak, and intercropping can improve its tolerance to some extent. Ascomycota dominated the fungal community, which was related to the carbon and nitrogen cycle and could degrade plants and improve soil stability [52]. The abundance of Ascomycota in intercropped soil was lower than that of alfalfa monoculture, but the difference was not significant.



The relative abundance of bacteria and fungi decreased by one order of magnitude compared with the phylum level, and there were great differences in each treatment. Subgroup_6 belongs to Proteobacteria, which is a kind of oligotrophic bacteria which is negatively correlated with soil nutrients [53]. The relative abundance of alfalfa in mono-cropping and intercropping soils was low, indicating that intercropping could maintain a higher level of soil nutrients. Aeromicrobium belongs to the phylum actinomycetes and has disease-suppressing properties [54]. It accumulates in intercropping soils. The intercropping system contained a high abundance of Botryotrichum, which was mostly saprophytic fungi, which increased litter decomposition in the intercropping system.



Through the principal coordinate analysis of microbial functional units, the functions of bacteria and fungi in each treatment were significantly different. The bacterial functions of intercropping and alfalfa monocropping were more similar, indicating that alfalfa rhizosphere bacteria were dominant in the intercropping system. There was no significant distance difference between fungi in the first axis, while intercropping and alfalfa monoculture were closer to each other in the second wheelbase. However, due to the small amount of interpretation in the second axis, they were not sufficiently convincing.



The bacterial diversity and evenness of the three groups were significantly different, and the alpha diversity of intercropping was lower. pH was positively correlated with bacterial diversity and evenness, while diversity was negatively correlated with TP. There was no significant difference in fungal diversity, which may be due to the soil with the same origin in the three groups [55]. The alpha diversity of intercropping of mulberry was still the highest, and the alpha diversity of intercropping was higher than that of alfalfa [56], indicating that the increase in plant diversity could improve the diversity of forage fungi [57]. Fungal alpha diversity was mainly related to TC, TN and soil ecological stoichiometry [58]. This result is consistent with the results of Sanaei et al., bacterial diversity is related to carbon sources, and fungal diversity is related to soil stoichiometry [59]. RDA results showed that the bacterial community was significantly correlated with soil nutrients and stoichiometry, and pH was positively correlated with more bacterial phyla [60]. TP is the most important factor affecting Actinobacteria. This is not completely consistent with Sanyika’s results on soil determinants of actinomycetes community structure [61]. TC, TN, C: P and N: P were the main influencing factors of the fungal community, and were significantly positively correlated with the dominant phylum Ascomycota, while negatively correlated with most phylum fungi. The effect of pH and TP on the fungal community was smaller than that on the bacterial community. However, the interpretation quantity of the second axis of RDA plots in both groups is low.




5. Conclusions


This study mainly studied the changes of soil physicochemical properties and microbial community structure of mulberry-alfalfa intercropping in northwest Liaoning. The soil type in this area is relatively barren aeolian sandy soil. The results showed that intercropping could improve the soil environment in this area by changing soil pH and stoichiometry, and increasing the relative abundance of beneficial microorganisms. This study provides theoretical guidance for the restoration of alkaline aeolian sandy soil in northwest Liaoning. Further studies are needed to determine the microbial driving mechanism of the intercropping system under long-term tillage conditions.
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Figure 1. OTUs Venn diagrams. (a): OTUs detected in bacteria; (b): OTUs detected in fungi. MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa. 
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Figure 2. Relative abundance of species composition at the soil microbial phylum level in different treatments. (a): Relative abundance of bacterial phylum-level species composition; (b): Relative abundance of fungal phylum-level species composition. MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa. 
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Figure 3. Relative abundance of species composition at the soil microbial genus level in different treatments. (a): Relative abundance of bacterial genus-level species composition; (b): Relative abundance of fungal genus-level species composition. MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa. 
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Figure 4. Principal coordinates analysis of potential functions of soil microorganisms under different treatments. Principal coordinates analysis plot based on the Bray–Curtis distance. (a): soil bacterial communities; (b): soil fungal communities. MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa. 
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Figure 5. Alpha diversity of soil microorganisms under different treatments. (a): Analysis of alpha diversity of soil bacterial community; (b): Analysis of alpha diversity of soil fungal community. * Correlation is significant at the 0.05 level. MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa. 
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Figure 6. Correlation between soil physical and chemical properties and soil microorganisms. 
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Table 1. C, N, P content and ecological stoichiometry in rhizosphere soils.
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	Soil Chemistry
	MM
	MA
	IMA





	pH Value
	7.91 ± 0.03 a
	7.86 ± 0.01 a
	7.74 ± 0.05 b



	TC (g kg−1)
	4.54 ± 0.18 c
	8.97 ± 0.39 a
	5.60 ± 0.26 b



	TN (g kg−1)
	0.47 ± 0.01 b
	0.82 ± 0.06 a
	0.52 ± 0.01 b



	TP (g kg−1)
	0.44 ± 0.01 b
	0.47 ± 0.03 ab
	0.51 ± 0.01 a



	C: N
	9.70 ± 0.19 b
	11.08 ± 0.45 a
	10.75 ± 0.27 a



	C: P
	10.42 ± 0.62 b
	19.12 ± 1.40 a
	11.11 ± 0.76 b



	N: P
	1.07 ± 0.05 b
	1.75 ± 0.19 a
	1.03 ± 0.05 b







The data in the table are mean ± standard error; the lowercase letters denote significant differences between the treatments determined by Duncan’s tests (p < 0.05). MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa.
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Table 2. Effects of intercropping on the relative abundance of phylum level dominant bacteria and fungi.
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Phylum

	
MM

	
MA

	
IMA






	
Bacteria

	
Actinobacteria

	
0.32 ± 0.03 b

	
0.45 ± 0.01 a

	
0.49 ± 0.01 a




	
Proteobacteria

	
0.27 ± 0.02 a

	
0.26 ± 0.01 a

	
0.22 ± 0.01 b




	
Acidobacteria

	
0.15 ± 0.01 a

	
0.08 ± 0.01 b

	
0.09 ± 0.01 b




	
Chloroflexi

	
0.11 ± 0.01 a

	
0.09 ± 0.01 b

	
0.08 ± 0.01 b




	
Fungi

	
Ascomycota

	
0.75 ± 0.02 b

	
0.84 ± 0.019 a

	
0.77 ± 0.03 ab








The data in the table are mean ± standard error; The lowercase letters denote significant differences between the treatments determined by Duncan’s tests (p < 0.05). MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa.
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Table 3. Effects of intercropping on relative abundance of genus level dominant bacteria and fungi.






Table 3. Effects of intercropping on relative abundance of genus level dominant bacteria and fungi.





	
Genus

	
MM

	
MA

	
IMA






	
Bacteria

	
Subgroup_6

	
0.08 ± 0.01 a

	
0.05 ± 0.01 b

	
0.05 ± 0.01 b




	
Aeromicrobium

	
0.01 ± 0.01 b

	
0.04 ± 0.01 a

	
0.05 ± 0.01 a




	
Fungi

	
Tausonia

	
0.09 ± 0.01 a

	
0.08 ± 0.01 a

	
0.08 ± 0.01 a




	
Acaulium

	
0.07 ± 0.01 a

	
0.08 ± 0.01 a

	
0.06 ± 0.01 a




	
Botryotrichum

	
0.05 ± 0.01 b

	
0.06 ± 0.01 ab

	
0.08 ± 0.01 a




	
Fusarium

	
0.08 ± 0.01 a

	
0.07 ± 0.02 a

	
0.04 ± 0.01 a




	
Pseudogymnoascus

	
0.07 ± 0.01 a

	
0.03 ± 0.01 ab

	
0.04 ± 0.01 b




	
Gibberella

	
0.01 ± 0.01 b

	
0.07 ± 0.02 a

	
0.04 ± 0.01 ab








The data in the table are mean ± standard error; The lowercase letters denote significant differences between the treatments determined by Duncan’s tests (p < 0.05). MM: Morus alba; MA: Medicago sativa; IMA: Morus alba–Medicago sativa.
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Table 4. Relationship between soil physicochemical properties and stoichiometry and alpha diversity of soil microbial community.
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Alpha Diversity

	
pH

	
TC

	
TN

	
TP

	
C/N

	
C/P

	
N/P






	
Bacteria

	
Shannon

	
0.113

	
0.210

	
0.207

	
0.119

	
0.103

	
0.178

	
0.159




	
Simpson

	
0.604 *

	
−0.416

	
−0.332

	
−0.641 *

	
−0.555

	
−0.234

	
−0.120




	
Pielou_e

	
0.625 *

	
−0.304

	
−0.224

	
−0.54 8

	
−0.490

	
−0.147

	
−0.046




	
Observed_species

	
0.528

	
−0.374

	
−0.301

	
−0.563

	
−0.480

	
−0.203

	
−0.104




	
Fungi

	
Shannon

	
−0.124

	
−0.105

	
−0.024

	
−0.042

	
−0.400

	
−0.100

	
−0.021




	
Simpson

	
−0.018

	
−0.754 **

	
−0.693 *

	
−0.089

	
−0.611 *

	
−0.710 **

	
−0.613 *




	
Pielou_e

	
−0.058

	
−0.649 *

	
−0.567

	
−0.095

	
−0.660 *

	
−0.610 *

	
−0.499




	
Observed_species

	
−0.177

	
−0.674 *

	
−0.611 *

	
−0.001

	
−0.574

	
−0.655 *

	
−0.563








* Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level.
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