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Editorial on the Research Topic
 Soil microbiome community and functional succession mechanism driven by different factors in agricultural ecology




In agroecosystems, soil microbes play an important role in soil nutrient conversion, plant growth regulation, soil-borne disease prevention and control, and degradation of harmful substances, and are an important part of soil microecological health (Kumar and Verma, 2019). Soil microbial community composition and function were significantly affected and changed by various agricultural operations and human factors in the long or short term, such as planting different crops (Zhang et al., 2013), applying pesticides (Sim et al., 2022), applying fertilizers (Bebber and Richards, 2022) and different field management (Guo et al., 2022). These agricultural operations may have positive effects on crop growth or pest control, but long-term effects may decrease the soil microbial diversity and stability, resulting in soil microecological imbalance. Tosi et al. (2021) showed that long-term (10 years) application of nitrogen fertilizer significantly increased soil bacterial biomass but decreased fungal abundance, and this change in microbial structure may lead to changes in nutrient cycling and crop growth. Shi et al. (2021) indicated that long-term continuous cultivation of edible lily resulted in the accumulation of pathogenic microbes Streptomyces and Bacillus simplex, while the decrease of Sphingomonas and Hyphomicrobium that were beneficial to plants was the cause of consecutive replanting problem. Therefore, the study and evaluation of soil microbiome community structure and functional succession under various abiotic factors (agricultural measures such as field management, pesticide spraying and fertilization) and biological factors (different crops and biocontrol microorganisms, etc.) are crucial for soil remediation and improvement, soil-borne disease control, plant growth and development, and soil health (Wen et al., 2023; Yang et al., 2023). However, most current studies have focused on the effects of various factors on the abundance and community structure of farmland soil microbes, while few studies have focused on the key drivers and potential mechanisms of soil microbial changes, as well as the interactions between the microbiome and crop roots and pathogenic microbes.

This Research Topic focuses on microbial assembly, community succession, and functional changes driven by different factors, and reveals the main drivers and potential mechanisms affecting the structure and function of soil microbial communities. Among the 42 research papers included, it was mainly reported that abiotic factors such as field cultivation management (five papers), pesticide spraying (six papers) and fertilization (10 papers) and biological factors (10 papers) changed soil microbial community structure and function, and such changes mainly affected crop growth and yield, disease occurrence and nutrient conversion. Among them, there are 13 articles analyzing the plant rhizosphere soil microbial community structure and function. In addition, 20 papers have analyzed the main influencing factors and potential mechanisms that cause changes in microbial communities.

Several original research papers published in this Research Topic focus on locations and crop genotype on the rhizosphere microbial community structure and functions. In this sense, the findings reported by Zhang et al. confirmed that locations affected the microbial community greater than that of tea varieties, and fungi might be more sensitive to the change in microenvironments. The abundance of arbuscular mycorrhizal fungi (AMF) was higher in Zhongcha 108 than that in Longjing 43. Field experiments further confirmed that the colonization rate of AMF was higher in Zhongcha 108. This finding testified that AMF could be the major beneficial tea rhizosphere microbes that potentially function in enhanced disease resistance.

At the same time, the findings from Yang et al. suggested that soil origin and cotton genotype modulated microbiome assembly with soil predominantly shaping rhizosphere microbiome assembly, while host genotype slightly tuned this recruitment process by changing the abundance of specific microbial consortia. Their results revealed that soil origin was the primary factor causing divergence in rhizosphere microbial community, with plant genotype playing a secondary role.

He et al. described evidence that the application of herbicide significantly impacted soil bacterial network composition. Both low and high doses of clomazone decreased bacterial network nodes, links, and average degrees as well as the network modules and stability. Overall, the results suggest that soil bacterial species connections, modularization, and network stability were significantly impacted by clomazone.

Li et al. indicated that soybean continuous changed soil microbial community by decreasing bacterial richness index while increasing fungal richness index. The plant pathogen fungi Lectera sp., Plectosphaerella sp., and Volutella sp. increased with continuous cropping years which lead to soybean yield seriously reduced.

Bai et al. found that long-term cultivation significantly alters soil properties and bacterial communities. Compared with grassland, cultivated land decreased soil pH, SOC and TN, and significantly increased soil EC, P and K, and soil properties varied significantly with different cultivation years. Grassland reclamation increases the diversity of bacterial communities, the relative abundance of Proteobacteria decreased and the relative abundance of Chloroflexi and Nitrospirae increased with the increase of cultivated land years.

Zhan et al. tested the effects of nitrogen addition and plant litter manipulation on soil fungal and bacterial communities in a semiarid sandy land. The results revealed that nitrogen addition significantly decreased soil microbial alpha diversity. N addition and litter manipulation had significantly interactive influences on soil microbial beta diversity, and litter manipulation had significantly decreased soil microbial beta diversity (p < 0.05) in the case of nitrogen addition. These results provide evidence that plant and soil microbial community respond differently to the treatments of N addition and litter manipulation.

Several other research articles focused on discovering the microbial response mechanism after exposure to different level and type fertilizer. Wang et al. reported that fertilization levels had significant effects on rhizosphere microorganisms. Cucumber could maintain microbial communities by secreting beneficial metabolites under slight excessive fertilization, but under extremely excessive fertilization, the self-regulating ability of cucumber plants and rhizosphere soil was insufficient to cope with high salt stress. The study provided new insights into the interaction of plant rhizosphere soil metabolites and soil microbiomes under the different fertilization levels. Niu et al. displayed that the application of slow-release fertilizers and reduced fertilizer application could improve soil physical and chemical properties as well as soil microbial community structure and diversity, contributing to sustainable soil development.

In summary, together the articles in this Research Topic make a significant contribution to soil microbial community characteristics following exposure to a series of farm operations such as pesticide application, crop genotypes, continuous cropping, long-term tillage, and over-fertilization. The obtained knowledges from this topic as a step toward a better comprehension of microbial community assembly and succession in agricultural production system.
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Rhizosphere microbial communities are recognized as crucial products of intimate interactions between plant and soil, playing important roles in plant growth and health. Enhancing the understanding of this process is a promising way to promote the next green revolution by applying the multifunctional benefits coming with rhizosphere microbiomes. In this study, we propagated eight cotton genotypes (four upland cotton cultivars and four sea-land cotton cultivars) with varying levels of resistance to Verticillium dahliae in three distinct soil types. Amplicon sequencing was applied to profile both bacterial and fungal communities in the rhizosphere of cotton. The results revealed that soil origin was the primary factor causing divergence in rhizosphere microbial community, with plant genotype playing a secondary role. The Shannon and Simpson indices revealed no significant differences in the rhizosphere microbial communities of Gossypium barbadense and G. hirsutum. Soil origin accounted for 34.0 and 59.05% of the total variability in the PCA of the rhizosphere bacterial and fungal communities, respectively, while plant genotypes within species only accounted for 1.1 to 6.6% of the total variability among microbial population. Similar results were observed in the Bray–Curtis indices. Interestingly, the relative abundance of Acidobacteria phylum in G. barbadense was greater in comparison with that of G. hirsutum. These findings suggested that soil origin and cotton genotype modulated microbiome assembly with soil predominantly shaping rhizosphere microbiome assembly, while host genotype slightly tuned this recruitment process by changing the abundance of specific microbial consortia.
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Introduction

Rhizosphere microbiome can play a critical role in improving plant health and productivity (Töwe et al., 2010; Mohite, 2013; Parmar and Sindhu, 2013; Haney et al., 2015; Kramer et al., 2020; Wei et al., 2021). Recent research on the composition and function of soil microbial community, particularly rhizosphere, has provided insights into how they may promote plant growth and improve disease resistance. Several variables, including host genotype and soil pH, may form the rhizosphere microbial population (Peiffer et al., 2013; Schlaeppi et al., 2014; Zhong et al., 2019; Han et al., 2020; Trivedi et al., 2020). However, elucidating the mechanism by which rhizosphere microbiota interacts with plants to enhance plant growth remains difficult.

Soil, as the seed bank of rhizosphere microorganisms, is recognized as a crucial factor that influences the assembly of rhizosphere microbial community (Veach et al., 2019). Soil physicochemical properties (e.g., pH, nutrients, and texture) can considerably affect rhizosphere microbial community directly or indirectly through regulating plant root exudates (Lundberg et al., 2012; Fitzpatrick et al., 2020). Compared with genotypes and chemical types, soil origin can explain 47 and 33% of the variation of underground bacterial and fungal communities, respectively, and is the main habitat filter leading to differences in underground microbial communities, followed by genotypes (Veach et al., 2019). Understanding the relative importance of those factors affecting rhizosphere microbiome is a prerequisite for targeted manipulation of rhizosphere microbiome in a manner that will boost crop yield (Zhang et al., 2017; Trivedi et al., 2020).

Plant genotype is another important factor affecting the assembly of rhizosphere microorganisms. A large-scale study of rhizosphere microorganisms of 27 maize genotypes showed a close association of many microbial taxa groups with host genotypes, which was also reported in Arabidopsis and soybean (Schlaeppi et al., 2014; Walters et al., 2018; Zhong et al., 2019). Recent studies have revealed that plant genotypes that exhibit differential resistance to a specific pathogen may lead to increased abundance of specific microbial consortia, which in turn may alter host performance. For example, Flavobacterium was selectively enriched by tomato with resistance to Ralstonia when compared with that susceptible to Ralstonia, which was further confirmed to participating in mitigating Ralstonia wilt (Kwak et al., 2018).

Verticillium wilt, caused by Verticillium dahliae, is a damaging soil-borne disease that affects numerous plant species across the globe. Effective management of Verticillium wilt is difficult to achieve owing to the inaccessibility of fungal infection structure, long-term survival of its microsclerotia in soil, and withdrawal of broad-spectrum soil fumigants (Klosterman et al., 2009). As the most important fiber crop, the allotetraploid cotton (Gossypium hirsutum and G. barbadense), originating from transoceanic hybridization of an A-genome-like ancestral African species (G. herbaceum or G. arboretum) with a native D-genome-like species (G. raimondii) accounts for about 90% of the global cotton output because of its high fiber yield and wide adaptability (Endrizzi et al., 1985; Wendel, 1989; Zhang et al., 2015). Compared with G. hirsutum, G. barbadense has superior fiber quality and more importantly is reported to be almost immune to V. dahliae (Ma et al., 2021). Breeders have been trying to integrate key traits from G. hirsutum and G. barbadense for many years and have yet to achieve this goal (Ma et al., 2021). Thus, wilt management in cotton (G. hirsutum) production remains a key challenge. Our previous study indicated that both rhizosphere and endosphere microbial communities differ between wilt-susceptible and wilt-resistant G. hirsutum cultivars (Wei et al., 2019). Rhizosphere of resistant varieties is enriched in Firmicutes, Actinobacteria, and Trichoderma spp.

In this study, we report results on the rhizosphere microbiome in relation to cotton species (G. hirsutum and G. barbadense), cultivars within each species and sites.



Materials and methods


Field experiment design

A field experiment was conducted at the Institute of Cotton Research of Chinese Academy of Sciences (Anyang, China) (36°03′44[image: image]N, 114°28′52[image: image]E) to assess Verticillium wilt resistance. A completely randomized block design with three blocks was used with an initial inoculum of 15.2 CFU/g soil based on wet sieving and plating of soil samples on a semi-selective medium. Eight cotton cultivars were included: four upland cotton [G. hirsutum] cultivars, namely, cv. Lumianyan21, cv. TM-1, cv. Zhongmiansuo24, and cv. Zhongmiansuo35, and four sea-land cotton [G. barbadense] cultivars, namely, G. barbadense cv. 3-79, cv. Hai7124, cv. Xinhai21, and cv. Xinhai25. Each block consisted of eight plots which were 5.0 m long with two rows (0.8 m between two rows); the neighboring plots were separated by 1.0 m. In April 2019, seeds were sown with a within-row plant-to-plant distance of 25 cm. During late August, approximately 16 weeks after sowing, wilt severity on all individual plants was recorded on a scale of 0 to 4, and the disease index was calculated as described previously (Wei et al., 2019).



Soil collection for greenhouse experiment

Soil from a cotton field in Alaer, Xinjiang (40°41′01[image: image]N, 80°41′56[image: image]E), was collected on May 15, 2019, with shovels to a depth of approximately 20 cm, in Shihezi, Xinjiang (44°20′24[image: image]N, 86°01′06[image: image]E), on May 19, 2019, and in Anyang, Henan (36°03′44[image: image]N, 114°28′52[image: image]E), on May 19, 2019. The initial inoculum of microsclerotia of V. dahliae for Alaer, Shihezi, and Anyang field soils was 6.4, 4.7, and 15.2 CFU/g dry soils, respectively. The field in Anyang was artificially inoculated with microsclerotia of V. dahliae in 2000. Cotton (G. hirsutum) was grown at the three fields for many years, and Verticillium wilt had been occurring with the severity varying among years. Soils from all three sites were transported back to the greenhouse in the Institute of Cotton Research, Anyang, and stored until sowing on June 21, 2019. Soils from each field were mixed in clean tubs in order to homogenize the soil, before being placed into pots (30 cm in diameter and 20 cm in height). The physicochemical properties of the soils are listed in Table 1.


TABLE 1    The physicochemical properties of different site soils.
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Experimental design

There were 24 treatments: eight cotton cultivars [four upland cotton (G. hirsutum) cultivars, namely, cv. Lumianyan21, cv. TM-1, cv. Zhongmiansuo24, and cv. Zhongmiansuo35, and four sea-land cotton (G. barbadense) cultivars, namely, G. barbadense cv. 3-79, cv. Hai7124, cv. Xinhai21, and cv. Xinhai25], each grown in three soil types (collected from the three sites). A randomized block design, with three blocks, was used. Within each block, there was a single pot (20 cm diameter, 15 cm high) for each of the 24 treatments. Each pot was filled with 3 kg of soil from one of the three sites, and then, eight seeds of a single cultivar were sown. The pots were placed in a greenhouse with a 12-h/12-h light/dark cycle at 25–28°C and watered regularly. Six days later, seedlings were thinned to five seedlings per pot.



Sampling rhizosphere soils

Eight weeks after sowing, plants and soils were removed from each pot and the roots were removed from the soil. Any roots that were in contact with the pot were not sampled. The root system was firstly separated from the bulk soil by gently shaking and then shaking more vigorously; the remaining 1–2-mm soil layer adhered to the roots was defined as rhizosphere soil. For each pot, rhizosphere soils from the three plants were pooled together and sieved (2 mm) to form one sample. In total, 72 samples were obtained from rhizosphere soil (3 sites × 2 cotton species × 4 cultivars × 3 replicates). All the soil samples were stored at −80°C before DNA isolation.



Deoxyribonucleic acid extraction and sequencing protocols

Total DNA from all the 72 samples was extracted using the MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA). A rhizosphere sample (250 mg) was resuspended in 500 μL of bead solution, and DNA was extracted according to the manufacturer’s instructions. The extraction was examined on 1% agarose gel, and the DNA concentration was estimated with a NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The barcoded primers 341F/805R (Herlemann et al., 2011) were used to amplify the V3–V4 hypervariable region of bacterial 16S rRNA, and the primers ITS5/ITS2 (White et al., 1990) were used to amplify the ITS1 region of fungi. PCRs and the extraction and purification of amplicons were performed according to a previously published protocol (Wei et al., 2019). Sequencing libraries were generated with the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) following the manufacturer’s recommendations. The quality of each library was assessed on a Qubit 2.0 Fluorometer (Life Technologies, USA). Finally, samples were sent to Novogene Bioinformatics Technology Co., Ltd., Beijing, China, for paired-end sequencing on the IonS5™XL platform (Thermo Fisher Scientific, Waltham, MA, USA).



Sequence processing and analysis

Sequences were processed and filtered separately for 16S and ITS data to retain high-quality sequences. The raw reads were first quality-filtered by Cutadapt (v1.9.11), which were then compared with the reference database2 and analyzed by UCHIME algorithm3 for detection and removal of chimera sequences. Then, all unique sequence reads were sorted by their respective frequencies and then clustered into operational taxonomic units (OTUs) based on a 97% similarity threshold using the UPARSE pipeline (v10.0), and at the same time, a representative sequence for each OTU was generated (Edgar, 2013). The SINTAX algorithm4 was then used to assign each OTU to a taxonomic rank by alignment of the gene sequences against the Unite V7 fungal ITS database (Kõljalg et al., 2013) and the RDP training set (v16) bacterial 16S database (Love et al., 2014) based on a confidence threshold value of 80%. Then, an OTU counts table (a sample-by-observation contingency table) was generated by aligning all sequences (filtered with far less stringent criteria) with the OTU representative sequences at the 97% similarity as described previously (Deakin et al., 2018).



Statistical data analysis

All sequence summaries per sample and at a specific taxon were calculated directly from the original reads number, whereas all subsequent statistical analyses (alpha and beta diversity analysis, PCA, and DESeq2) were based on the counts normalized with the median of ratios as implemented in DESeq2.

General statistical methodology was similar to that of previous publications (Wei et al., 2019). Alpha diversity indices, including Shannon, Simpson, and observed, were analyzed using the “vegan” 2.3-1 in R statistical software (Dixon, 2003). The results were visualized using the “ggplot2” package. The ranks of alpha diversity indices of different samples were analyzed using permutation based on analysis of variance to evaluate the difference among three soil types. Beta diversity indices were calculated and subjected to non-dimensional scaling analysis as implemented in the “vegan” package. The effects of cultivars, soil types, and two cotton species (G. hirsutum and G. barbadense) on the first four principal components were determined via ANOVA. Similarly, the effects of these experimental factors on the beta diversity (Bray–Curtis indices) were assessed and subjected to permutational multivariate analysis of variance (PERMANOVA) with 999 permutations.

Further analysis was carried out to identify specific microbial OTUs that differed significantly in their relative abundances between the two cotton species through DESeq2 (McMurdie and Holmes, 2013). DESeq2 also implements an algorithm for automatic filtering of OTUs before differential abundance analysis using several criteria, including variance in abundance across samples and overall abundance level. The Benjamini–Hochberg (BH) adjustment was used with DESeq2 (Benjamin and Aikman, 1995) to correct for the false discovery rate associated with multiple testing.




Results


Field disease development

An average wilt index for G. hirsutum ranged from 28.05 (cv. Lumianyan21) to 49.07 (cv. TM-1), while that for G. barbadense ranged from 0.79 (cv. Hai7124) to 4.40 (cv. 3-79) (Supplementary Table 1). The four G. barbadense cultivars were immune to V. dahliae.



Overall sequencing results

For fungal data, the number of raw reads ranged from 67,883 to 111,644 per sample, with an average of 83,230; the number of good quality reads ranged from 48,455 to 105,182, with an average of 79,503. There were 5,768 fungal OTUs; the number of sequences classified into OTUs ranged from 10,727 to 102,169 per sample, with an average of 69,226. There was only one sample that had a very low number of reads, but even for this sample, the number of reads classified into OTUs is still 10,727. The sample with the second lowest number of reads classified into OTUs had 46,258 sequences. Sequencing depth was sufficient for all samples (Supplementary Figure 1A).

The majority of fungal reads were less than 100 OTUs. The most prevalent OTUs accounted for 10.4% of all sequences, with the top 9 and 98 OTUs accounting for more than 50 and 90% of the total number of sequences, respectively (Figure 1A). About half of the sequences (47.0%) cannot be assigned to the phylum level at the 80% confidence; Ascomycota and Zygomycota accounted for 47.4 and 3.2% of sequences, respectively (Supplementary Figure 2A). Most of the Ascomycota sequences were of Sordariomycetes.
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FIGURE 1
Fungal (A) and bacterial (B) cumulative proportion of sequence reads plotted against the number of operational taxonomic units (OTUs) where the OTUs were sorted in the descending order of their reads.


For G. barbadense, sequences from Ascomycota and un-identified fungal groups accounted for ca. 49.1 and 47.9% of the total sequences, respectively; the corresponding values for G. hirsutum were 45.9 and 46.3%. G. hirsutum appeared to have more sequence reads of Basidiomycota (3.5%) and Zygomycota (4.0%) than those of G. barbadense (0.6 and 2.2%). There were considerable differences in the percentage of sequences in each phylum among the eight cultivars studied, mainly manifested in the proportions of the Ascomycota and “Unknown” groups (Supplementary Figure 3). Similarly, differences among the three soil types were also mainly related to the differences between the Ascomycota and “Unknown” groups.

For bacterial data, the number of raw reads ranged from 78,440 to 99,582 per sample, with an average of 90,407; the number of good quality reads ranged from 57,321 to 80,889, with an average of 72,443. There were 4,941 bacterial OTUs. The number of sequences classified into OTUs ranged from 52,430 to 76,740 per sample, with an average of 65,749. Sequencing depth is sufficient for all samples (Supplementary Figure 1B). Compared with the fungal data, the sequences were more spread among the OTUs (Figure 1). For example, the most prevalent bacterial OTU only accounted for 2.0% of the total number of sequences; the top 151 and 1,402 bacterial OTUs accounted for more than 50 and 90% of the total number of sequences, respectively (Figure 1B). Overall, Proteobacteria accounted for 45.6% of the total reads, followed by the “Unknown” (16.6%) and Actinobacteria (14.6%) (Supplementary Figure 2B). Frequencies of the other phyla ranged from 5 to 16%. Most of the Proteobacteria sequences were of Alphaproteobacteria.

Gossypium barbadense and G. hirsutum differed little in the percentage of sequence reads in individual phyla. However, there were noticeable differences in the frequencies of sequences in individual phyla among the three soil types (Supplementary Figure 4). The soil from Anyang had a higher proportion of Proteobacteria than that from the other two sites in the expense of primarily the “Unknown” group.



Alpha diversity

The three soil types varied (P < 0.01) for both the Shannon and Simpson indices, whereas soil grown with G. barbadense and G. hirsutum did not vary significantly in the two indices. The Simpson and Shannon indices were greater in Anyang soil than those in the other two locations (Figure 2A). Similarly, only the three soil types varied (P < 0.001) for both the Shannon and Simpson indices for bacteria. In contrast to fungi, the soil from Anyang had significantly lower Shannon and Simpson indices than that from the other two locations (Figure 2B).
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FIGURE 2
Fungal (A) and bacterial (B) alpha diversity indices for three soil types.




PCA

For fungi, the first two PCs accounted for 19.6 and 17.5% of total variance in the observed data, respectively, whereas the third and fourth PCs only accounted for 6.3 and 3.1%, respectively. The most variability in the first two PCs was due to the differences among the three soil types, accounting for 86.5 and 96.5% of the total variability, respectively (Figure 3A and Table 2). Samples from plants grown in the soil from Alaer appeared to be more variable than other samples (Figure 3A). In addition, samples from plants grown in the soil from Anyang seemed to be divided into two groups, but not all related to cultivars (Figure 3A). Differences between the two species or cultivars within each species accounted for a small proportion of the total variability, though occasionally statistically significant (Table 2). Overall, the soil type explained about 34.0% of the total variability in the data, whereas species and cultivars within species only accounted for the respective 1.4 and 6.6% of the total variability.
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FIGURE 3
Plot of the first two principal components (PCs) of the fungal communities (A) and bacterial communities (B) on the rhizosphere of eight cotton cultivars grown in the soils collected from the three sites: four cultivars from Gossypium barbadense (GB) and the other four from Gossypium hirsutum (GH).



TABLE 2    Summary of ANOVA of both fungal and bacterial PCAs as a percentage of variability in the first four PCs accounted for by experimental factors (soil types, comparison between two cotton species, cultivars within each species, and residual).
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The overall pattern for the bacterial community is similar to the one observed for the fungal community. The first two PCs accounted for 50.3 and 16.2% of the total variability, respectively (Table 2). The most variability in the first two PCs was due to the differences among the three soil types, accounting for the respective 88.4 and 87.6% of the total variability (Figure 3B and Table 2). In contrast to fungi, samples appeared to be divided into two distinct groups irrespective of soil origins, but not all related to cultivars. Overall, the soil type explained nearly 59.0% of the total variability, whereas species and cultivars within species only accounted for the respective 1.1 and 4.0% of the total variability.



Beta diversity: Bray–Curtis indices

For fungi, there were clear separations of samples along the three soil types although there was considerable scattering of samples within each soil type, especially for soils from Alaer and Shihezi (Figure 4A). Chytridiomycota and Rozellomycota (in the opposite directions) were the two important classes separating samples along the first NMDS dimension. Along the second NMDS dimension, sample separation was primarily due to the “Unknown” classes. ADONIS permutational analysis confirmed the importance of the soil type in affecting fungal rhizosphere communities, accounting for 43.4% of the variability in the Bray–Curtis indices. About 49.1% of the variability in the Bray–Curtis indices remained unexplained. Two cotton species did not differ significantly, but the differences between cultivars within species were close to statistical significance at 5% (P = 0.054), accounting for 6.4% of the total variability.
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FIGURE 4
Plot of the first two dimensions of the NDMS analysis for the fungal (A) and bacterial (B) Bray–Curtis indices of the rhizosphere samples of eight cotton cultivars grown in the soils collected from the three sites: four cultivars from Gossypium barbadense (GB) and the other four from Gossypium hirsutum (GH).


Similarly for the bacterial communities, there were clear separations of samples along the three soil types, but with less scattering among samples within each soil type than the fungal communities (Figure 4B). Samples for plants grown in the soils from Shihezi and Alaer were separated into two subgroups, not apparently related to cultivars (Figure 4B). Tenericutes and Chlamydiae (in the opposite directions) were the two important classes differentiating samples along the first NMDS dimension. Along the second NMDS dimension, Fusobacteria, and Gemmatimonadetes, as opposed to Spirochaetes and Ignavibacteriae, were important in separating samples. The differences among the three soil types accounted for 78.5% of the variability in the bacterial Bray–Curtis indices; 18.2% of the variability remained unexplained. Neither the two species nor cultivars within species differed significantly.



Differential abundance analysis

Of 5,768 fungal OTUs, only 1,125 OTUs passed the default DESeq2 filters for differential abundance analysis between the two cotton species. Twenty-one OTUs differed in their differential relative abundance between the two species, including several mushroom taxa groups. Only six of the 21 OTUs can be confidently assigned to the species rank; seven of the 21 OTUs cannot be confidently assigned to the phylum rank. In 13 of the 21 OTUs, G. barbadense had a higher relative abundance than G. hirsutum (Table 3) with an average log2FoldChange (LFC) of 4.59, including all six OTUs with the highest sequence reads number among the 21 OTUs. For the other eight OTUs, G. barbadense had a lower relative abundance than G. hirsutum, with an average LFC of −5.61 (Table 3).


TABLE 3    Summary of differential abundance comparison of individual fungal operational taxonomic units (OTUs) of the rhizosphere between the two cotton species. Only 21 OTUs had significant differences [Benjamini-Hochberg (BH) adjusted P < 0.05] in the relative abundance between the two cotton species: positive log2FoldChange indicates that the relative abundance is higher in Gossypium barbadense than in Gossypium hirsutum.
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Of 4,941 bacterial OTUs, 2,731 OTUs passed the default DESeq2 filters and were compared for their relative abundance between the two species. The relative abundance differed between the two species for 72 OTUs, of which three OTUs had high reads numbers (> 4,300). Only six of the 72 OTUs can be confidently assigned to the species rank (Table 4); for many of the 72 OTUs, taxonomy assignment cannot be confidently made below the order level. In 47 of the 72 OTUs, G. barbadense had a higher relative abundance than G. hirsutum (Table 4), with an average LFC of 1.20; for the other 25 OTUs, G. barbadense had a lower relative abundance than G. hirsutum, with an average LFC of −1.18. Interestingly, for all 22 OTUs of Acidobacteria, G. barbadense had a higher relative abundance than G. hirsutum (Table 4).


TABLE 4    Summary of differential abundance comparison of individual bacterial operational taxonomic units (OTUs) of the rhizosphere between the two cotton species. Only 72 OTUs had significant differences [Benjamini-Hochberg (BH) adjusted P < 0.05] in the relative abundance between the two cotton species: positive log2FoldChange indicates that the relative abundance is higher in Gossypium barbadense than in Gossypium hirsutum.
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Discussion

The two cotton species (eight genotypes) used in the current study varied greatly in their resistance to V. dahliae, but no major difference was observed in the rhizosphere microbial community structure of the three soil types. Similar findings for microbial community compositions were observed in the rhizosphere of wheat cultivars (Li et al., 2020). Interestingly, the findings of the current study contradict those of our previous work which revealed that rhizosphere and endosphere microbial communities differed significantly among cotton genotypes with varying degrees of wilt resistance (Wei et al., 2019). This noticeable difference in the microbial communities could be attributed to the physicochemical properties of soils used in this study. This study was performed with three types of soil (obtained from 1,000 to 3,000 km apart) having variable physicochemical properties, whereas the prior study was conducted on the same soil (from Anyang) with different cotton genotypes. As plants were grown under the same conditions in the bulk soil collected from various cities (distance greater than 1,000 km) harboring diverse and variable microbiome, there is a need to consider both the microbial reservoirs and root exudates when interpreting the effects of plant genotypes on the rhizosphere.

Soil is a reservoir of diverse microbial communities with a range of functions that cause a significant impact on soil health. Based on the findings of this study, it was concluded that: (1) soil is a key factor, acting as a reservoir and determining rhizosphere microbial community structures, and (2) plant genotype can play a certain role in shaping their rhizosphere microbial communities, especially bacterial communities. Previous literature demonstrated that the abundance and diversity of microbial communities can be affected by soil type, plant genotype, root exudates, and various environmental factors. Among them, soil type with a range of factors such as structure, soil texture, moisture contents, pH, salinity, and fertility primarily impacts the soil microbial communities (Bach et al., 2010; O’Brien et al., 2019). In this study, Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes, and Bacteroidetes were the dominant phyla (> 5% relative abundance) in the three soil types grown with eight genotypes. It was noted that these bacterial phyla were either promoted or inhibited to different degrees, but no significant difference was observed in the abundance of these bacterial phyla, particularly between soil types; however, the total reads for the composition of these phyla fluctuated between the rhizosphere soils. The alpha diversity of rhizosphere bacteria was diverse in the soil from Anyang, but significantly promoted in the other two soil types. In addition, the beta diversity between cultivars and species did not differ significantly. These results of this study presumably occurred because of the following three reasons: (i) difference in soil indigenous microbial community structure, (ii) difference in soil physical and chemical properties, and (iii) the effects of cotton genotypes. Therefore, we speculate that the physical and chemical characteristics of soil maximize the reproduction of bacteria because soil conditions mainly regulate the overall soil microbial community with specific members colonizing plant rhizosphere, rhizoplane, and endosphere, which is essentially the concept of soil as a microbial seed bank (Zarraonaindia et al., 2015).

On the contrary, root exudates can attract indigenous microorganisms from the nearby soil environment and promote their abundance, thus responsible for the variation in the abundance and diversity of rhizosphere microbial community, which is evident from previous literature (Lundberg et al., 2012; Peiffer et al., 2013; Bonito et al., 2014; Mendes et al., 2018; Veach et al., 2019). Therefore, the microorganisms that were originally present in soil failed to adapt to the changing environment, experienced a reduction in their abundance, or even disappeared. Inversely, a portion of microbes was promoted and multiplied greatly, thus creating a competitive relationship with other microbial species or secreting antimicrobial substances to inhibit the colonization of other bacterial species. Therefore, the richness of rhizosphere bacteria in the three soil types was significantly different.

Additionally, compared with Shihezi and Alar, the rhizosphere bacterial population of genotypes growing in the soil of Anyang was more diverse and had a greater proportion of Proteobacteria, Actinobacteria, and Firmicutes. Proteobacteria are dominant phyla in soil that are involved in N-cycle by oxidizing ammonia into nitrite, global carbon cycle, and the absorption of iron, nitrogen, and sulfur elements, which is consistent with the fact that Proteobacteria grow rapidly and can quickly utilize carbon source substances secreted by rhizosphere (Spain et al., 2009; Shin et al., 2015). Gram-positive bacteria, such as Actinobacteria and Firmicutes, are reported to be functional phyla that can inhibit the growth of pathogens and participate in the carbon cycle of the earth (Lee et al., 2021; Ling et al., 2022). Therefore, rhizosphere microorganisms of cotton varieties with different resistances play an important role in soil disease control. Moreover, 22 Acidobacteria taxa groups have significantly high relative abundance in G. barbadense compared with G. hirsutum in this study. This is attributed to different types of cotton cultivars (G. hirsutum and G. barbadense), because previously it was suggested that neither Bt cotton nor conventional cotton cultivation had any significant effect on the total abundance of soil bacteria (Lv et al., 2022). But, in the Bt cotton, the abundance of Acidobacteria decreased by 1.87% compared with its control group, and in the conventional cotton cultivars, the abundance of Acidobacteria was higher by 1.66% than its control group (Lv et al., 2022). Therefore, in this study it is proven that Bt cotton cultivation could affect the soil bacterial community structure and functions. Consequently, the difference in the abundance of Acidobacteria in different types of cotton was owing to the difference in soil–microbe interactions. Moreover, Acidobacteria are one of the most dominant phyla in diverse soil habitats, representing 5–50% of the total bacterial community (Lee et al., 2008; Foesel et al., 2014; Dedysh and Damsté, 2018), and their genome possesses a comprehensive physiological set of genes that allow them to adapt to various ecological niches, enabling them to participate in carbon usage, nitrogen assimilation, metabolism of iron, Antimicrobial activities, abundance of transporters, oxygen and hydrogen utilization, stress and starvation response, and secondary metabolite biosynthesis (Kielak et al., 2009; Eichorst et al., 2018; Kalam et al., 2020). Acidobacteria also contribute to promoting plant growth and protecting against phytopathogens by producing phytohormone indole-3-acetic acid (IAA), siderophores, as well as carotenoids (Wang et al., 2014; Kielak et al., 2016; Pinto et al., 2021). Several studies showed that Acidobacteria act as slow-acting decomposers of plant-, fungi-, and insect-derived polymers (Dedysh and Yilmaz, 2018). However, further study is needed to determine whether the higher abundance of Acidobacteria in the rhizosphere of G. barbadense contributes to its resistance against Verticillium wilt or not.



Conclusion

This study validates the contribution of soil origin and plant genotype in driving rhizosphere microbiome assembly. Specifically, soil origin appears to result in shifts of key bacterial and fungal groups in rhizosphere within differing plant genotypes. Initiatives using cotton in a fiber production may need to consider not only genotype but also belowground microbiome that is recognized as the second genome of plants. These results should be a key consideration for future plant–soil–microbial interactions research attempting to integrate plant growth and microbiomes.
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Footnotes

1     http://cutadapt.readthedocs.io/en/stable/

2     https://github.com/torognes/vsearch/

3     http://www.drive5.com/usearch/manual/uchime_algo.html

4     https://www.drive5.com/usearch/manual/sintax_algo.html
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The use of polysaccharides to induce the systemic immune response of plants for disease resistance has become an effective plant protection measure. Sharp eyespot wheat and crown rot wheat are serious diseases of wheat. In this study, the control effects of hexaconazole and lentinan (LNT) seed dressing of the two wheat diseases were evaluated by field experiments, and the effects of the seed dressing on plant growth, soil enzyme activity, and community diversity in the wheat rhizosphere were discussed. The results showed that the combined seed dressing of hexaconazole at 0.5 a.i. g·100 kg−1 and LNT at 4 a.i. g·100 kg−1 could significantly improve the control effect of the two wheat diseases. The combined treatment of hexaconazole and LNT had little effect on wheat soil enzyme activities. Different seed dressing treatments changed the fungal community structure in the wheat rhizosphere soil, and the combination of LNT and hexaconazole reduced the relative abundance of Rhizoctonia, Cladosporium, Fusarium, Bipolaris, and Gibberella in wheat planting soils. These findings suggested that the combined seed dressing of hexaconazole and LNT could effectively control soilborne diseases of wheat, concurrently could change in rhizosphere fungal community, and reduce in potential soilborne pathogens.

KEYWORDS
 seed dressing, wheat sharp eyespot, wheat crown rot, control efficiency, fungal community


Introduction

Wheat is an important food crop worldwide (Adrees et al., 2020). Soilborne fungal diseases cost the wheat industry billions of dollars each year (Zhang et al., 2021a). Wheat sharp eyespot is a globally prevalent soilborne disease caused by Rhizoctonia cerealis (Hamada et al., 2011), which can occur throughout the growth period of wheat, infecting leaf sheaths and stems and affecting the transport of nutrients and water, causing wheat lodging and dieback (Lemańczyk and Kwaśna, 2013). Wheat crown rot is an important soilborne disease caused by the infection of various pathogens such as Fusarium pseudograminearum and F. graminearum. Due to different regions, the dominant pathogens are also different (Kazan and Gardiner, 2018; Deng et al., 2020). Wheat crown rot has spread rapidly in China in the past decade, which, in severe cases, can lead to plant death, withering, and white ears (Deng et al., 2020). Soilborne diseases are usually difficult to control, and the combined infection of various soilborne fungal diseases will aggravate the occurrence of wheat diseases. In recent years, with the development of global climate change, straw turnover practices, mechanized cross-regional operations, and other labor-saving farming systems, the incidence and distribution of wheat sharp eyespot and wheat crown rot have increased significantly, seriously threatening wheat yield and quality (Hamada et al., 2011).

Although soilborne diseases can be prevented through crop rotation, selection of disease-resistant varieties, and solar disinfection, chemical control is still the most rapid and effective means when diseases break out (Wang et al., 2022). Commonly used fungicides for wheat sharp eyespot are difenoconazole and tebuconazole. However, due to the long-term single usage of chemical pesticides, R. cerealis has exhibited decreased sensitivity to a variety of chemical agents (Qi et al., 2014). Stem and foliar spray for wheat sharp eyespot control is time-consuming and is not environmentally friendly. Seed treatment with systemic fungicides can provide integrated control of wheat seedling and foliar diseases, improve the pesticide utilization rate, and reduce the required dosage and thus has become the focus of wheat disease management in recent years. Almasudy et al. (2015) reported that “ipconazole + metalaxyl + N-methyl-2-pyrrolidone” seed dressing treatment can significantly reduce the incidence of sharp eyespot. Ren et al. (2019) found that 6% difenoconazole-fludioxonil FSC can effectively control wheat sharp eyespot. At present, there is no registered medicine for the prevention and control of wheat crown rot in China, but many studies have shown that chemical seed dressing can effectively prevent and control the occurrence of wheat crown rot. Moya-Elizondo and Jacobsen (2016) showed that difenoconazole-mefenoxam fungicide seed treatment could reduce the severity of wheat crown rot by 29–50%, and Wang et al. (2022) reported that wheat associated with seed dressing treatment with pyraclostrobin suspension seed coating could achieve a 50.33% control effect.

Polysaccharides are complex carbohydrates with biological regulatory functions. These compounds not only provide energy for plant growth but also act as signal substances to regulate physiological processes and enhance plant disease resistance. Fungal polysaccharides have exhibited broad application prospects due to their lack of toxicity, easy degradation, environmental friendliness, and ability to induce plant disease resistance. Studies have shown that LNT can induce plant disease resistance and has an inhibitory effect on diseases. Li et al. (2013) reported that LNT showed a direct inhibitory efficiency of only 5.08% against Phytophthora infestans but exhibited a control efficiency of 83.00% in vivo. The use of polysaccharides to induce the systemic immune response of plants for disease resistance has become an effective plant protection measure.

Soilborne diseases, in addition to chemical control, can also be prevented by adjusting soil physical and chemical properties and improving soil microbial community composition. Soil microbes play key roles in ecosystems, especially fungi (Cai et al., 2021). Beneficial fungi in soil microorganisms can promote the growth and development of plants (Jia et al., 2018). Similarly, some soilborne fungi can survive in soil or diseased debris and infect plants in the form of mycelium and spores cause disease. Wheat sharp eyespot and wheat crown rot are soilborne diseases caused by pathogenic fungi, which accumulate continuously in the soil and seriously endanger the production of wheat. The complexity and diversity of microorganisms in the rhizosphere are critical for maintaining soil ecosystem homeostasis (Winter et al., 2014). Therefore, understanding the relationship between the diversity of the soil fungal community and the occurrence of wheat soilborne diseases before and after chemical seed dressing can control wheat soilborne fungal diseases by changing the nature and composition of the soil community, which provides a theoretical basis for disease control.

In a previous study, seed treatment with LNT promoted wheat germination and seedling growth in the variety Jimai 22, and the effects were dose dependent. Mechanistic analysis showed that LNT increased the transcription of genes related to alternative oxidase (AOX), β-1, 3-glucanase (GLU), and the salicylic acid signaling pathway and disease resistance, especially AOX (Zhang et al., 2017a). On this basis, we intend to systematically analyze the field control effect against two wheat diseases and the rhizosphere soil fungal community effect of LNT and hexaconazole seed treatment to provide a scientific basis for its safe and rational application.



Materials and methods


Test material and seed treatment

Seeds of Jimai 22 were provided by the Agricultural College, Shandong Agricultural University. Hexaconazole (95%) was provided by Shandong United Pesticide Industry Co. Ltd., China. Prepare 1 × 104 mg/l with acetone and store at 4°C. The LNT with a polysaccharide content of 91% was extracted and purified in the laboratory in the early stage (Zhang et al., 2017a).

The preparation of the seed coating agent adopts the wet sand grinding ultra-fine pulverization method (Marín et al., 2016), and the other components such as the original drug, dispersant, thickener, physical stabilizer, and appropriate amount of water were mixed uniformly in a certain proportion. After pre-dispersing with a high shear emulsifier (Guangzhou Yike Laboratory Technology Co., Ltd.), the slurry was moved into a sand mill, sanded under cooling conditions, a film-forming agent was added, and a laser particle size analyzer (Jinan Runzhi Technology Co., Ltd.) after testing that the particle size of the sample is qualified, add rose essence, grind for 0.5 h, then adjust and grind the remaining water for another 0.5 h, and filter to obtain the finished product (Ren et al., 2019).

In all experiments, the coating was applied at a dose of 100 ml per 100 kg of seeds. There were 4 treatments for wheat seeds: (1) LNT (8 a.i. g·100 kg−1); (2) hexaconazole (1 a.i. g·100 kg−1) (3) (4 a.i. g·100 kg−1) LNT + (0.5 a.i. g·100 kg−1) hexaconazole, and (4) sterile water treatment (control).



Site description and experimental design

From 2018 to 2020, a two-year field experiment was conducted on the plot of the South Campus of Shandong Agricultural University (117°13′E, 36°20′N). This area has a warm temperate semi-humid continental monsoon climate, with rain and heat in the same season, moderate rainfall, the annual average temperature is 13.2°C, and the annual average annual precipitation is 683.2 mm. Wheat is grown all year round in this area, which suffers from severe wheat sharp eyespot and wheat crown rot. It belongs to fertile brown soil. The experiment was arranged in random blocks, and each treatment was repeated 3 times. The plot area was 3.75 m2 and the row spacing was 0.25 m. The occurrence of wheat sharp eyespot and wheat crown rot at the overwintering, elongation, and grain filling stages was studied. All cultivation and management conditions in the experimental area were uniform. Wheat sharp eyespot disease incidences and indexes were graded from 0 to 7 as follows (Peng et al., 2014): grade 0: no disease; grade 1: the leaf sheath is affected but the stem is not affected; grade 3: the leaf sheath is affected and invades the stem, but the stem lesions are less than 1/2 of the stem; grade 5: the stem lesions are more than 1/2, but not lodging or breaking; and grade 7: lodging and withering.

Grading standard of wheat crown rot at the emergence stage and jointing stage is as follows (Erginbas-Orakci et al., 2016): grade 0: no browning symptoms on the whole plant; grade 1: browning of the coleoptile or ground stem; grade 2: plant coleoptiles and stems turn brown; grade 3: the first leaf sheath turns brown; grade 4: the second leaf sheath turns brown; and grade 5: the third leaf sheath turns brown or the whole stem turns brown and soft.

Grain-filling stage grading standard is as follows: grade 0: no browning symptoms on the innermost leaf sheath and the whole stem; grade 1: obvious browning on the innermost leaf sheath in the aerial part, and no browning and rot at the first stem node; grade 3: above ground part of the first stem node has browning and rot phenomenon; grade 5: the second stem node of the aerial part has browning and rot phenomenon; grade 7: the third stem node of the aerial part has browning and rot phenomenon; and grade 9: The lesions exceed the third stem node, with white spikes or no spikes due to disease.

Disease severity was calculated as follows (Peng et al., 2014; Zhang et al., 2017a):
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The control efficiency of each treatment was calculated as follows:
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After harvest, wheat grain number per ear and thousand seed weight were determined.



Greenhouse emergence test and sample description

The soil used in this test was collected from the south campus of Shandong Agricultural University (117°13′E, 36°20′N) in China. The plow layer soil (5–15 cm) was collected randomly and passed through a 1-mm sieve for planting the experimental wheat. Seeds of Jimai 22 were treated as described for seed treatment. The original brown soil, brown soil treated with water only, and brown soil sown with wheat seeds treated with water only were used as controls. The plastic pots were filled with soil with uniform nutrients and particles and a water content of about 60%, a plastic pot sown with 10 treated seeds was considered a replicate, and each treatment was repeated 3 times, and cultivated in the greenhouse of Shandong Agricultural University. The growth status of crops was recorded at 7, 14, and 21 days after emergence, and the plant height among the treatments was counted. Twenty-one days after total germination in the control, the wheat rhizosphere soil was collected and divided into two parts. One subsample was stored at 4°C for the soil enzyme activity test, and the other subsample was stored in dry ice for high-throughput sequencing of fungal community diversity.



Determination of soil enzyme activity

The activities of two soil enzymes were tested with standard methods. Soil catalase (EC 1.11.1.6, CAT) activity was determined with the KMnO4 titrimetric method, and urease (EC 3.5.1.5, URE) activity was determined with the colorimetric method according to Yu et al. (2019).



DNA extraction, amplification, and sequencing

Total DNA of soil samples was extracted with the E.Z.N.A. ®Stool DNA Kit (D4015, Omega, Inc., United States). Primers fITS7 (5’-GTGARTCATCGAATCTTTG-3′) and ITS4 (5’-TCCTCCGCTTATTGATATGC-3′) were used to amplify the ITS2 fragment tagged with specific barcodes at the 5′ ends (Karlsson et al., 2014). The PCR mixture consisted of 25 ng of template DNA, 12.5 μl of PCR Premix, 2.5 μl of each primer, and ddH2O to a volume of 25 μl. The PCR conditions to amplify the eukaryotic ITS fragments consisted of an initial denaturation at 98°C for 30 s; 35 cycles of denaturation at 98°C for 10 s, annealing at 54°C/52°C for 30 s, and extension at 72°C for 45 s; and then final extension at 72°C for 10 min. After recovery and purification of PCR products by gel electrophoresis, AMPure XT beads and Qubit were used for verification and quantification, respectively. By size and quantity assessment, a library of amplicons required for subsequent sequencing was prepared. The qualified libraries were sequenced on a 250PE MiSeq platform.



Data analysis and bioinformatics analysis

SPSS 22.0 was used for statistical analysis of the data, and Duncan’s new multiple range method was used for multiple comparisons between treatments. Paired-end reads were assigned to samples according to their barcode. After eliminating barcodes and primer sequences and merging paired-end reads, raw tags were filtered to obtain clean tags. Chimeric sequences were filtered using Verseach software (v2.3.4). For ease of analysis, sequences are usually divided into different OTUs according to a 97% similarity threshold, and each OTU is treated as a microbial species (Blaxter et al., 2005). That is to say, if the similarity is less than 97%, it can be regarded as different species, and if the similarity is less than 93% ~ 95%, it can be regarded as belonging to different genera.

Representative sequences were assigned taxonomic data with the RDP (Ribosomal Database Project) classifier. The phylogenetic relationship of different dominant OTUs in different groups was analyzed by PyNAST with the multiple sequence alignment method. OTU abundance information was normalized corresponding to the sample with the fewest sequences. Alpha diversity indexes, calculated with QIIME (Version 1.8.0), were used to represent species diversity, including Chao1, Shannon, Simpson, and observed species indices. Beta diversity analysis was used to evaluate differences of samples in species complexity. Beta diversity was calculated by principal co-ordinates analysis (PCoA) and cluster analysis by QIIME software (Version 1.8.0). Redundancy analysis (RDA) of soil colonies and soil properties using CANOCO4.5.




Results


Field control efficiency of hexaconazole, LNT, and their combination against wheat sharp eyespot and wheat crown rot

In the field test, seed dressing with LNT alone exhibited lower efficiency of control against wheat sharp eyespot and wheat crown rot (Tables 1, 2). During overwintering, the control effect of 8 a.i. g·100 kg−1 LNT on Jimai 22 was lower than 40%. Seed dressing with hexaconazole showed excellent control efficiency against two wheat diseases in the earlier stages of wheat growth. During overwintering, the control effects of hexaconazole at 1 a.i. g·100 kg−1 against sharp eyespot were 81.5% and 76.9%, respectively and the control effects on wheat crown rot were 75.7% and 81.4%, respectively. However, the effects decreased with time during the grain filling stage; the control effects on the two diseases were 38.8%, 35.6%, 30.5%, and 29.8%, respectively. From the field test results, the combination of LNT with a dosage of hexaconazole showed high and long-lasting control efficiency. During the wintering period, the control effects of 4 a.i. g·100 kg−1 LNT and 0.5 a.i. g·100 kg−1 hexaconazole on Jimai 22 were all above 70% and still above 40% at the grain filling stage, which were significantly higher than those of hexaconazole at 1 a.i. g·100 kg−1.



TABLE 1 Field effects of seed dressing agents on sharp eyespot of wheat.
[image: Table1]



TABLE 2 Field effects of seed dressing agents on wheat crown rot.
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The number of grains per panicle of Jimai 22 was not significantly different among the different treatments. When Jimai 22 was used in combination with 0.5 a.i. g·100 kg−1 of hexaconazole and 4 a.i. g·100 kg−1 of LNT, the thousand-kernel weights were 45.9 g, 45.6 g, 45.1 g, and 45.4 g, respectively, which represented significant increases compared with the control.



Effects of different seed dressing treatments on the growth of wheat seedlings

From the measured plant height data (Table 3), 8 a.i. g·100 kg−1 LNT seed dressing treatment promoted the growth of Jimai 22. The plant height was averaged at 7, 14, and 21 days after the seeds fully emerged, which was significantly higher than the control. Compared with other treatments, the seed plant height of the 1 a.i. g·100 kg−1 hexaconazole seed dressing treatment was significantly different and lower than that of other treatments. Judging from the photos of potted plants in the greenhouse and the roots of wheat seedlings (Figures 1A,B), hexaconazole has a regulating effect on the growth of wheat, showing that the root system is developed, the aerial part is short and strong, and the leaf color becomes darker, which has a certain effect of strengthening seedlings. The small dose of hexaconazole combined with LNT relieved the inhibitory effect of hexaconazole and promoted the growth of wheat seedlings.



TABLE 3 Effects of different seed dressing treatments on the growth of wheat seedlings.
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FIGURE 1
 Greenhouse pot experiments on the growth of Jimai 22 with different seed dressing treatments. (A) Effects of different treatments on the growth of Jimai 22. Processing from left to right: CK, Hexaconazole, ḤLNT, LNT. (B) Effects of different seed dressing treatments on the root system of Jimai 22 The treatments from left to right are: LNT, CK, ḤLNT, Hexaconazole.




Effect of hexaconazole and LNT seed dressing on wheat soil enzyme activity

Seed dressing treatment affected the enzymatic activity of wheat rhizosphere soil (Figure 2). Brown original soil (BO) exhibited the lowest CAT and URE activities, followed by brown soil sowed with wheat seeds dressed with hexaconazole (BH), indicating an inhibitory effect of this chemical fungicide on soil enzyme activity. Brown soil sowed with wheat seeds dressed with LNT (BL) showed the highest CAT and URE activities, followed by brown soil sowed with wheat seeds dressed with water (BCK), indicating that LNT has little effect on soil enzyme activities. The soil enzyme activities of hexaconazole and LNT treatments (BHL) were higher than those of hexaconazole-treated seeds in brown soil (BH). A moderate effect on soil enzyme activities was observed in brown soil sown with wheat seeds dressed with hexaconazole and LNT (BHL).

[image: Figure 2]

FIGURE 2
 Soil enzyme activities in the different treatments. (A) Effects of different treatments on CAT activity in soil. (B) Effects of different treatments on soil URE activity. BCK – brown soil sowed with wheat seeds dressed with water only; BH – brown soil sowed with wheat seeds dressed with hexaconazole; BHL – brown soil sowed with wheat seeds dressed with hexaconazole and LNT; BL – brown soil sowed with wheat seeds dressed with LNT; BO – brown original soil; BW – brown soil with water only. Different lowercases in the same column indicate significantly different at p < 0.05 level.




Alpha diversity of the soil fungal community under by different wheat seed treatments

The dilution curve of soil can be used to assess whether the measurement is up to standard. As shown in Figure 3, with increasing sequencing data, all dilution curves increased first and then leveled off, which means that the sequencing depth was sufficient for subsequent data analysis.

[image: Figure 3]

FIGURE 3
 Dilution curve of soil ITS rDNA after wheat seed dressing. Divide OUT at the 97% similarity level and make a sparse curve. The curve of each sample tends to be flat, indicating that the sampling is reasonable. BCK – brown soil sowed with wheat seeds dressed with water only; BH – brown soil sowed with wheat seeds dressed with hexaconazole; BHL – brown soil sowed with wheat seeds dressed with hexaconazole and LNT; BL – brown soil sowed with wheat seeds dressed with LNT; BO – brown original soil; BW – brown soil with water only.


As shown in Table 4, the hexaconazole-containing seed dressing treatments (BH) showed lower observed species and Chao1 indices. These values were lowest in BH, with the lowest observed species and Chao1 indices of 380.3 and 452.0, respectively, indicating the decreasing effect of hexaconazole on soil fungal number and diversity. In the LNT treatment (BL), there was no significant difference in the number of observed species and Chao1 index compared with the brown soil original soil (BO), and the relative abundance was higher. The observed species and Chao1 index of LNT and hexaconazole combined seed dressing (BHL) were 421.3 and 496.9, respectively, lower than those of the other treatments, which had a greater impact on the number and diversity of fungi in the soil.



TABLE 4 α-diversity indexes of the different treatments.
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β-Diversity of the soil fungal community in different wheat seed treatments

PCoA of soil fungi in different treatments was performed based on the Weighted UniFrac distance matrix (Figure 4). The two axes explained 51.57% of the variance, the first axis PCo1 explained 32.79% of the variance, and the second axis PCo2 explained 18.78% of the variance. From the results, different wheat seed treatments changed the structure of the wheat rhizosphere soil fungal community. The distribution of BL and BHL samples was relatively discrete, and the samples were distributed farther, indicating that the LNT treatment and the combined treatment of hexaconazole and LNT had a greater impact on the soil fungal community structure.
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FIGURE 4
 PCoA analysis of soil fungi by different seed treatments. BCK – brown soil sowed with wheat seeds dressed with water only; BH – brown soil sowed with wheat seeds dressed with hexaconazole; BHL – brown soil sowed with wheat seeds dressed with hexaconazole and LNT; BL – brown soil sowed with wheat seeds dressed with LNT; BO – brown original soil; BW – brown soil with water only.




Effects of different seed dressing treatments on the abundance of fungal taxa in soil

Figure 5 shows the similarity and species relative abundance of soil samples for different treatments. Figure 5 shows that the species compositions of BW and BCK and of BO and BHL were similar. Among the 20 most abundant species in the soil, the dominant species among the treatments was Ascomycota. Compared with the control (BCK, BO and BW), hexaconazole-containing seed dressing (BH and BHL) decreased the relative abundances of Ascomycota, Alternaria, and Davidiella. BHL exhibited higher relative abundances of Mycosphaerella, while BL exhibited higher relative abundances of Waitea and Dothideomycetes and lower relative abundances of Alternaria and Gibberella.
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FIGURE 5
 Relative abundance of fungal genera in brown soil in the different treatments. The legend shows the names of the 20 most abundant fungal genera, other genera are classified as “Other.” BCK – brown soil sowed with wheat seeds dressed with water only; BH – brown soil sowed with wheat seeds dressed with hexaconazole; BHL – brown soil sowed with wheat seeds dressed with hexaconazole and LNT; BL – brown soil sowed with wheat seeds dressed with LNT; BO – brown original soil; BW – brown soil with water only.


The main soilborne fungal genera of wheat were screened from the relative abundance of fungi at the genus level and made into Figure 6 according to their relative abundance. As shown in Figure 6, the relative abundances of Bipolaris, Rhizoctonia, Cladosporium, Fusarium, and Gibberella in BCK were 0.000%, 0.020%, 0.027%, 0.136%, 0.020%, and 5.333% respectively, close to those in BO and BW. Compared with BCK, BL showed the lowest relative abundances of the above soilborne pathogens, followed by BHL. BH exhibited higher relative abundances of Bipolaris and Rhizoctonia. Compared with BW, the relative abundance of Fusarium increased in BL, and the relative abundance of Rhizoctonia decreased. Both Fusarium and Rhizoctonia were significantly reduced in the BHL treatment compared with the BL and BW treatments.
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FIGURE 6
 Relative abundances of the main soilborne fungi in the different treatments. Screening of relative abundances of major soilborne fungal genera in wheat at the fungal genus level. BCK – brown soil sowed with wheat seeds dressed with water only; BH – brown soil sowed with wheat seeds dressed with hexaconazole; BHL – brown soil sowed with wheat seeds dressed with hexaconazole and LNT; BL – brown soil sowed with wheat seeds dressed with LNT; BO – brown original soil; BW – brown soil with water only.




Effects of different wheat seed treatments on soil properties

The chemical properties of the soil by different treatments are shown in Table 5. The seen that the seed dressing treatments affected the pH, AK, AP, OM, and available N in the soil. LNT seed dressing treatment increased pH, AP, OM, and available N in soil compared with other seed dressing treatments.



TABLE 5 Chemical properties of different treated wheat soils.
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RDA explained the correlation between soil fungal communities and soil properties across treatments (Figure 7). The first axis of RDA (RDA1) explained 8.81% of the variance, and the second axis (RDA2) explained 7.92% of the variance. The closer the distance between points is, the more similar the community structure between samples. Arrows represent environmental factors, and an angle between each factor is less than 90° is positive correlation; otherwise, it is a negative correlation. AK, AP, OM, and available N were positively correlated. The length of the line connecting the arrow and the origin represents the degree of correlation between an environmental factor and the community distribution. The longer the line is, the greater the effect of the factor. The fungal community was greatly affected by pH, AP, and OM in brown soil. Moreover, the fungal communities of soil sown with wheat seeds dressed with hexaconazole-containing agents (BH and BHL) were similar to those of soil sown with non-treated wheat seeds (BCK) and with water only (BW).
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FIGURE 7
 RDA analysis of soil fungal community based on seed dressing. Soil factors include P (available phosphorus), K (available potassium), N (available nitrogen), OM (organic matter), and pH. BCK – brown soil sowed with wheat seeds dressed with water only; BH – brown soil sowed with wheat seeds dressed with hexaconazole; BHL – brown soil sowed with wheat seeds dressed with hexaconazole and LNT; BL – brown soil sowed with wheat seeds dressed with LNT; BO – brown original soil; BW – brown soil with water only.





Discussion


Effects of hexaconazole and LNT seed dressing on the growth of wheat seedlings and their control effects on two wheat diseases

Biological inducer can induce resistance to pathogenic bacteria by activating the plant’s own immune response (Walters et al., 2013). It takes a certain amount of time for biological inducer to induce plant disease resistance. Chemical control has the advantages of good effect and quick effect. The combination of fungicides and biological inducer can increase plant disease control efficiency. Baider and Cohen (2003) reported that the mixed application of mancozeb and the plant activator β-aminobutyric acid at a ratio of 1:5 had a higher control effect on cucumber downy mildew and tomato late blight than the single treatment. In addition, conventional fungicides can reduce the pathogenicity of fungi, thus making it easier for plants to induce resistance against fungi and reducing the amount and frequency of chemical fungicide applications (Oostendorp et al., 2001). Zhang et al. (2021b) found that compared with Trichoderma asperellum SC012 and hymexazol alone, combined application can not only reduce the dosage of chemical fungicides, but also have a better control effect on cowpea fusarium wilt.

In a previous greenhouse experiment, the combined application of LNT at 4 a.i. g·100 kg−1 seed and hexaconazole at 0.5 a.i. g·100 kg−1 seed showed a control efficiency of 75.2% against wheat sharp eyespot, which was significantly higher than that achieved with a single application (Jiang et al., 2018). From the field test results of this study, the combination of small doses of hexaconazole and LNT has a good long-term control effect on wheat sharp eyespot and wheat crown rot. In the overwintering stage, the control effect of 4 a.i. g·100 kg−1 LNT and 0.5 a.i. g·100 kg−1 hexaconazole on Jimai 22 was above 70%, and it was still above 40% in the grain filling stage, which was significantly higher than that 1 a.i. g·100 kg−1 of hexaconazole. The combination of a lower dosage of hexaconazole and LNT could significantly increase the wheat thousand seed weight. Seeds dressed with a combination of hexaconazole at 0.5 a.i. g·100 kg−1 and LNT at 4 a.i. g·100 kg−1 showed thousand seed weights of 45.9 g, 45.6 g, 45.1 g and 45.1 g for Jimai 22, which were significantly higher than those of the LNT single treatment. This may be because the combination of hexaconazole and LNT provides a better control effect on wheat disease during the wheat grain-filling period, which is conducive to ensuring the transport of wheat nutrients.

Studies have shown that some polysaccharides can not only regulate plant immunity, but also promote plant growth, such as chitosan can induce resistance and promote plant growth (Pichyangkura and Chadchawan, 2015). From the data of the greenhouse test, 8 a.i. g·100 kg−1 LNT seed dressing had a promoting effect on the growth of Jimai 22. The seed plant height of 1 a.i. g·100 kg−1 hexaconazole seed dressing treatment was significantly lower than that of other treatments. Hexaconazole is a triazole fungicide and has a growth-regulating effect on plants. Fletcher and Hofstra (1985) pointed out that triazolone seed dressing treatment of seeds has a significant inhibitory effect on plant growth. Domestic studies have also shown that triazole fungicides can dwarf broad bean seedlings and have the effect of strengthening seedlings (Duan et al., 2009). This is generally consistent with the greenhouse results in this study. Hexaconazole treatment has a regulatory effect on the growth of wheat. The combination of hexaconazole and LNT reduced the application dosage of hexaconazole and alleviated the inhibitory effect of high concentrations of triazole fungicides on wheat seedling growth. This is of great significance for safe wheat production.



Effect of hexaconazole and LNT seed dressing on soil enzyme activities

Soil enzymes participate in the cycle of soil ecosystems, and their activities can be affected by many chemical and physical properties. Soil enzyme activity can directly reflect soil quality and fertility (Huang et al., 2020). Liu et al. (2020) reported that the opposite pattern of soil urease activities exhibited with heavy metal concentrations. Yu et al. (2019) reported that soil CAT activities were more sensitive to land use conversion than URE. In this study, wheat seed dressing exhibited similar effects on soil CAT and URE activities. The chemical fungicide hexaconazole showed some inhibitory effect, whereas the polysaccharide inducer LNT had little effect on soil enzyme activity. The soil enzyme activity of the hexaconazole and LNT (BHL) treatments was higher than that of the brown soil treated with hexaconazole. It may be that the combination of LNT and hexaconazole relieved the inhibitory effect of hexaconazole on soil enzyme activity, and the LNT treatment (BL) and hexaconazole (BH) treatment of wheat seeds had certain effects on wheat soil enzyme activities.



Effects of different seed dressing treatments on the abundance of fungal taxa in soil

Soil microorganisms have received increasing attention because of their potential for optimizing plant nutrient utilization and disturbing the pathogenesis of soilborne diseases (Chang et al., 2017). Chemical fungicides applied for disease control interrupt the soil microbial activity and community structure (Fang et al., 2016). Zhang et al. (2017b) reported that repeated application of iprodione could significantly increase the relative abundance of Proteobacteria and decrease those of Chloroflexi and Acidobacteria in soil. In this study, seed dressing with LNT, hexaconazole, and their combination all influenced the fungal community diversity of wheat rhizosphere soil. Hexaconazole-containing seed dressing (BH and BHL) decreased the relative abundances of Ascomycota, Alternaria, and Davidiella, and BL exhibited lower relative abundances of Alternaria and Gibberella.

Rhizoctonia, Cladosporium, Fusarium, Bipolaris, and Gibberella are the main seed- and soilborne pathogens of wheat and can cause sharp eyespot, blight, wilt, rot, and scab diseases (Ridout and Newcombe, 2016; De Mol et al., 2018). The existence of these pathogenic bacteria creates conditions for the occurrence of wheat diseases. Cai et al. (2021) reported that fertilizer application increased the abundance of beneficial fungi in cassava rhizosphere soil and decreased the abundance of pathogenic bacteria, thereby promoting cassava growth and yield. In this study, high-throughput sequencing analysis revealed a significant inhibitory effect of the combination of LNT and hexaconazole on the relative abundances of Rhizoctonia, Cladosporium, Fusarium, Bipolaris, and Gibberella, changes the structure of soil fungal community, and reduces the relative abundance of pathogenic fungi. It is helpful for scientific prevention and control of wheat soilborne diseases.



Effects of different wheat seed treatments on soil community diversity and soil properties

Microbial diversity indices are important indicators of the ecological function of soil (Wang et al., 2009). In this study, BH showed the lowest observed species and Chao1, consistent with its greater effect on soil fungal number and diversity. Hexaconazole is a triazole fungicide and is persistent in soil, but the mobility of hexaconazole is not strong. In the study by Singh (2005), hexaconazole was only moderately mobile in sandy loam soils with low organic matter content. Due to the low mobility of hexaconazole, the range of soil communities affected is also limited. Compared with other treatments, the observed species and Chao1 index of the LNT and hexaconazole combined seed dressing treatment (BHL) were lower, which had a greater impact on the number and diversity of fungi in the soil.

Soil characteristics, such as pH and nutrient content, can greatly affect the soil microbial community structure (Stefanowicz et al., 2020). Murphy et al. (2011) reported that the amount of soil organic matter is strongly linked to the size and structure of the soil microbial community. Similar to beta diversity, RDA can be used to reflect the diversity relationships among different samples. In this study, RDA showed that the soil fungal community was greatly affected by pH, available P, and organic matter.




Conclusion

Seed treatment with LNT combined with a low dosage of hexaconazole could significantly improve the control efficiency of wheat sharp eyespot and wheat crown rot, prolong the control period, reduce the use of hexaconazole, improve the utilization rate of pesticides, and increase wheat thousand seed weight. Low-dose LNT combined with hexaconazole had little effect on the activities of soil CAT and URE. The combined seed dressing treatment (BHL) of LNT and hexaconazole had a greater effect on the number and diversity of fungi in the soil. Different seed dressing treatments changed the structure of the wheat rhizosphere soil fungal community, and the combination treatment could significantly decrease the relative abundances of the soilborne pathogens Rhizoctonia, Cladosporium, Fusarium, Bipolaris, and Gibberella, which reduced the incidence of soilborne diseases. In addition, the fungal community structure in wheat brown soil was related to pH, available phosphorus, and organic matter. The occurrence of soilborne diseases of crops is closely related to the physical and chemical properties of the soil. The combined seed dressing of hexaconazole and LNT can reduce the relative abundance of pathogenic fungi in soil and change the community structure of wheat rhizosphere soil fungi, which is beneficial to the prevention and control of soilborne diseases such as wheat sharp eyespot and wheat crown rot, so as to promote the yield increase of wheat.
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Changes in land use types can significantly affect soil porperties and microbial community composition in many areas. However, the underlying mechanism of shift in bacterial communities link to soil properties is still unclear. In this study, Illumina high-throughput sequencing was used to analyze the changes of soil bacterial communities in different land use types in a forest-grassland transition zone, North China. There are two different land use types: grassland (G) and cultivated land (CL). Meanwhile, cultivated land includes cultivated of 10 years (CL10) or 20 years (CL20). Compared with G, CL decreased soil pH, SOC and TN, and significantly increased soil EC, P and K, and soil properties varied significantly with different cultivation years. Grassland reclamation increases the diversity of bacterial communities, the relative abundance of Proteobacteria, Gemmatimonadetes and Bacteroidetes increased, while that of Actinobacteria, Acidobacteria, Rokubacteria and Verrucomicrobia decreased. However, the relative abundance of Proteobacteria decreased and the relative abundance of Chloroflexi and Nitrospirae increased with the increase of cultivated land years. Mantel test and RDA analysis showed that TP, AP, SOC and EC were the main factors affecting the diversity of composition of bacterial communities. In conclusion, soil properties and bacterial communities were significantly altered after long-term cultivation. This study provides data support for land use and grassland ecological protection in this region.
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Introduction

Soil is one of the most biodiverse habitats on Earth (Fierer and Jackson, 2006; Bender et al., 2016), and soil microorganisms are major components of soil (Roesch et al., 2007), which play an indispensable role in ecosystem function and sustainability (Paul and Clark, 1989; Comer and Perkins, 2020). For example, soil microbes not only drive nutrient and carbon cycles (Kowalchuk and Stephen, 2001; van der Heijden et al., 2008), but also directly and indirectly involved in many other ecosystem services, such as the formation of stable soil aggregates and soil structures to control erosion (Lynch and Bragg, 1985; Rillig and Mummey, 2006). Although there are some functional redundancies in microbial diversity, higher diversity offers a higher possibility for the existence of some alternative species. These alternative species can make up for the loss of function caused by the disappearance of some species under the conditions of temporal and spatial changes, thereby maintaining the function of the ecosystem (Yachi and Loreau, 1999). Meanwhile, a recent study showed that some ecological functions were performed jointly by multiple microorganisms, so functional redundancy may disappear with more functions (Wagg et al., 2019). However, with the decrease of soil microbial diversity, some functions of the ecosystem will be inhibited. For example, reductions in the diversity of methanotrophs (pmoA genes) and denitrifiers (nosZ 369 genes) could have potential negative consequences for climate regulation on Earth by increasing the amount of methane and N2O released to the atmosphere (Trivedi et al., 2019). The diversity of soil microbial community is important in determining soil health (Zhao et al., 2019), which are the foundation of soil function (Emmerling et al., 2002; van der Heijden et al., 2008; Nielsen et al., 2015).

Changes in land use types result from the interaction of human activities and natural factors, which may have important implications for soil ecosystems (Ji et al., 2020). Changes in land use types not only affect soil physical and chemical properties, but also soil biodiversity and soil ecological functions (Lauber et al., 2008; Rasche et al., 2011; Richter et al., 2018). Throughout human history, grasslands have been intensely modified and fragmented by agriculture (Gibson, 2009). According to FAO (2009), global food demand will increase by 70% in the coming decades, which will increase the demand for intensively grown crops (Godfray et al., 2010). Land use intensification from primitive grassland to intensive agricultural systems generally increases soil pH, resulting in decreased soil C content, lower water retention, and poorer soil structure (Finn et al., 2017). For example, Long-term monoculture of cotton or maize in grassland soils significantly decrease soil organic carbon (SOC), macroaggregates, catabolic diversity and microbial biomass (Acosta-Martínez et al., 2010; Kösters et al., 2013). Therefore, it is very important to understand the changes of soil properties and microorganisms after grassland is transformed into cultivated land for monitoring soil quality.

Changes in soil properties (e.g., soil pH, SOC and nutrient content, etc.) can affect the composition and structure of microbial communities (Lauber et al., 2008; Rasche et al., 2011; Richter et al., 2018). Alterations in plant residue and plant root exudation inputs induced by land use changes will affect the soil environmental, and ultimately influence soil microbial community composition and structure (Xu et al., 2021). Agricultural intensification is considered to be one of the biggest threats to global biodiversity (Convention on Biological Diversity, 2010), it has a great impact on soil health and microbial diversity (Degens et al., 2000). For example, Chen et al. (2022) found that conversion of grassland to farmland resulted in a decrease in bacterial biomass. In particular, changes in different tillage regimes can alter plant species and associated soil properties, with lasting effects on soil microbial community composition (Buckley and Schmidt, 2001; Jangid et al., 2008; Yu et al., 2011). For example, biological nitrogen fixation is the most basic physiological process of natural grassland, but the development of intensive agriculture is largely based on industrially produced mineral fertilizers, which leads to simpler soil food webs and fewer functional groups, and reduces overall soil microbial richness (McDaniel et al., 2014; Tsiafouli et al., 2015; Bender et al., 2016). In addition, different kinds of microorganisms have different abilities to deal with various nutrient forms in soil, fertilization will affect their growth competitiveness, thus affecting the diversity, biomass and activity of soil microbial community. Studies have shown that long-term nitrogen application will lead to changes in the overall bacterial community and composition of individual bacterial communities (Rousk et al., 2010), such as Actinobacteria (Jenkins et al., 2009) and Acidobacteria (Zhao et al., 2014). However, the effects of grassland conversion to cultivated land on soil properties and composition and structure of soil microbial community, as well as the main regulators driving the distribution of soil microbial communities across different land use types are still unclear, so understanding the impact of land use change and environmental drivers on soil-microbiome responses is important for soil microbial diversity and soil health.

The forest-grassland transitional zone is a typical ecotone with fertile soil and rich species. Plant community in the transitional zone have a high degree of biodiversity and competitiveness, which are extremely sensitive to environmental changes and have poor ability to resist interference (Anchorena and Cingolani, 2004). Therefore, it is of great significance to understand the impact of human disturbance on the forest and grassland transition zone for the protection and management it. In this study, the mountainous meadow is located in the forest and grassland transition zone between the Great Khingan Mountains and Hulun Buir steppe, which belongs to the semi-humid and semi-arid transition zone with typical transition characteristics of vegetation, soil, land use, climate and other environmental factors, and is a relatively sensitive ecological fragile zone. In the past, many tracts of grassland have been cultivated for years as agricultural land. Therefore, it is necessary to study the impact of long-term cultivation on soil microbial properties. The objectives of this study were to (1) study the effects of long-term cultivation (10-year cultivated land and 20-year cultivated land converted from grassland) on soil properties and the structure, and diversity and composition of soil bacterial communities and (2) clarify the key factors controlling bacterial response to long-term cultivation in Inner Mongolia meadow steppe.



Materials and methods


Study site

This study area is located at the western foot of the Great Hinggan Mountains, a forest and grassland transition zone between the Great Khingan Mountains and Hulun Buir Grassland, belonging to Yakeshi City, Inner Mongolia Autonomous Region (49°19´ N, 119°56′ E; 666-680 m asl), which has a cold temperate continental monsoon climate. The annual average precipitation is 350–400 mm, and the precipitation period is mostly concentrated in June to September. The average annual temperature was −1.5°C, the highest and lowest temperatures were 36.2°C and − 48.5°C, respectively. The annual accumulated temperature ≥ 10°C is 1700–2,300°C, the annual average sunshine is 2,511–2,663 h, the frost-free period is about 76–95 days, and the soil type is mainly chernozum soil. The grassland type of the study area is mountain meadow, with rich plant species, high plant community coverage and high grassland productivity. The main grassland plants are Sanguisorba officinalis, Vicia sepium L., Lathyrus sativus, Carex spp., etc.



Experiment design

Three plots in each land use types were selected from the mountain meadows on the outskirts of Yakeshi, Inner Mongolia. The plots were grassland, 10-year cultivated land, and 20-year cultivated land, denoted as G, CL10, and CL20, respectively. The grassland has been mowed for many years without grazing or human improvement. The cultivated lands are continuous tillage, no abandoned in the middle, planting crops mainly for wheat, potatoes, rape, etc., with long-term fertilization. Soil at different depths of 0–10 cm and 10–20 cm (denoted as D10 and D20) was collected.



Soil sampling and analysis

The samples were collected in July 2021. Three transect lines were set inside G, CL10 and CL20, and three soil sampling points were randomly set on each line. A soil corer (with a diameter of 4 cm) was used to sample the soil with five-point sampling method. Soil samples were taken at different depths of 0–10 cm (D10) and 10–20 cm (D20). Three samples from the same line and the same depth were thoroughly mixed to remove root and soil intrusions, quickly packed into sterile sealed bags, refrigerated in an ice box and quickly transported to the laboratory. The samples were divided into two parts. One part was air-dried, ground and sieved to measure soil physical and chemical properties; other part was stored at −80°C for soil microbial analysis.



Soil nutrient determination

Soil pH and electrical conductivity (EC; an important indicator of salinity) were determined with soil (air-dried)/water (1:5, w/v) suspensions (Bao, 2008), and soil organic matter (SOM) was assessed by K2CrO7 volumetric method (External heating method; Sparks et al., 1996). Total nitrogen (TN) and alkali-hydrolyzed nitrogen (AN) were measured by Kjeldahl method and alkali-hydrolyzed diffusion method (Lu, 1999). Phosphorus (P) was extracted by HClO4-H2SO4 method, then added the molybdenum-antimony anti-reagent, colorimetric was performed at 880 nm or 700 nm wavelength, and calculated the total phosphorus content (Bao, 2008). Available phosphorus (AP) was extracted with 0.5 M NaHCO3 (pH 8.5), and was determined using molybdenum blue method (UV-752 Shanghai, China; Bao, 2008).



Soil DNA extraction, Illumina sequencing and data analysis

According to the manufacturer, the total DNA was extracted from 5 g of soil (−80°C) using the TGuide S96 magnetic bead method soil genomic DNA extraction kit [Tiangen Biochemical Technology (Beijing) Co., Ltd., model: DP812]. The total DNA concentration and quality was detected using a microplate reader (manufacturer: GeneCompang Limited, model synergy HTX).

According to the construction of bacterial 16S rRNA amplification library, primers 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’- GGACTACHVGGGTWTCTAAT-3’) were used to amplifies hypervariable regions V3 and V4. PCR amplification was carried out in 0.3 μl Vn F (10 μm; Suzhou Hongxun Biotechnology Co., Ltd.), 0.3 μl Vn R (10 μm; Suzhou Hongxun Biotechnology Co., Ltd.), 5 μl KOD FX Neo Buffer (Beijing Bailing Gram Biotechnology LLC Co., Ltd.), 2 μl dNTP (2 mM each), 0.2 μl KOD FX Neo and 50 ng of template DNA in a 10 μl mixture. The amplification process was pre-denaturation at 95°C for 5 min, 25 cycles of 95°C for 30 s, 50°C annealing for 30 s, 72°C for 40 s, and 72°C for 7 min of extension. Each sample was amplified in triplicate. and PCR products was further purified by VAHTSTM DNA Clean Beads magnetic beads. After purification, agarose with a concentration of 1.8% was used for electrophoresis detection, and the concentration (Qubit) was quantified, and the qualified samples were mixed. The mixed samples were recovered by using the Monarch DNA gel recovery kit, and the quality was checked by the Qsep-400 method. Finally, the Illumina novaseq6000 (novaseq6000, illumina) platform was used for sequencing and microbial community analysis.

Using FLASH (version 1.2.11) software (Magoc and Salzberg, 2011), according to the minimum overlap length of 10 bp and the maximum allowable mismatch ratio in the overlap region of 0.2, the reads of each sample were spliced. In order to obtain high-quality Tag data, we use Trimmomatic (version 0.33) to filter tags whose average quality value is less than 20 and whose length is less than 75% of the Tag length (Bolger et al., 2014). Then split the query sequence into chunks without overlap, and use UCHIME (version 8.1) to compare the database to detect and delete chimeras (Edgar et al., 2011). Sequences were clustered (OTU) at the 97% similarity level, and OTUs were filtered with a threshold of 0.005% of all sequences sequenced using USEARCH (version 10.0; Edgar, 2013). Then used RDP software (Version 2.2) to compare with Silva database, and the bacteria were classified at a confidence interval of 80% (Wang et al., 2007; Quast et al., 2013).



Statistical analysis

All statistical analyses were performed using R (4.1.2) software. Multivariate analysis of variance was used to analyze the effects of land use type, soil depth and their interactions on soil physical and chemical properties and bacterial communities. In order to calculate the α diversity of each sample, we used the “picante” package and BMKCloud to calculate Chao1, Simpson diversity, and Shannon’s evenness. Two-way ANOVA and TukeyHSD test in the “agricolae” package was used to analyze the significant differences between groups in soil physicochemical properties and soil bacterial α diversity. Spearman rank correlation coefficient was used to calculate the correlation between soil physicochemical properties and soil bacterial α diversity. Based on the “vegdist” package, we calculated the Bray-Curtis distance matrix between OTUs of different samples, analyze the similarity of 999 permutations (ANOSIM), and PCoA visualization was performed on soil bacteria of different sites and depths. The linear discriminant analysis (LDA) effect size (LEfSe) method was used to identify features with significant differences in bacteria between the three sites and different depths by biomarkers, and evaluate the effect size of each feature with a threshold of 4.0 and a significant α of 0.5. To investigate the relationship between soil properties and bacterial communities, we performed RDA analysis of soil properties and bacterial communities using “vegdist” packs and Mantel tests using the “vegan” and “ggcor_master” packages to infer the potential relationship between microbial community composition and measured soil properties. In order to further study, the effect of soil properties on the differences in bacterial community abundance and phylum, order, and genus levels in different sites, Spearman rank correlation coefficient was used.




Results


Effects of land use types on soil properties

PCoA results showed that soil properties of G, CL10, CL20 and different soil layers were significantly separated, indicating that soil properties of different land use types and different soil layers were significantly different (R2 = 0.86299, p = 0.001; Figure 1). Different land use types had significant effects on soil properties (p < 0.001), soil depth had effects on TP, AP, TK, AK and pH, and years of cultivated land had effects on AN, TP, AP, TK, AK, SOC and EC (Table 1). In the D10 and D20 soil layers, the TN, SOC, pH and C:N of G were the highest (p < 0.05). Compared with G and CL10, the contents of AN and TK in each layer of CL20 were the highest (p < 0.05). The AN, TP, AP, AK and EC of CL10 were the highest (p < 0.05). With the increase of cultivation years, the contents of AN and TK in each soil layer increased (Table 2).
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FIGURE 1
 Principal co-ordinates analysis (PCoA) of soil properties among different land use types and depths.




TABLE 1 Anova analysis of the effects of land use type (LUT), soil depth (Depth) and cultivated land years (Year) on soil properties and bacterial diversity and relative abundance.
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TABLE 2 Effects of different land use types and depths on soil properties.
[image: Table2]



Effects of land use types on soil microbial community diversity and composition

A total of 1,440,225 bacterial sequences were obtained after Illumina high-throughput sequencing of 18 samples from 6 groups of samples, and 1,397,395 effective reads were obtained after filtration and removal of low-quality sequences. The effective sequence length was mainly distributed in the range of 400–450 bp, and the average ratio of effective data to original data was 97.03%, with the maximum value 98.7% and the minimum 94.97%. The Q20 of all samples ranged from 98.84 to 99.03%, with an average of 98.95%. There were 31,094 bacterial OTUs in total, and the OTUs of each sample ranged from 1,519 to 2,442, with an average of 1765, and the homology threshold was 97%. The Good’s Coverage index of all samples was higher than 99.18%, indicating that the sequencing quality was good.

Land use types had significant effects including bacteria Chao1 richness and Shannon’s evenness (p < 0.05), but soil depth and years of cultivated land had no effects including Chao1 richness, Simpson diversity, Shannon’s evenness and Good’s coverage (Table 1). Compared with G, the Chao1 richness and Shannon’s evenness in CL were significantly increased, but there were no significant differences among different years of cultivated land. Overall, grassland reclamation increased bacterial richness and evenness, which were not affected by years of cultivated land (Figure 2; Supplementary Table S1). Spearman rank correlation analysis showed that Chao1 richness was positively correlated with AN, EC and TK, and negatively correlated with pH, TN and C:N. Bacterial Shannon’s evenness was positively correlated with AN and TK, and negatively correlated with pH and TN (Figure 2).

[image: Figure 2]

FIGURE 2
 Effects of different land use types, depths, cultivated land years and soil properties on soil bacterial community diversity[Values are the means ± SEs (n = 3). Different letters represent significant differences between the means (p < 0.05).]


Land use type had a significant effect on bacterial β diversity (p < 0.001), while soil depth and years of cultivated land had no effect on bacterial β diversity (Table 1). Based on the Bray-Curtis distance matrix, we performed PCoA visualization of soil bacteria at different land use types and depths. PCo1 and PCo2 explained 46.51 and 31.14% of the variation in bacterial community composition, respectively (Figure 3). The results of Permanova analysis showed that there were significant differences in bacterial community composition among different land use types (R2 = 0.55142, p = 0.005). Along the directions of PCo1 and PCo2, the bacterial communities in G were far away from those in CL, and the separation of soil bacterial communities between CL10 and CL20 was not significant, indicating that the soil bacterial communities in G and CL were significantly different, and the composition of soil bacterial communities in CL10 and CL20 was similar.

[image: Figure 3]

FIGURE 3
 Principal co-ordinates analysis (PCoA) of bacterial communities under different land use types and depths.


At the phylum level, land use type had a significant effect on the relative abundance of dominant phylum bacteria, while cultivated land year had a significant effect on the relative abundance of Proteobacteria, Chloroflexi, and Nitrospirae, while soil depth had no effect on the relative abundance of dominant phylum bacteria (Table 1). Soil bacterial phyla in CL10 and CL20 had significantly higher relative abundances of Proteobacteria, Gemmatimonadetes and Bacteroidetes, and significantly lower relative abundance of Actinobacteria, Acidobacteria, Verrucomicrobia and Rokubacteria compared with G. However, the relative abundance of Proteobacteria decreased and the relative abundance of Chloroflexi and Nitrospirae increased with the increase of cultivated land years. Acidobacteria was the most abundant dominant phylum in G, and Proteobacteria was the dominant bacterial phylum in CL10 and CL20 (Figure 4; Supplementary Table S2).

[image: Figure 4]

FIGURE 4
 Relative abundance of dominant species in phylum, order and genus level under different land use types and depths.


At the order level, except for Phycisphaerales and Rhizobiales, different land use types had significant effects on the relative abundance of other dominant bacteria. Except for the years of cultivated land had significant effects on the relative abundance of uncultured_bacterium_c_Subgroup_6, soil depth and years of cultivated land had no significant effect on the relative abundance of other dominant bacteria (Table 1). The relative abundance of the top 10 dominant bacteria in all soil samples was greater than 48%. The dominant bacteria with the highest abundance in G-D10, G-D20, CL10-D10, CL10-D20, CL10-D10, CL10-D10, CL10-D20, CL20-D10 and CL20-D20 samples were uncultured_bacterium_c_Subgroup_6 (12.61%), uncultured_bacterium_c_Subgroup_6 (13.31%), Sphingomonadales (9.81%), Sphingomonadales (10.95%), uncultured_bacterium_c_Subgroup_6 (9.78%) and uncultured_bacterium_c_Subgroup_6 (10.38%), respectively. The relative abundance of dominant orders was significantly different between CL and G. The relative abundance of Rokubacteriales, Chthoniobacterales and uncultured_bacterium_c_Subgroup_6 in G was higher than that in CL, however, the relative abundances of Xanthomonadales, Sphingomonadales, Gemmatimonadales and Betaproteobacteriales were lower (Figure 4; Supplementary Table S3).

At the genus level, except uncultured_Bacterium_c_KD4-96 and Gemmatimonas, different land use types had significant effects on the relative abundance of other dominant bacteria. The years of cultivated land had significant effect on the relative abundance of uncultured_Bacterium_C_KD4-96 and uncultured_Bacterium_c_Subgroup_6, while the soil depth had no significant effect on the relative abundance of dominant bacteria (Table 1). The relative abundances of the top 10 dominant genera were greater than 28% in all soil samples. The dominant bacteria with the highest abundance in G-D10, G-D20, CL10-D10, CL10-D20, CL20-D10 and CL20-D20 samples were uncultured_bacterium_c_Subgroup_6 (12.61%) and Uncultured_Bacterium_c_Subgroup_6 (13.31%), uncultured_bacterium_c_Subgroup_6 (9.34%), Sphingomonadales (7.87%), uncultured_bacterium_c_Subgroup (9.78%) and uncultured_bacterium_c_Subgroup_6 (10.38%). Compared with G, the relative abundance of uncultured_bacterium_o_Rokubacteriales, Candidatus_Udaeobacter and RB41 in CL soil was significantly decreased. However, the relative abundances of uncultured_Bacterium_f_Burkholderiaceae, uncultured_bacterium_f_Gemmatimonadaceae and Sphingomonas increased significantly. With the increase of cultivated land years, the relative abundance of uncultured_Bacterium_c_KD4-96 and uncultured_Bacterium_c_Subgroup_6 increased significantly (Figure 4; Supplementary Table S4).

LEfSe was used to identify species with significant differences in abundance in each soil. The results showed that there were 10, 19, 7, 10 and 2 bacterial populations of G-10,G-20,CL10-10, and CL20-20 samples with significant differences, respectively. The species with significant differences in soil abundance were the most abundant in G, indicating that the structure and diversity of bacteria in grassland soil were significantly different from that in CL. It is worth noting that with the increase of cultivated years, the species with significant differences in CL20 decreased significantly, mainly Chloroflexi and Firmicutes (Figure 5).

[image: Figure 5]

FIGURE 5
 Lefse analysis of bacterial communities under different land use types.




Relationships between soil properties and soil bacterial community

Mantel test was used to analyze the relationship between bacterial community composition and soil properties. The results showed that TP, AP, SOC and EC were the main factors affecting the composition of soil bacterial communities (Table 3). This result was further supported by RDA analysis, with the first RDA1 axis and the RDA1 axis explaining 60.08 and 17.58% of the variation in overall bacterial community composition, respectively. RDA results showed that TN was a soil factor that significantly affected bacterial community composition among all soil traits (p = 0.009; Figure 6; Table 4).



TABLE 3 Mantel test of the effects of soil properties on bacteria community composition under different land use types and depths.
[image: Table3]
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FIGURE 6
 Redundancy analysis (RDA) of bacterial community composition and soil properties in different land use types and depths.




TABLE 4 Redundancy analysis (RDA) of the influence of soil properties on bacterial community and bacterial dominant phylum, order and genus levels in different land use types and depths.
[image: Table4]

RDA was used to analyze the relationship between the relative abundance of dominant bacteria at phylum, order and genus level and soil properties. At the phylum level, the first two axes of PDA accounted for 92.01 and 4.13% of the relative bacterial abundance, respectively. At the order level, the first two axes of RDA accounted for 80.75 and 8.35% of the relative bacterial abundance, respectively. At the genus level, the first two axes of RDA accounted for 85.25 and 8.91% of the relative abundance of bacteria, respectively (Supplementary Figure S1). TN was the main factor affecting the relative abundance of dominant bacteria at phylum, order and genus levels (p = 0.005, p = 0.022, p = 0.001; Table 4). Spearman correlation analysis showed that the dominant bacterial phylum Proteobacteria were negatively correlated with TN and pH. Actinobacteria is negatively correlated with AK, EC, AP and TP, while positively correlated with pH. The dominant bacterial order Rokubacteriales were negatively correlated with AK, EC, AP and TP, but positively correlated with pH. Betaproteobacteriales were negatively correlated with EC, AP and TP, but positively correlated with pH. The dominant bacterial genus uncultured_bacterium_c_Subgroup_6 was negatively correlated with EC, AP and TP, but positively correlated with TN, pH and SOC. Sphingomonadales was negatively correlated with AP and TP (Figure 7).

[image: Figure 7]

FIGURE 7
 Spearman correlation analysis was conducted to analyze the correlation between the relative abundance of dominant bacterial groups and soil properties.





Discussion


Effects of land use types on soil properties

Soil properties have high spatial variability among land use types (Jangid et al., 2008; Lauber et al., 2008; Zhang et al., 2020). In our study, we found that the soil properties of G and CL were significantly different. Compared with CL, G had higher SOC content. The reasons for this are, on the one hand, the removal of biomass at harvest time in farmland (Mendez-Millan et al., 2014), and on the other hand, CL is more affected by human activities than grassland, which makes soil loose and plant residues in it easier to decompose (Trivedi et al., 2016). In addition, the conversion from G to CL, due to the extensive use of fertilizers (e.g., urea) and the different uptake of ions by vegetation, crops have a higher uptake of cations, releasing protons (H+) into the soil solution and reducing the pH of the soil (Barak et al., 1997; Kunhikrishnan et al., 2016; Flores-Rentería et al., 2020). This acidification process accelerates soil SOC dissolution. However, regardless of CL or G, the SOC content in this study area is relatively higher than that in other areas. It is well known that low temperatures can hinder rapid mineralization of SOC due to the temperature sensitivity of microbial communities (Feng et al., 2017). In the Yakeshi area of Inner Mongolia, the latitude is high, the average annual temperature is only −1.5°C, and the soil temperature is low for a long time. It is decomposed by microorganisms and becomes nutrients that can be directly absorbed and utilized by plant roots. Therefore, the content of SOC in the soil gradually accumulates. We found that compared with G, the contents of N, P and K in CL were higher, and there were no significant differences in different cultivated years (p > 0.05). Our results were consistent with previous studies (Ahn et al., 2012; Zhang et al., 2014), which may be attributed to the fact that the heavy application of fertilizers in agricultural management measures (such as long-term use of nitrogen fertilizer) offset the loss of nutrients (Ramirez et al., 2010; Rousk et al., 2010; Smith et al., 2015). In addition, a recent meta-analysis also showed that adding one or more crops in field rotation can effectively increase soil N content (McDaniel et al., 2014). With the increase of cultivated years, soil N, P and K contents increased, but pH decreased. The results were consistent with previous studies (Zhang et al., 2014; Zhou et al., 2015), which may be attributed to the accumulation of nutrients caused by long-term application of chemical fertilizers, which acidified the soil (Guo et al., 2010). In addition, it was found that the increase of soil depth and the decrease of soil pH indicated that the plant roots had a higher uptake of cations and released protons (H+) into the soil solution. Kugbe and Issahaku (2015) and Fetene and Amera (2018) also found a strong positive relationship between pH and basic cations. The decrease of basic cations and the increase of H+ decreased the pH of the deep soil. The contents of N, P and K in different soil depths were significantly different, which may be due to the reduction of surface litter accumulation by mowing of grassland and harvesting of cultivated plants.



Effects of land use types on soil microbial diversity and structure

Changes in land use types can directly alter soil physicochemical properties and structure, thereby affecting the diversity of soil microbial communities (Liu et al., 2021). We initially hypothesized that changes in soil properties after grassland reclamation would affect soil microbial community characteristics. Through PCoA analysis, we found that the characteristics of soil bacterial communities were significantly different among the plots. Previous studies have shown that agriculture may reduce soil microbial diversity (Zhang et al., 2020), in contrast, our study found that the richness and diversity of soil bacterial communities increased after grassland reclamation. It is well known that many factors affect soil microbial diversity, such as soil properties (Fierer and Jackson, 2006), land management systems (Carbonetto et al., 2014), and soil vegetation types (Stephan et al., 2000). Soil nutrient limitations in natural grasslands may affect the growth of microorganisms, but the application of fertilizers in agricultural fields creates the possibility for the growth of new species to some extent. At the same time, the regular application of chemical fertilizers in CL also exacerbates the temporal and spatial changes of soil physical and chemical properties, which may also create a certain niche for the growth of microorganisms (Lee-Cruz et al., 2013; Figuerola et al., 2015; Trivedi et al., 2016). In addition, frequent disturbance of the soil environment by certain agricultural practices (such as tillage) in the field actually helps to promote bacterial community diversity and system resilience (Connell, 1978).

Changes in land use types can not only affect microbial diversity, but also effectively shape the structure of soil biota by altering the overall abundance of taxa (Wang et al., 2020). This study found that the abundances of dominant phyla, orders, and genera were significantly different between G and CL, but there was little difference between different cultivated land years. This may be due to the long-term fertilization of cultivated land dominant genera to adapt to the environment. However, both G and CL dominant phyla are Proteobacteria and Acidobacteria, which is consistent with the findings of Zhang et al. (2019). The abundance of Proteobacteria in G was significantly lower than that in CL. Studies have shown that Proteobacteria have various nutritional methods, not only can they maintain their survival through heterotrophic methods, but many special genera can also carry out autotrophic life, such as using photosynthetic pigments to obtain energy from sunlight for metabolism, and energy acquisition methods are diverse. Fertilization allows them to adapt to complex environmental conditions (Mukhopadhya et al., 2012), so soil matrix changes caused by regular fertilization of cultivated land increase the abundance of Proteobacteria in the soil (Goldfarb et al., 2011; Li et al., 2014). Compared with nutrient-rich CL, the abundance of Acidobacteria in G was higher. Acidobacteria is a kind of oligotrophic bacteria, which has unique characteristics of resistance to impoverishment and low temperature, so that it can maintain high metabolic activity under low temperature conditions, the rapid utilization and absorption of OM in the soil. In cold areas, they can rapidly decompose OM by secreting a large number of enzymes related to carbon and nitrogen metabolism (such as β-glucosidase and fibrinose hydrolase, etc.) to obtain energy for their own growth, which is an important dominant bacteria phyla prevalent in cold soil (Yergeau et al., 2010; Peng et al., 2017). In addition, in our study, we found that uncultured_bacterium_c_Subgroup_6 was dominant at the G order and genus level, which is consistent with previous findings (Nacke et al., 2011; Lin et al., 2019). Naether et al. (2012) performed 16S rRNA sequencing on 27 grasslands and 30 woodlands in Germany, indicating that the grassland soils are dominated by the Subgroup_6 subgroup of Acidobacteria. LefSe analysis showed that there were significant differences in the dominant phyla of different land use types, and the species with significant differences in G were significantly higher than those in CL, and the difference became more significant with the increase of cultivated land years. This indicates that the diversity and structure of soil bacteria have been significantly changed after grassland reclamation.



Effects of soil nutrients on soil microbial community

The richness and diversity of different soil microorganisms are related to specific soil properties (George et al., 2019). Numerous studies have shown that soil pH is related to bacterial community composition (Rousk et al., 2010; Zhao et al., 2014). Our correlation showed that the bacterial richness index was positively correlated with AN and TK, and negatively correlated with pH, TN and C:N. The evenness index was positively correlated with AN and TK, and negatively correlated with pH. Since most bacterial groups exhibit relatively narrow growth tolerance, soil pH may directly influence changes in bacterial communities (Rousk et al., 2010). After grassland reclamation, the contents of N, P and K in CL soil were significantly higher than those in G. Soil properties change is a powerful driver of soil microbial diversity (Fierer, 2017; Tripathi et al., 2018). Therefore, the α-diversity of soil bacteria in CL was significantly higher than that in G. In addition, Mantel test showed that the bacterial community was affected by TN content. Studies showed that soil bacteria were affected by TN content and played a key role in the change of community composition and structure (Thomson et al., 2015; Zhou et al., 2015). Soil TN content can directly affect soil microorganisms, or indirectly affect soil microorganisms by changing soil carbon availability, C:N ratio and soil pH (Treseder, 2008; Serna-Chavez et al., 2013). Therefore, TN content may be second only to pH in influencing soil microbial community composition.

In addition, RDA analysis and Spearman correlation analysis showed that the dominant phylum, order and genus were related to the contents of AK, EC, AP, TP and SOC in soil. Studies have shown that soil P content can affect the relative abundance of different bacteria (Chhabra et al., 2012; Tan et al., 2012). For example, P application reduces soil pH, resulting in a decrease in the abundance of acidic bacteria due to a positive correlation between the abundance of acidic bacteria and soil pH (Jones et al., 2009). At the same time, the increase in soil P content resulted in an increase in the relative abundance of proteobacteria and oligotrophic bacteria in soil (Fierer et al., 2012). In this study, we also found that the relative abundance of some dominant bacteria phyla, orders and genera was negatively correlated with soil salinity (EC), which was consistent with previous studies (van Horn et al., 2014; Xie et al., 2017). With the increase of soil salinity, only a limited number of bacterial groups may be able to withstand the considerable pressure placed on microbial cells in high-salinity soils, leading to changes in the relative abundance of different bacteria and community diversity (Rath et al., 2018). In addition, we also found that the dominant genus uncultured_bacterium_c_Subgroup_6 was positively correlated with SOC, TN, C:N and pH, and negatively correlated with AP and TP. Previous studies have shown that c_Subgroup_6 is relatively abundant in soils with high nutrient levels, and there is a linear positive correlation between soil pH and soil carbon content (Fierer et al., 2007; Jones et al., 2009; Navarrete et al., 2010; Liu et al., 2016). However, Navarrete et al. (2015) and Zhang et al. (2021) showed that c_Subgroup_6 was negatively correlated with soil pH. C_Subgroup_6 correlated positively or negatively with soil pH, suggesting that the same subgroup of Acidobacteria may behave differently in different types of soil (Naether et al., 2012). While SOC is a key resource necessary for most terrestrial microbial communities, SOC levels may affect the abundance of soil bacterial facies and the diversity of bacterial communities (Cai et al., 2016). In summary, our study further demonstrates that different bacteria have different sensitivity to different soil properties, and that soil (microenvironment) heterogeneity is a factor that maintains the diversity of soil microbial communities.




Conclusion

In conclusion, our study found that the reclamation of mountainous meadow in Inner Mongolia changed soil properties, and with the extension of tillage time, soil nutrients were lost and fertility decreased. Changes in land use types further lead to differences in microbial communities, and there are significant differences in bacterial diversity and community structure between different years. Soil depth had a significant effect on soil properties, but had no effect on soil bacterial communities. Grassland reclamation increases the diversity of bacterial communities, the relative abundance of Proteobacteria, Gemmatimonadetes and Bacteroidetes increased, while that of Actinobacteria, Acidobacteria, Rokubacteria and Verrucomicrobia decreased. And long-term cultivation increased the relative abundance of Chloroflexi and Nitrospirae, while decreased that of Proteobacteria. In addition, we found that the bacterial community is mainly affected by EC, SOC, AP and TP, and different bacteria are affected by different soil properties, which are the factors that maintain the diversity of soil microbial community. Our results provide important information for further understanding soil microbial community changes caused by soil microenvironment changes, which is of great significance for conservation of soil diversity.
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Fertilizer application is the most common measure in agricultural production, which can promote the productivity of crops such as cucumbers, but the problem of excessive fertilization occurs frequently in solar greenhouses. However, the effects of fertilization levels on cucumber rhizosphere soil microbes and metabolites and their relationships are still unclear. In order to determine how fertilization levels affect the rhizosphere microenvironment, we set up four treatments in the solar greenhouse: no-fertilization (N0P0K0), normal fertilization (N1P1K1), slight excessive fertilization (N2P2K2), and extreme excessive fertilization (N3P3K3). The results showed that fertilization treatments significantly increased cucumber yield compared to no-fertilization, but, the yield of N3P3K3 was significantly lower than that of N1P1K1 and N2P2K2. Fertilization levels had significant effects on rhizosphere microorganisms, and pH, NH4+-N and AP were the main environmental factors that affected the changes in microbial communities. The total PLFAs, the percentages of fungi and arbuscular mycorrhizal fungi (AMF) were significantly reduced and bacteria percentage was significantly increased in N3P3K3 compared to other fertilization treatments. Differential metabolites under different fertilization levels were mainly organic acids, esters and sugars. Soil phenols with autotoxic effect under fertilization treatments were higher than that of N0P0K0. In addition, compared with soil organic acids and alkanes of N0P0K0, N2P2K2 was significantly increased, and N3P3K3 was not significantly different. This suggested that cucumber could maintain microbial communities by secreting beneficial metabolites under slight excessive fertilization (N2P2K2). But under extremely excessive fertilization (N3P3K3), the self-regulating ability of cucumber plants and rhizosphere soil was insufficient to cope with high salt stress. Furthermore, co-occurrence network showed that 16:1ω5c (AMF) was positively correlated with 2-palmitoylglycerol, hentriacontane, 11-octadecenoic acid, decane,4-methyl- and d-trehalose, and negatively correlated with 9-octadecenoic acid at different fertilization levels. This indicated that the beneficial microorganisms in the cucumber rhizosphere soil promoted with beneficial metabolites and antagonized with harmful metabolites. But with the deepening of overfertilization, the content of beneficial microorganisms and metabolites decreased. The study provided new insights into the interaction of plant rhizosphere soil metabolites and soil microbiomes under the different fertilization levels.
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Introduction

With the constantly increasing of greenhouse area in recent years, greenhouse vegetable cultivation has gradually become an important component and future trend in vegetable production (Zhang et al., 2017). However, some problems have also arisen accordingly. One of them is the overuse of fertilizer by farmers to increase agricultural output (Zhang et al., 2012). China accounts for about 9% of global cropland, but consumes more than 30% of the world’s fertilizers (Chen et al., 2019). Excessive fertilization can lead to soil salinization, acidification and groundwater pollution (Tang et al., 2018; Li et al., 2019; Bindraban et al., 2020; Chynoweth et al., 2021). Muhammad et al. (2008) and Yuan et al. (2007) explained that the accumulation of salinity in soil not only has a direct negative impact on crops. It also has a significant inhibitory effect on microbial respiration, resulting in impaired microbial metabolic function and indirectly affecting crop growth. Inappropriate soil inputs had been reported to disturb the balance between beneficial microbes and metabolites and pathogenic microbes and harmful metabolites (Shen et al., 2010; Chen et al., 2019). It was reported that soil microbial communities and soil metabolites composition were closely related to plant–soil health (Reinhold-Hurek et al., 2015; Dong et al., 2018). Therefore, research on how chemical fertilizer application affects soil microorganisms and metabolites in the rhizosphere is crucial for the long-term sustainability of solar greenhouses.

Soil microbes are key drivers of biogeochemical cycles, energy turnover, and plant growth (Mohanram and Kumar, 2019). Microbial diversity is one of the most important soil health indicators (Wang et al., 2020), it varies with plant, season, soil type, and fertilizer management mode (Garbeva et al., 2004; Zhang et al., 2012; Li et al., 2021). The key responses of soil microbiota to fertilizers can be revealed by analyzing microorganisms (Islam et al., 2011). The 10 year field trial results clearly show that long-term nitrogen fertilization affects soil pH, thereby significantly altering most dominant soil bacterial species (Ren et al., 2020). As well as excessive phosphorus fertilizers reduced microbial diversity and significantly altered microbial community structures and compositions, phosphorus levels also interfered with the complexity of soil bacterial and fungal symbiosis networks (Cheng et al., 2022). Moreover, soil metabolomics provides a window into microbial behavior, as the metabolites secreted by microbes and the residual decomposition products of microbes are the main components of the soil metabolome (Jones et al., 2014). Microbial metabolism includes many simultaneous anabolic and catabolic reactions that inform biochemical activities within the entire soil microbiota (Muhammad et al., 2008; Poeplau et al., 2016). Previous studies had shown that fertilization affects the diversity of soil microbial functions (Shen et al., 2010; Hao et al., 2020), and certain microbial metabolic processes, such as carbohydrate and amino acid metabolism (Li et al., 2021).

In addition to the metabolites secreted by microorganisms and the decomposition of microbial residues, root exudates of plants are also the main components of rhizosphere soil metabolites (Badri and Vivanco, 2009; Song et al., 2020; Smercina et al., 2021). Plant roots secrete a large number of low molecular weight and high molecular weight compounds into the surrounding soil, including sugars, organic acids, amino acids and other secondary metabolites. These rhizosphere sediments account for 10% of the plant net photosynthetically fixed carbon (Mohanram and Kumar, 2019). They are important carbon substrates for soil microorganisms near the roots (Wallace, 1994; Yuan et al., 2016), and as signaling molecules to influence the complex interactions between plants and rhizosphere microbes (Badri and Vivanco, 2009; Mohanram and Kumar, 2019; Phour et al., 2020). Plants can secrete root exudates and change root morphology to influence and recruit the specific microbial communities (Reinhold-Hurek et al., 2015; Dong et al., 2018). It was recently found that rhizosphere fungal community assemblage and species coexistence differ from bulk soils, caused by changes in root exudates under different nitrogen inputs (Wang et al., 2022). Therefore, understanding the effects of fertilizer usage on rhizosphere metabolism is helpful to further understand the effects of fertilizer on soil microbial community and its interactions with plants.

In order to clarify the effect of excessive NPK fertilization on soil microorganisms and metabolites, and to provide a basis for reasonable fertilization of cucumbers in solar greenhouse. In this study, the main cultivated crop in solar greenhouse, cucumber was used as the experimental material, and four fertilization levels were set to conduct pot experiments. The aim was to (1) elucidate the effect of excessive chemical fertilizer application on cucumber rhizosphere soil microbial PLFAs and metabolites in solar greenhouse, and to (2) reveal the interaction between microbial communities and metabolites under different fertilization levels.



Materials and methods


Soil preparation and sampling

This experiment was carried out in a solar greenhouse (41°310 N–123°240E) of Shenyang Agricultural University, China. The cucumber variety was “Jinyou 30,” and the soil used in the experiment was garden soil that has never been planted with cucurbit vegetables. The soil chemical properties are as follow: pH = 7.21, soil organic matter (SOM) = 17.8 g kg−1, available N (AN) = 105 mg kg−1, available P (AP) = 112.8 mg kg−1, and available K (AK) = 121.5 mg kg−1, were determined by the Bao’s Method (Bao, 2000). According to the national survey and test results of vegetable fertilization (Li et al., 2019). Four fertilization levels were set in the pot experiment (each pot contained 14 kg air-dried soil), including no-fertilization (N0P0K0), normal fertilization (N1P1K1), slight excessive fertilization (N2P2K2), and extreme excessive fertilization (N3P3K3). The four treatments were implemented in a randomized design with five replications. The specific fertilization amounts were shown in Table 1. Except for the fertilization levels, other cultivation and management measures were the same.



TABLE 1 The amount of fertilizer used in the experiment treatments.
[image: Table1]

The first crop was planted in September 2017, the second in March 2018, and the third in September 2018. In this experiment, samples were collected from the five replicates for each treatment after the third crop. Leaf, stem, and root of cucumber were separated and dried in an oven at 65°C for 48 h until reaching a constant weight for measuring dry weights. The fourth leaf of cucumber was collected for determining photosynthetic pigments according to Lichtenrhaler’s method (Lichtenthaler and Welbum, 1983). Yield was the total fruit fresh weight per plant during cucumber growth. In this study, we took out the entire root system from the pot, after removing the bulk soil around the root system, we use a brush to gently collect the soil attached to the cucumber root. After picking out the plant residues, the soil was sieved through a 2 mm mesh and divided into three subsamples. The first subsample was freeze-dried and stored at −80°C for microbial PLFAs and metabolites measured, the second subsample was placed at 4°C to measure soil enzymes activities, and the third subsamples was air-dried to determine the soil chemical properties.



Soil chemical properties and enzymes activities determination

Soil pH (soil:H2O 1:2.5) was measured with pH meter (sartorius, Germany). SOM was determined by potassium dichromate volumetric method. AP was measured by molybdenum blue spectrophotometry method. AK was determined by atomic adsorption spectrophotometer. The total N (TN) was measured by Kjeldahl method. After the soil digestion with HNO3, HCl and HF, total phosphorus (TP) was determined with an ultraviolet spectrophotometer and total potassium (TK) was determined with atomic absorption flame spectrophotometer (Bao, 2000). NH4+-N and NO3−-N were extracted with 1 mol·L−1 KCl and measured using a continuous colorimetric flow system (Skalar SAN++ system, Netherlands) (Zhou et al., 2010). Urease was measured by indophenol blue colorimetric method. Polyphenol oxidase was determined by iodine titration and neutral phosphatase activities were determined by phenyl disodium phosphate colorimetry (Guan, 1986; Zhang et al., 2011).



PLFA analysis

The microbial PLFAs were measured according to previous methods (Bossio, 1998; Briar et al., 2011). Briefly, lipids were extracted from 8 g of freeze-dried soil using a mixed extract (phosphate buffer:chloroform:methanol mixture, 0.8:1:2, v/v/v), and separated PLFAs from neutral lipids and glycolipids fatty acids using a SPE silica column (Supelco Inc, Bellefonte, PA). Using 19:0 methyl ester as internal standard. PLFAs were measured using gas chromatograph (Agilent 6850 Series, USA) equipped with the Sherlock microbial identification system (MIDI Inc., Newark, USA). Specific PLFA fingers could represent specific microbial communities, and the classification results of PLFAs were shown in Supplementary Table S1 (McKinley et al., 2005; Aciego Pietri and Brookes, 2009; Bach et al., 2010).



Soil metabolite profiling analysis

The soil metabolite extraction method was modified according to Song et al. (2020). Briefly, 1 g freeze-dried soil was placed in 5 ml Eppendorf tube, added 1 ml methanol:H2O = 3:1 (v/v), 1 ml ethyl acetate, and 10 μl 0.5 mg ml−1 adonitol dissolved in deionized water (internal standard) sequentially. Samples were homogenized at 45 Hz for 4 min and sonicated in ice water for 5 min. Then centrifuged at 12000r for 15 min at 4°C. All the supernatants were dried completely in vacuo at 28°C, and then dissolved in 60 μl of methoxylamine hydrochloride (15 mg ml−1 in pyridine) followed by 30 min of incubation at 80°C. Then, 80 μl of BSTFA (with 1% TMCS) was added to each sample and incubated for 90 min at 70°C. Finally, The derivatized sample was analyzed using GC–MS (7890A-5795C, Agilent, Palo Alto, Calif., USA) system equipped with Agilent HP-5MS column (30 m × 250 μm × 0.25 μm). The injection volume was 1 μl, the helium gas flow rate was 1 ml min−1. The injector temperature and ion source temperature were at 250 and 230°C, respectively. The oven program was as follows: the initial temperature was kept at 50°C for 2 min, raised to 120°C at a rate of 5°C min−1, then hold for 2 min at 120°C, increased to 180°C at a rate of 6°C min−1 and hold for 2 min, and finally increased to 250°C at a rate of 4°C min−1 and hold for 12 min.

The quality control (QC) sample was prepared by pooling 10 μl aliquots of all samples to check the stability of the instrument throughout the analysis. Compound identification was performed by mass comparison with NIST 08 (http://www.nist.gov) mass spectrometry library. The detailed classification information of metabolites was shown in Supplementary Table S2.



Statistical analysis

Significant differences in plant growth parameters, soil chemical properties, soil enzymes activities, soil microbial PLFAs and relative abundance of classified soil metabolites among fertilization treatments were examined using one-way analysis of variance (ANOVA) and mean values were compared with Duncan’s multiple range test (p < 0.05) using the SPSS version 19.0 software package (SPSS, Inc., Chicago, IL, United States). The histograms were drawn using origin 2019b. The partial least-square discriminant analysis (PLS-DA) based on metabolomics data were performed using SMICA-P software (version 14.0). The differential metabolites were selected by a variable importance (VIP) > 1 and p < 0.05 (Jia et al., 2019). Using vegan (Oksanen et al., 2013) and ggplot2 (Wickham, 2011) packages to draw redundancy analysis (RDA) and heatmap based on microbial PLFAs data in R v.4.1.0. The correlation and visualization between microbial PLFAs and differential metabolites were performed using R and Cytoscape 3.7.2 software.




Results


Plant growth

Different fertilization levels had an obvious effects on cucumber plant morphology (Figure 1A). Compared with no-fertilization, fertilization led to a significant increase in cucumber yield, and the yield of N1P1K1 and N2P2K2 were significantly higher than that of N3P3K3 (Figure 1B). Fertilization significantly increased the chlorophyll contents in leaves, and the chlorophyll a under N2P2K2 treatment and the chlorophyll b under the N2P2K2 and N3P3K3 treatments were significantly higher than those under the other treatments (Figure 1C). In addition, the plants dry weights under fertilization treatments were significantly higher than those under no-fertilization treatment. However, from N1P1K1 to N3P3K3 treatments, leaf and root dry weights decreased significantly overall (Figure 1D).
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FIGURE 1
 The effects of different fertilization levels on (A) plant images, (B) cucumber yields, (C) leaf photosynthetic pigments, and (D) plant dry weights. Values are means ± SEM (n = 5). Different letters above the bars indicate statistically significant differences at p < 0.05.




Soil chemical properties and enzymes activities

Soil pH decreased significantly, and contents of NH4+-N, NO3−-N, AP, AK, TN, TP and TK significantly increased with the increase of chemical fertilization. In addition, the SOM contents under N3P3K3 treatment were significantly higher than those under the N0P0K0 and N1P1K1 treatments (Table 2).



TABLE 2 The effects of different fertilization levels on soil chemical properties.
[image: Table2]

The effect of different fertilization levels on soil enzyme activities were shown in Figure 2. The activity of polyphenol oxidase decreased first and then increased with the fertilization rates. Among the four treatments, the activity of polyphenol oxidase in N1P1K1 was the lowest and that in N2P2K2 was the highest (Figure 2A). With the increase of fertilization, the activities of urease and neutral phosphatase both increased first and then decreased significantly, and the highest points of enzyme activities were N2P2K2 and N1P1K1, respectively (Figures 2B,C).

[image: Figure 2]

FIGURE 2
 The effects of different fertilization levels on soil enzymes activities. Values are means ± SEM (n = 5). Different letters above the bars indicate statistically significant differences at p < 0.05.




Soil microbial community structure

In this study, total PLFAs first increased and then decreased with fertilization rate, and among the four fertilization treatments, total PLFA was significantly highest under N1P1K1 and lowest under N3P3K3 (Table 3). The percentage of bacteria was significantly higher under N3P3K3 treatment than other treatments. The percentages of fungi and arbuscular mycorrhizal fungi (AMF) were significantly lower under N3P3K3 treatment than other treatments. In addition, the percentages of actinomycetes under N1P1K1 and N2P2K2 treatments were significantly higher than those under N0P0K0 and N3P3K3 treatments (Table 3). A total of 22 PLFAs were detected in rhizosphere soils under different fertilization gradients (Figure 3A). Amongst them, the relative abundance Gram-negative bacteria (16:0, 18:1ω7c, 18:1ω5c and 16:1ω7c), Gram-positive bacteria (i15:0, i17:2ω9c, cy19:0, a15:0 and i16: 0), actinomycetes (10Me16:0), and fungi (18:1ω9c, 16:1ω5c) were all more than 3%, and they accounted for 82.67–83.17% of the total PLFAs. Notably, the relative abundances of 16:1ω5c, 18:1ω7c and 18:1ω9c decreased with increasing fertilizer application (Figure 3A).



TABLE 3 The effects of different fertilization levels on soil total PLFA and percentage of microbial PLFAs.
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FIGURE 3
 The effects of different fertilization levels on soil microbial communities. (A) Heatmap of relative abundance of microbial PLFAs, reddish color indicates increased metabolites content while bluish color indicates decreased metabolites content. (B) Redundancy analysis (RDA) of the rhizosphere microbial PLFAs with soil chemical properties, Significant variables via forward selection are labeled with asterisk (**, and * represent p < 0.01, and 0.05, respectively).


RDA showed that no-fertilization and fertilization treatments were clearly distinguished along the first axis with described 55.75% of variations in the microbial PLFAs. Furthermore, the microbial PLFAs of N1P1K1 and N2P2K2 treatments were clustered together, and along the second axis which described 14.61% of variations significantly distinguished with the N3P3K3 treatment (Figure 3B). With the increment of fertilization, the pH (p = 0.001) decreased significantly, the NH4+-N (p = 0.0464) and AP (p = 0.016) increased significantly, which had the obviously effects on the changes of microbial communities (Figure 3B).



Soil metabolites

A total of 69 metabolites were detected and identified in all treatments, the specific information of soil metabolites listed in Supplementary Table S2. The PLS-DA score plot showed the soil metabolites under four fertilization levels were clearly distinguished, the first and second axis, respectively, described 17.8% and 14.1% of variations in the metabolites (Figure 4), Metabolites were divided into 10 categories according to their molecular structures (Figure 5A). Soil sugars and esters contents were significantly lowest under N3P3K3 treatment than other treatments. The content of organic acids of N2P2K2 treatment was significantly higher than those of N0P0K0, N1P1K1 and N3P3K3 treatments. The content of alkanes under N2P2K2 treatment was significantly higher than those under N0P0K0 and N1P1K1 treatments. In addition, phenols and nitriles contents were significantly higher under fertilization treatments than N0P0K0 treatment, and others content were significantly higher under N3P3K3 treatment compared to N0P0K0 treatment (Figure 5A).
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FIGURE 4
 The partial least squares-discriminant analysis (PLS-DA) of soil metabolites under different fertilization levels.
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FIGURE 5
 (A) Relative abundance of classified metabolites under different fertilization levels. Values are means ± SEM (n = 5). Different letters above the bars indicate statistically significant differences at p < 0.05. (B) Heatmap of differential metabolites under different fertilization levels, reddish color indicates increased metabolites content while bluish color indicates decreased metabolites content, * represent differential metabolites for three fertilization treatments compared to no-fertilization (VIP > 1 and p < 0.05).


The relative abundance of differential metabolites among four fertilization treatments were shown in heatmap (Figure 5B). In our study, the main differential metabolites were organic acids, esters, sugars, etc. Specifically, the relative abundances of formamide, N,N-diethyl-, octanoic acid, decane,4-methyl- and dibutyl phthalate were gradually increased, while the relative abundances of d-trehalose, 2-palmitoylglycerol and 2-methyloctacosane were gradually down-regulated with fertilization addition rates (Figure 5B).



Correlations between the soil metabolism and microbial PLFAs

To further elucidate the relationship between microbial PLFAs and metabolites under different fertilization levels, a correlation network was constructed (Figure 6). There were more negative correlations than positive correlations between soil microbial PLFAs and differential metabolites (22 positive correlations and 27 negative correlations). The most relevant metabolites with microbial PLFAs were oleamide, phosphoric acid and decane,3,8-dimethyl. The microbial PLFAs closely related to metabolites were 18:1ω9c, 18:1ω5c, 16:1ω5c and i17:2ω9c. Specifically, 18:1ω9c was positively correlated with decane,3,8-dimethyl-, 11-octadecenoic acid, benzaldehyde,3,5-dimethyl- and dibutyl phthalate, and negatively correlated with heptadecanenitrile, O-toluic acid, octanoic acid, decane,4-methyl-, acetamide,N,N-diethyl-, oleamide and hexanoic acid. 18:1ω5c was positively correlated with heptadecanenitrile, O-toluic acid and octanoic acid, and negatively correlated with oleamide, hexadecane,7,9-dimethyl- and decane,3,8-dimethyl-. i17:2ω9c was positively correlated with 11-octadecenoic acid and heneicosane, and negatively correlated with formamide,N,N-diethyl-, dibutyl phthalate, oleamide and decane,3,8-dimethyl-. And 16:1ω5c was positively correlated with 2-palmitoylglycerol, hentriacontane, 11-octadecenoic acid, decane,4-methyl- and d-trehalose, and negatively correlated with 9-octadecenoic acid.
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FIGURE 6
 Co-occurrence network of the microbial PLFAs and differential metabolites under different fertilization levels. A connection indicates a strong correlation (spearman correlation analysis, p < 0.05), the stronger the spearman correlation, the thicker the line. The size of each node is proportional to the number of connections, the blue and red lines indicate negative and positive relationships, respectively.





Discussion

Appropriate nutrient inputs in crop production systems can help to increase crop yields. It has been reported that at least 30 to 50% of crop yield can be attributed to commercial fertilizer nutrient inputs (Stewart et al., 2005). In this study, the yields of N1P1K1 and N2P2K2 were significantly increased by 5.69- and 5.40-fold compared to N0P0K0, respectively (Figure 1). Chemical fertilizers are frequently applied in much bigger amounts than crops are actually consumed to improve crop yields. This resulted in excess of N, P and K in the soil, which could cause soil obstacles and affect crop productivity (Dong and Lin, 2020). The results of this study are consistent with this, the cucumber yield of N3P3K3 was much lower than those of N1P1K1 and N2P2K2 (Figure 1).

Excessive fertilization led to soil nutrient accumulation and soil acidification (Table 2). In addition, polyphenol oxidase activity of N2P2K2 was significantly higher than other fertilization treatments (Figure 2A). Polyphenol oxidase is common redox enzyme related to decomposing toxic substances in soil, and plays a role in soil environmental remediation (Fioretto et al., 2000; Borowik et al., 2014; Grosso et al., 2016). It was reported that in addition to adversely affecting the soil, excessive fertilization could stimulate some self-healing abilities of soil, but this ability decreased with the severity of excessive fertilization. Urease and phosphatase were common indicators that were used to evaluate the ability of microorganisms to utilize nitrogen and phosphorus (Adetunji et al., 2017). The urease and neutral phosphatase activities under fertilization treatments were significantly higher than under N0P0K0 treatment (Figures 2B,C), this might be caused by the low soil nutrient content of N0P0K0 treatment. However, the activities of urease and neutral phosphatase of N3P3K3 were significantly lower than those of N2P2K2 and N1P1K1 treatments, indicating that the soil nutrient utilization ability would decrease under excessive fertilization.

Fertilizer addition had a significant effect on rhizosphere microbial PLFAs (Figure 3A). Total PLFAs of N3P3K3 were significantly lower than other treatments (Table 3). This might be related to soil acidification and nitrate accumulation caused by excessive fertilization (Table 2; Figure 3B). It was consistent with previous studies that soil acidification and high salinity stress could negatively impact the composition and function of soil microbial communities, leading to the attenuation of microbial biomass (He et al., 2007; Kamble et al., 2014; Wei et al., 2017; Becker et al., 2020). The majority of bacteria were better suited to nutrient-rich and highly available carbon sources, while fungus appeared to be more capable of utilizing stubborn carbon sources (He et al., 2007; Grosso et al., 2016). Accordingly, as fertilizer input increased, the percentage of bacteria increased, while the percentage of fungi decreased (Table 3). In addition, the percentage of AMF was significantly lower under N3P3K3 treatment than other treatments (Table 3). AMF is a ubiquitous soil microorganism that can form a mutualistic symbiotic relationship with plant roots, transferring immobile phosphorus resources from great distances to the vicinity of roots (Lin et al., 2012). However, in the case of nutrient sufficiency or even overuse, plants do not need to rely on AMF symbiosis to obtain nutrients, so the relative abundance of AMF decreases with the amount of fertilization (Table 3). In the study, the relative abundances of 16:1ω5c, 18:1ω7c, 18:1ω9c decreased with increasing fertilization rates, suggesting that they could serve as main microbial markers sensitive to excessive fertilization (Figure 3A). Similarly, 18:1ω7c (gram-negative bacteria) has been reported to respond negatively to nitrogen addition (Liu et al., 2015).

Soil metabolites are substances produced by plant photosynthesis, secreted by roots into the rhizosphere soil, and transformed by soil microbial communities. Metabolites play important roles in regulating both plant growth and soil microbial communities (Son et al., 2016; Lu et al., 2022). Previous studies have shown that different fertilization levels have significant effects on soil rhizosphere metabolite profiles (Figure 5). Fertilization affects the root morphology and root exudates of grassland plants to improve plant fitness (Lemanski and Scheu, 2014). Phenols are generally considered to be highly active autotoxins. It has been reported that the accumulation of phenols in soil can inhibit the growth and development of plants, which are among the key reasons for continuous cropping obstacles (Deng et al., 2017; Wu et al., 2017). In the study, soil phenol contents were higher under fertilization treatments than that under no-fertilization treatment (Figure 5A), elucidating that fertilizer inputs might accelerate the progression of continuous cropping obstacles. In addition, compared with soil organic acids and alkanes of N0P0K0, N2P2K2 was significantly increased, and N3P3K3 was not significantly different (Figure 5A). Previous report suggested that the secretion of organic acids might be a strategy for plants to recruit beneficial microorganisms in the root zone in response to high N input (Chen et al., 2019). Cucumbers tend to increase disease resistance by secreting more organic acids to aggregate beneficial microorganisms (Wen et al., 2020). Alkanes could fight microbial pathogens and inhibit the reproduction of pathogenic bacteria (Lu et al., 2022). Plants adapt to biotic and abiotic stresses by altering their root-secreted chemicals to aggregate health-promoting microbiomes. This so-called “cry-for-help” hypothesis provides an explanation for the feedback response of rhizosphere soils to stress (Rolfe et al., 2019). Therefore, it was speculated that organic acids and alkanes might play a key role in recruiting rhizosphere growth-promoting bacteria (PGPR) and affecting the microbial communities to alleviate the stress of slight excessive fertilization (N2P2K2). However, in extreme excessive fertilization (N3P3K3), the self-regulation of plants and soils might no longer be able to cope with high salinity stress. Because of high fertilizer input, the underdeveloped root system of crops communicates less efficiently with soil microbial communities. And in the case of poor soil quality, beneficial metabolites in the rhizosphere soil are more likely to be hijacked by parasitic microorganisms and arthropods (Rolfe et al., 2019). In addition, it was worth noting that the content of dibutyl phthalate (DBP) was up-regulated and the content of d-trehalose was down-regulated with fertilizer addition levels (Figure 5B). DBP might threaten the stability of soil microbial communities and functions, sustainable development of agriculture and human health (Xu et al., 2008). Extensive application of chemical fertilizers and pesticides in agriculture might lead to the accumulation of DBP in soil (He et al., 2015). Trehalose as a protective agent could positively affect plant growth and overcome the adverse effects of salt stress (Jain and Roy, 2009; Sadak et al., 2019). However, with the increase of fertilizer input, trehalose content also decreased, which might be related to the decrease in the abundance of nitrogen-fixing microorganisms capable of synthesize trehalose with higher fertilizer application (Garg and Chandel, 2011).

The correlation between rhizosphere microorganisms and metabolites is very important for the homeostasis of soil environment. In the study, it was found that there were more negative correlations than positive correlations between microorganisms and differential metabolites under different fertilization levels (Figure 6). Because rhizosphere metabolites are the most easily consumed and utilized carbon sources by microorganisms (Yuan et al., 2016). In this study, 18:1ω9c, 18:1ω5c, 16:1ω5c and i17:2ω9c in rhizosphere microbial PLFAs were more closely related to metabolites under different fertilization levels (Figure 6). Notably, 16:1ω5c (AMF) is a beneficial microorganism that forms a symbiotic relationship with plant roots (Lin et al., 2012). Its relative abundance decreased significantly with increasing fertilizer inputs (Figure 3A). In this study, AMF was positively correlated with esters (2-palmitoylglycerol), alkanes (hentriacontane, decane,4-methyl-), organic acids (11-octadecenoic acid) and sugars (d-trehalose), and negatively correlated with organic acids (9-octadecenoic acid) (Figure 6). It has been reported that plant esters are most likely transferred from host plants to AMF in the form of 2-palmitoylglycerol (Kameoka et al., 2019), so 2-palmitoylglycerol was significantly positively correlated with AMF. Alkanes was known to be strong resistant to plant pathogens (Lu et al., 2022). 11-Octadecenoic acid has broad-spectrum antibacterial activity, showing dose-dependent antioxidant activity (Alqahtani et al., 2019). And sugars were not only carbon source that utilized by microorganisms, but also modulates the chemotaxis of rhizosphere bacteria (Eilers et al., 2010; Jin et al., 2019). In addition, 9-octadecenoic acid, which was significantly negatively correlated with AMF, had been shown to be autotoxin, affecting germination and seedling growth in wheat and Sinapis arvensis (Tahir et al., 2018). This indicated that with the increase of fertilization amount, the contents of beneficial microorganisms and metabolites in the rhizosphere soil decreased. Excessive fertilization had an adverse effect on the rhizosphere soil environment.



Conclusion

Excessive fertilization led to enrichment of soil nutrients and soil pH decreased. Compared with other treatments, total PLFAs content, arbuscular mycorrhizal fungi (AMF) content and fungi percentage were significantly decreased, while percentage of bacteria was significantly increased under N3P3K3. Compared with soil organic acids and alkanes of N0P0K0, N2P2K2 was significantly increased, and N3P3K3 was not significantly different. In addition, the yield of N1P1K1 and N2P2K2 were significantly higher than that of N3P3K3. This suggested that the fertilization of N1P1K1 was more reasonable, as N2P2K2 did not significantly improve yield. The non-decreased yield of N2P2K2 might be due to the fact that cucumber maintained normal growth and yield by secreting beneficial metabolites (organic acids and alkanes) to alleviate the adverse effects on microorganisms of slight excessive fertilization. The significant decrease in N3P3K3 yield was closely related to the decrease of beneficial microorganisms and metabolites in the rhizosphere soil with the amount of fertilization. These results not only clarified the effect of excessive NPK fertilization on soil microorganisms and metabolites, but also provided a theoretical basis for guiding the rational use of chemical fertilizers and promoting the sustainable development of cucumber production in solar greenhouse.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

SW and TB: data curation. ZS and HF: funding acquisition. SW, TB, TW, and YZ: experiments. SW: writing-original draft. ZS, HF, and MA: writing-review and editing. All authors contributed to the article and approved the submitted version.



Funding

This study was financially supported by the National Key R&D Program of China (2020YFD1000301),China Agriculture Research System (CARS-23-D01), the National Natural Science Foundation of China (31902093) and Shenyang Science and technology project (21109308).



Acknowledgments

The authors would like to thank Muhammad Sohail Khan for his contributions in revising the manuscript.



Conflict 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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1004836/full#supplementary-material



References

 Aciego Pietri, J. C., and Brookes, P. C. (2009). Substrate inputs and pH as factors controlling microbial biomass, activity and community structure in an arable soil. Soil Biol. Biochem. 41, 1396–1405. doi: 10.1016/j.soilbio.2009.03.017

 Adetunji, A. T., Lewu, F. B., Mulidzi, R., and Ncube, B. (2017). The biological activities of beta-glucosidase, phosphatase and urease as soil quality indicators: a review. J. Soil Sci. Plant Nutr. 17, 794–807. doi: 10.4067/S0718-95162017000300018

 Alqahtani, F. Y., Aleanizy, F. S., Mahmoud, A. Z., Farshori, N. N., Alfaraj, R., Al-Sheddi, E. S., et al. (2019). Chemical composition and antimicrobial, antioxidant, and anti-inflammatory activities of Lepidium sativum seed oil. Saudi J. Biol. Sci. 26, 1089–1092. doi: 10.1016/j.sjbs.2018.05.007 

 Bach, E. M., Baer, S. G., Meyer, C. K., and Six, J. (2010). Soil texture affects soil microbial and structural recovery during grassland restoration. Soil Biol. Biochem. 42, 2182–2191. doi: 10.1016/j.soilbio.2010.08.014

 Badri, D. V., and Vivanco, J. M. (2009). Regulation and function of root exudates. Plant Cell Environ. 32, 666–681. doi: 10.1111/j.1365-3040.2008.01926.x

 Bao, S. D. (2000). Soil Agro-Chemical Analyze. China Agricultural Press: Beijing

 Becker, F., Mac Laren, C., Brink, C. J., Jacobs, K., Roux, M. R., and Swanepoel, P. A. (2020). High nitrogen rates do not increase canola yield and may affect soil bacterial functioning. Agron. J. 112, 523–536. doi: 10.2134/agronj2019.05.0359

 Bindraban, P. S., Dimkpa, C. O., and Pandey, R. (2020). Exploring phosphorus fertilizers and fertilization strategies for improved human and environmental health. Biol. Fertil. Soils 56, 299–317. doi: 10.1007/s00374-019-01430-2

 Borowik, A., Wyszkowska, J., Kucharski, M., and Kucharski, J. (2014). Resistance of dehydrogenases, catalase, urease and plants to soil contamination with zinc. J. Elem. 19, 929–946. doi: 10.5601/jelem.2013.18.4.566

 Bossio, S. (1998). Impacts of carbon and flooding on soil microbial communities: phospholipid fatty acid profiles and substrate utilization patterns. Microb. Ecol. 35, 265–278. doi: 10.1007/s002489900082 

 Briar, S. S., Fonte, S. J., Park, I., Six, J., Scow, K., and Ferris, H. (2011). The distribution of nematodes and soil microbial communities across soil aggregate fractions and farm management systems. Soil Biol. Biochem. 43, 905–914. doi: 10.1016/j.soilbio.2010.12.017

 Chen, S., Waghmode, T. R., Sun, R., Kuramae, E. E., Hu, C., and Liu, B. (2019). Root-associated microbiomes of wheat under the combined effect of plant development and nitrogen fertilization. Microbiome 7:136. doi: 10.1186/s40168-019-0750-2 

 Cheng, H., Yuan, M., Tang, L., Shen, Y., Yu, Q., and Li, S. (2022). Integrated microbiology and metabolomics analysis reveal responses of soil microorganisms and metabolic functions to phosphorus fertilizer on semiarid farm. Sci. Total Environ. 817:152878. doi: 10.1016/j.scitotenv.2021.152878 

 Chynoweth, R., Jimenez, D., Liberti, D., Bellon-Dona, D., Carralero-González, A., Crespo-Sempere, A., et al. (2021). First report of cucurbit chlorotic yellows virus infecting cucumber plants in Spain. Plant Dis. 105:2258. doi: 10.1094/PDIS-12-20-2553-PDN 

 Deng, J. J., Zhang, Y. L., Hu, J. W., Jiao, J. G., Hu, F., Li, H. X., et al. (2017). Autotoxicity of phthalate esters in tobacco root exudates: effects on seed germination and seedling growth. Pedosphere 27, 1073–1082. doi: 10.1016/S1002-0160(17)60374-6

 Dong, L., Xu, J., Li, Y., Fang, H., Niu, W., Li, X., et al. (2018). Manipulation of microbial community in the rhizosphere alleviates the replanting issues in Panax ginseng. Soil Biol. Biochem. 125, 64–74. doi: 10.1016/j.soilbio.2018.06.028

 Dong, N.-Q., and Lin, H.-X. (2020). Higher yield with less nitrogen fertilizer. Nat. Plants 6, 1078–1079. doi: 10.1038/s41477-020-00763-3

 Eilers, K. G., Lauber, C. L., Knight, R., and Fierer, N. (2010). Shifts in bacterial community structure associated with inputs of low molecular weight carbon compounds to soil. Soil Biol. Biochem. 42, 896–903. doi: 10.1016/j.soilbio.2010.02.003

 Fioretto, A., Papa, S., Curcio, E., Sorrentino, G., and Fuggi, A. (2000). Enzyme dynamics on decomposing leaf litter of Cistus incanus and Myrtus communis in a Mediterranean ecosystem. Soil Biol. Biochem. 32, 1847–1855. doi: 10.1016/S0038-0717(00)00158-9

 Garbeva, P., Veen, J. A., and Elsas, J. D. (2004). Microbial diversity in soil: selection of microbial populations by plant and soil type and implications for disease suppressiveness. Annu. Rev. Phytopathol. 42, 243–270. doi: 10.1146/annurev.phyto.42.012604.135455 

 Garg, N., and Chandel, S. (2011). The effects of salinity on nitrogen fixation and Trehalose metabolism in Mycorrhizal Cajanus cajan (L.) Millsp plants. J. Plant Growth Regul. 30, 490–503. doi: 10.1007/s00344-011-9211-2

 Grosso, F., Bååth, E., and De Nicola, F. (2016). Bacterial and fungal growth on different plant litter in Mediterranean soils: effects of C/N ratio and soil pH. Appl. Soil Ecol. 108, 1–7. doi: 10.1016/j.apsoil.2016.07.020

 Guan, S. Y. (1986). Study Way of Soil Enzymes. Agriculture Press: Beijing

 Hao, Z., Chen, B., and Li, X. (2020). Relationship between soil chemical properties and microbial metabolic patterns in intensive greenhouse tomato production systems. Arch. Agron. Soil Sci. 66, 1334–1343. doi: 10.1080/03650340.2019.1666369

 He, J. Z., Shen, J.-P., Zhang, L.-M., Zhu, Y.-G., Zheng, Y.-M., Xu, M.-G., et al. (2007). Quantitative analyses of the abundance and composition of ammonia-oxidizing bacteria and ammonia-oxidizing archaea of a Chinese upland red soil under long-term fertilization practices. Environ. Microbiol. 9, 2364–2374. doi: 10.1111/j.1462-2920.2007.01358.x 

 He, L., Gielen, G., Bolan, N. S., Zhang, X., Qin, H., Huang, H., et al. (2015). Contamination and remediation of phthalic acid esters in agricultural soils in China: a review. Agron. Sustain. Dev. 35, 519–534. doi: 10.1007/s13593-014-0270-1

 Islam, M. R., Chauhan, P. S., Kim, Y., Kim, M., and Sa, T. (2011). Community level functional diversity and enzyme activities in paddy soils under different long-term fertilizer management practices. Biol. Fertil. Soils 47, 599–604. doi: 10.1007/s00374-010-0524-2

 Jain, N. K., and Roy, I. (2009). Effect of trehalose on protein structure. Protein Sci. 18:36. doi: 10.1002/pro.3 

 Jia, G., Sha, K., Feng, X., and Liu, H. (2019). Post-thawing metabolite profile and amino acid oxidation of thawed pork tenderloin by HVEF-A short communication. Food Chem. 291, 16–21. doi: 10.1016/j.foodchem.2019.03.154 

 Jin, Y., Zhu, H., Luo, S., Yang, W., Zhang, L., Li, S., et al. (2019). Role of maize root exudates in promotion of colonization of bacillus velezensis strain S3-1 in Rhizosphere soil and root tissue. Curr. Microbiol. 76, 855–862. doi: 10.1007/s00284-019-01699-4 

 Jones, O. A. H., Sdepanian, S., Lofts, S., Svendsen, C., Spurgeon, D. J., Maguire, M. L., et al. (2014). Metabolomic analysis of soil communities can be used for pollution assessment. Environ. Toxicol. Chem. 33, 61–64. doi: 10.1002/etc.2418 

 Kamble, P. N., Gaikwad, V. B., Kuchekar, S. R., and Bååth, E. (2014). Microbial growth, biomass, community structure and nutrient limitation in high pH and salinity soils from Pravaranagar (India). Eur. J. Soil Biol. 65, 87–95. doi: 10.1016/j.ejsobi.2014.10.005

 Kameoka, H., Tsutsui, I., Saito, K., Kikuchi, Y., Handa, Y., Ezawa, T., et al. (2019). Stimulation of asymbiotic sporulation in arbuscular mycorrhizal fungi by fatty acids. Nat. Microbiol. 4, 1654–1660. doi: 10.1038/s41564-019-0485-7 

 Lemanski, K., and Scheu, S. (2014). Fertilizer addition lessens the flux of microbial carbon to higher trophic levels in soil food webs of grassland. Oecologia 176, 487–496. doi: 10.1007/s00442-014-3037-0 

 Li, B. B., Roley, S. S., Duncan, D. S., Guo, J. R., Quensen, J. F., Yu, H. Q., et al. (2021). Long-term excess nitrogen fertilizer increases sensitivity of soil microbial community to seasonal change revealed by ecological network and metagenome analyses. Soil Biol. Biochem. 160:108349. doi: 10.1016/j.soilbio.2021.108349

 Li, J. G., Wan, X., Liu, X. X., Chen, Y., Slaughter, L. C., Weindorf, D. C., et al. (2019). Changes in soil physical and chemical characteristics in intensively cultivated greenhouse vegetable fields in North China. Soil Tillage Res. 195:104366. doi: 10.1016/j.still.2019.104366

 Lichtenthaler, H. K., and Welburn, A. R. (1983). Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents. Biochem. Soc. Trans. 11, 591–592. doi: 10.1042/bst0110591

 Lin, X., Feng, Y., Zhang, H., Chen, R., Wang, J., Zhang, J., et al. (2012). Long-term balanced fertilization decreases Arbuscular Mycorrhizal fungal diversity in an arable soil in North China revealed by 454 pyrosequencing. Environ. Sci. Technol. 46, 5764–5771. doi: 10.1021/es3001695 

 Liu, L., Gundersen, P., Zhang, W., Zhang, T., Chen, H., and Mo, J. (2015). Effects of nitrogen and phosphorus additions on soil microbial biomass and community structure in two reforested tropical forests. Sci. Rep. 5, 1–10. doi: 10.1038/srep14378 

 Lu, S., He, Y. H., Chen, Y. Q., Chen, L. J., Wang, Z. Y., Yuan, J., et al. (2022). Co-analysis of rhizosphere metabolomics and bacterial community structures to unfold soil ecosystem health in Camellia oleifera land under long-term cultivation. Appl. Soil Ecol. 171:104336. doi: 10.1016/j.apsoil.2021.104336

 McKinley, V. L., Peacock, A. D., and White, D. C. (2005). Microbial community PLFA and PHB responses to ecosystem restoration in tallgrass prairie soils. Soil Biol. Biochem. 37, 1946–1958. doi: 10.1016/j.soilbio.2005.02.033

 Mohanram, S., and Kumar, P. (2019). Rhizosphere microbiome: revisiting the synergy of plant-microbe interactions. Ann. Microbiol. 69, 307–320. doi: 10.1007/s13213-019-01448-9

 Muhammad, S., Müller, T., and Joergensen, R. (2008). Relationships between soil biological and other soil properties in saline and alkaline arable soils from the Pakistani Punjab. J. Arid Environ. 72, 448–457. doi: 10.1016/j.jaridenv.2007.06.016

 Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., Ohara, R., et al. (2013). Package ‘vegan’. Community Ecology Package, Version 2, 1–295

 Phour, M., Sehrawat, A., Sindhu, S. S., and Glick, B. R. (2020). Interkingdom signaling in plant-rhizomicrobiome interactions for sustainable agriculture. Microbiol. Res. 241:126589. doi: 10.1016/j.micres.2020.126589 

 Poeplau, C., Herrmann, A. M., and Kätterer, T. (2016). Opposing effects of nitrogen and phosphorus on soil microbial metabolism and the implications for soil carbon storage. Soil Biol. Biochem. 100, 83–91. doi: 10.1016/j.soilbio.2016.05.021

 Reinhold-Hurek, B., Bunger, W., Burbano, C. S., Sabale, M., and Hurek, T. (2015). Roots shaping their microbiome: global hotspots for microbial activity. Global hotspots for microbial activity. Annu. Rev. Phytopathol. 53, 403–424. doi: 10.1146/annurev-phyto-082712-102342 

 Ren, N., Wang, Y., Ye, Y. L., Zhao, Y. A., Huang, Y. F., Fu, W., et al. (2020). Effects of continuous nitrogen fertilizer application on the diversity and composition of Rhizosphere soil bacteria. Front. Microbiol. 11:1948. doi: 10.3389/fmicb.2020.01948 

 Rolfe, S. A., Griffiths, J., and Ton, J. (2019). Crying out for help with root exudates: adaptive mechanisms by which stressed plants assemble health-promoting soil microbiomes. Curr. Opin. Microbiol. 49, 73–82. doi: 10.1016/j.mib.2019.10.003 

 Sadak, M. S., El-Bassiouny, H. M. S., and Dawood, M. G. (2019). Role of trehalose on antioxidant defense system and some osmolytes of quinoa plants under water deficit. Bull. Natl. Res. Cent. 43, 1–11. doi: 10.1186/s42269-018-0039-9

 Shen, W. S., Lin, X. G., Shi, W. M., Min, J., Gao, N., Zhang, H. Y., et al. (2010). Higher rates of nitrogen fertilization decrease soil enzyme activities, microbial functional diversity and nitrification capacity in a Chinese polytunnel greenhouse vegetable land. Plant Soil 337, 137–150. doi: 10.1007/s11104-010-0511-2

 Smercina, D. N., Bowsher, A. W., Evans, S. E., Friesen, M. L., Eder, E. K., Hoyt, D. W., et al. (2021). Switchgrass Rhizosphere metabolite chemistry driven by nitrogen availability. Phytobiomes J. 5, 88–96. doi: 10.1094/Pbiomes-09-19-0055-Fi

 Son, S. Y., Kim, N. K., Lee, S., Singh, D., Kim, G. R., Lee, J. S., et al. (2016). Metabolite fingerprinting, pathway analyses, and bioactivity correlations for plant species belonging to the Cornaceae, Fabaceae, and Rosaceae families. Plant Cell Rep. 35, 1917–1931. doi: 10.1007/s00299-016-2006-y 

 Song, Y., Li, X. N., Yao, S., Yang, X. L., and Jiang, X. (2020). Correlations between soil metabolomics and bacterial community structures in the pepper rhizosphere under plastic greenhouse cultivation. Sci. Total Environ. 728:138439. doi: 10.1016/j.scitotenv.2020.138439 

 Stewart, W., Dibb, D., Johnston, A., and Smyth, T. (2005). The contribution of commercial fertilizer nutrients to food production. Agron. J. 97, 1–6. doi: 10.2134/agronj2005.0001

 Tahir, N., Qader, K., Azeez, H., and Rashid, J. (2018). Inhibitory allelopathic effects of Moringa oleifera Lamk plant extracts on wheat and Sinapis arvensis L. Allelopath. J. 44, 53–66. doi: 10.26651/allelo.j./2018-44-1-1152

 Tang, J., Wang, J. J., Li, Z. Y., Wang, S. N., and Qu, Y. K. (2018). Effects of irrigation regime and nitrogen fertilizer management on CH4, N2O and CO2 emissions from saline-alkaline Paddy fields in Northeast China. Sustainability 10, 475. doi: 10.3390/su10020475

 Wallace, A. (1994). Soil acidification from use of too much fertilizer. Commun. Soil Sci. Plant Anal. 25, 87–92.

 Wang, Q. Q., Liu, L. L., Li, Y., Qin, S., Wang, C. J., Cai, A. D., et al. (2020). Long-term fertilization leads to specific PLFA finger-prints in Chinese Hapludults soil. J. Integr. Agric. 19, 1354–1362. doi: 10.1016/S2095-3119(19)62866-2

 Wang, J., Liao, L., Wang, G., Liu, H., Wu, Y., Liu, G., et al. (2022). N-induced root exudates mediate the rhizosphere fungal assembly and affect species coexistence. Sci. Total Environ. 804:150148. doi: 10.1016/j.scitotenv.2021.150148 

 Wei, M., Hu, G. Q., Wang, H., Bai, E., Lou, Y. H., Zhang, A. J., et al. (2017). 35 years of manure and chemical fertilizer application alters soil microbial community composition in a Fluvo-aquic soil in northern China. Eur. J. Soil Biol. 82, 27–34. doi: 10.1016/j.ejsobi.2017.08.002

 Wen, T., Yuan, J., He, X. M., Lin, Y., Huang, Q. W., and Shen, Q. R. (2020). Enrichment of beneficial cucumber rhizosphere microbes mediated by organic acid secretion. Hortic. Res. 7:154. doi: 10.1038/s41438-020-00380-3 

 Wickham, H. (2011). ggplot 2. Wiley Interdiscip. Rev. Comput. Stat. 3, 180–185. doi: 10.1002/wics.147

 Wu, H., Xu, J., Wang, J., Qin, X., Wu, L., Li, Z., et al. (2017). Insights into the mechanism of proliferation on the special microbes mediated by phenolic acids in the radix pseudostellariae Rhizosphere under continuous monoculture regimes. Front. Plant Sci. 8:659. doi: 10.3389/fpls.2017.00659 

 Xu, G., Li, F., and Wang, Q. (2008). Occurrence and degradation characteristics of dibutyl phthalate (DBP) and di-(2-ethylhexyl) phthalate (DEHP) in typical agricultural soils of China. Sci. Total Environ. 393, 333–340. doi: 10.1016/j.scitotenv.2008.01.001 

 Yuan, B.-C., Li, Z.-Z., Liu, H., Gao, M., and Zhang, Y.-Y. (2007). Microbial biomass and activity in salt affected soils under arid conditions. Appl. Soil Ecol. 35, 319–328. doi: 10.1016/j.apsoil.2006.07.004

 Yuan, H., Zhu, Z., Liu, S., Ge, T., Jing, H., Li, B., et al. (2016). Microbial utilization of rice root exudates: 13C labeling and PLFA composition. Biol. Fertil. Soils 52, 615–627. doi: 10.1007/s00374-016-1101-0

 Zhang, C., Liu, G., Xue, S., and Song, Z. (2011). Rhizosphere soil microbial activity under different vegetation types on the loess plateau, China. Geoderma 161, 115–125. doi: 10.1016/j.geoderma.2010.12.003

 Zhang, Q. C., Shamsi, I. H., Xu, D. T., Wang, G. H., Lin, X. Y., Jilani, G., et al. (2012). Chemical fertilizer and organic manure inputs in soil exhibit a vice versa pattern of microbial community structure. Appl. Soil Ecol. 57, 1–8. doi: 10.1016/j.apsoil.2012.02.012

 Zhang, Z., Gao, Z., Li, S., and Zhao, Y. (2017). The method of distribution network fault location based on improved Dempster-Shafer theory of evidence. In 2017 IEEE PES Asia-Pacific Power and Energy Engineering Conference (APPEEC), 1–5.

 Zhou, J.-B., Chen, Z.-J., Liu, X.-J., Zhai, B.-N., and Powlson, D. S. (2010). Nitrate accumulation in soil profiles under seasonally open ‘sunlight greenhouses’ in Northwest China and potential for leaching loss during summer fallow. Soil Use Manag. 26, 332–339. doi: 10.1111/J.1475-2743.2010.00284.X







 


	
	
TYPE Original Research
PUBLISHED 13 October 2022
DOI 10.3389/fmicb.2022.1016547






Temporal dynamics of total and active root-associated diazotrophic communities in field-grown rice

Xue Luo1, Xianfeng Ye1*, Wenhui Wang1,2, Yang Chen1, Zhoukun Li1, Yanxin Wang1, Yan Huang1,3, Wei Ran4, Hui Cao1 and Zhongli Cui1*


1Key Laboratory of Agricultural Environmental Microbiology, Ministry of Agriculture and Rural Affairs, College of Life Science, Nanjing Agricultural University, Nanjing, China

2School of Life Sciences, Anhui Agricultural University, Hefei, China

3Key Laboratory of Microbial Resources Collection and Preservation, Ministry of Agriculture and Rural Affairs, Beijing, China

4Jiangsu Collaborative Innovation Center for Solid Organic Waste Utilization, College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing, China

[image: image2]

OPEN ACCESS

EDITED BY
 Bin Huang, Tobacco Research Institute (CAAS), China

REVIEWED BY
 Terry Gentry, Texas AandM University, United States
 Jun Murase, Nagoya University, Japan
 Cuong Ho, Vietnam Academy of Science and Technology, Vietnam

*CORRESPONDENCE
 Zhongli Cui, czl@njau.edu.cn, labc_7021@163.com; Xianfeng Ye, yxf@njau.edu.cn 

SPECIALTY SECTION
 This article was submitted to Terrestrial Microbiology, a section of the journal Frontiers in Microbiology


RECEIVED 11 August 2022
 ACCEPTED 23 September 2022
 PUBLISHED 13 October 2022

CITATION
 Luo X, Ye X, Wang W, Chen Y, Li Z, Wang Y, Huang Y, Ran W, Cao H and Cui Z (2022) Temporal dynamics of total and active root-associated diazotrophic communities in field-grown rice. Front. Microbiol. 13:1016547. doi: 10.3389/fmicb.2022.1016547

COPYRIGHT
 © 2022 Luo, Ye, Wang, Chen, Li, Wang, Huang, Ran, Cao and Cui. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Plant-associated nitrogen-fixing microorganisms (diazotrophs) are essential to host nutrient acquisition, productivity and health, but how host growth affects the succession characteristics of crop diazotrophic communities is still poorly understood. Here, Illumina sequencing of DNA- and RNA-derived nifH genes was employed to investigate the dynamics of total and active diazotrophic communities across rhizosphere soil and rice roots under four fertilization regimes during three growth periods (tillering, heading and mature stages) of rice in 2015 and 2016. Our results indicated that 71.9–77.2% of the operational taxonomic units (OTUs) were both detected at the DNA and RNA levels. According to the nonmetric multidimensional scaling ordinations of Bray–Curtis distances, the variations in community composition of active rhizosphere diazotrophs were greater than those of total rhizosphere diazotrophs. The community composition (β-diversity) of total and active root-associated diazotrophs was shaped predominantly by microhabitat (niche; R2 ≥ 0.959, p < 0.001), followed by growth period (R2 ≥ 0.15, p < 0.001). The growth period had a stronger effect on endophytic diazotrophs than on rhizosphere diazotrophs. From the tillering stage to the heading stage, the α-diversity indices (Chao1, Shannon and phylogenetic diversity) and network topological parameters (edge numbers, average clustering coefficient and average degree values) of total endophytic diazotrophic communities increased. The proportions of OTUs shared by the total rhizosphere and endophytic diazotrophs in rhizosphere diazotrophs gradually increased during rice growth. Moreover, total diazotrophic α-diversity and network complexity decreased from rhizosphere soil to roots. Collectively, compared with total diazotrophic communities, active diazotrophic communities were better indicators of biological response to environmental changes. The host microhabitat profoundly drove the temporal dynamics of total and active root-associated diazotrophic communities, followed by the plant growth period.
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 diazotrophs, rhizosphere soil, rice root, community succession, transcription level


Importance

Diazotrophs in the rhizosphere soil and roots of gramineous plants can not only provide nitrogen for host plants through biological nitrogen fixation but be used as potential biological control agents, biological regulators and biodegradation agents. However, the succession patterns of rice rhizosphere and root endophytic diazotrophic communities are still poorly understood. Illumina sequencing results of DNA- and RNA-derived nifH genes revealed that for either total or active diazotrophs, the growth period has a greater effect on the diazotrophic composition than the fertilization regime, and the α-diversity, community composition and co-occurrence networks of rhizosphere and endophytic diazotrophs show different succession patterns. Our study provides novel insights into the temporal dynamics of root-associated diazotrophic diversity and co-occurrence networks in field-grown rice.



Introduction

As a critical macronutrient, nitrogen (N) often limits crop yields in agricultural ecosystems (Pankievicz et al., 2019). Over the past several decades, while chemical fertilizer addition has increased crop production, fertilizer overuse has caused serious environmental damage (Gong et al., 2011; Shahzad et al., 2019). Biological nitrogen fixation (BNF) is a process of reducing atmospheric dinitrogen to biologically available ammonium by nitrogen-fixing bacteria and archaea. BNF with high nitrogen-use efficiency (NUE) is an available and eco-friendly way to provide N for plants (Zhang X. et al., 2015). Previous studies have demonstrated that diazotrophs contribute to crop fitness and productivity through a variety of mechanisms, including enhancing plant nutrient absorption (Baldani et al., 2000), producing plant hormones (Shabanamol et al., 2018) and antimicrobials (Weselowski et al., 2016) and improving abiotic stress tolerance (Naveed et al., 2014). Compared with the increasing knowledge of diazotrophic community composition and metabolic capacity, much less is known about temporal dynamics of diazotrophic communities. Moreover, one of the prerequisites for harnessing plant-associated diazotrophs to maximize crop production is to illustrate their formation and succession processes.

Niche differentiation of microbiome at the rhizosphere soil–root interface has been a hotspot in the study of plant–microbe interactions (Beckers et al., 2017; Shi et al., 2021). For instance, great differences in the rhizosphere, rhizoplane and root endophytic bacterial communities of rice were found, and the α-diversity gradually decreased from the rhizosphere to the rhizoplane and then to the endosphere (Edwards et al., 2015). Root-associated diazotrophs include diazotrophs that colonize the rhizosphere soil (rhizosphere diazotrophs), the rhizoplane (rhizoplane diazotrophs) and the roots (endophytic diazotrophs; Bergholz et al., 2001; Liu et al., 2020). Previous studies have shown that there are large differences in the nifH gene abundance and diazotrophic community between rhizosphere soil and roots of rice (Wartiainen et al., 2008), maize (Berge et al., 1991), wheat (Rilling et al., 2018) and mangrove (Liu et al., 2020) ecosystems. In contrast to the knowledge concerning the microhabitat differentiation of the rhizosphere and endophytic microbiome, a robust understanding of the community composition of the rhizosphere and endophytic diazotrophs in field conditions has remained elusive.

In addition to microhabitat, many biotic and abiotic factors affect the diversity of diazotrophs in agricultural ecosystems, such as growth period (Wang J. et al., 2016), plant genotype (Zhang Y. et al., 2017), fertilization practice (Wang et al., 2017; Lin et al., 2018) and edaphic conditions (Jia et al., 2020). Previous studies revealed that the sampling time played a larger role in influencing the diazotrophic community structures than the host species, planting density and fertilization practice (Wang J. et al., 2016; Xiao et al., 2020). Shifts in diazotrophic community composition with growth period (sampling time) are often correlated with temperature, precipitation and plant developmental conditions, which directly or indirectly regulate the structures of the diazotrophic communities (Orr et al., 2012; Yeager et al., 2012). However, most of the related studies only considered one or a few factors. Thus, we are working on a systematic understanding of how microhabitat, growth period and fertilization regime interactively affect the community composition and co-occurrence networks of root-associated diazotrophs. In addition, the establishment of the rhizosphere and endophytic microbiota is a dynamic process that plants participate in and regulate (Bulgarelli et al., 2013). Previous studies have shown that rice root-associated microbiota dramatically vary at the vegetative stage and stabilize at the reproductive stage (Edwards et al., 2018; Zhang et al., 2018). By using denaturing gradient gel electrophoresis (DGGE) of amplified nifH genes, Monteiro et al. (2011) found that the community composition of rhizosphere diazotrophs varied with the early root growth of vetiver and tended to be stable after 3 months of growth. However, we still know little about the succession processes of rhizosphere and endophytic diazotrophs in paddy fields during rice cultivation.

Certain studies have characterized root-associated diazotrophs using the high-throughput sequencing technique of the DNA-derived nifH gene under different environmental conditions (Shiozaki et al., 2018; Zhou et al., 2021). However, microbes are highly dormant in the environment, and the taxa detected in the DNA libraries include DNA from living or dormant cells as well as extracellular DNA from lysed or degraded cells (Chen et al., 2016; Nagler et al., 2018). Therefore, DNA-derived sequencing analysis can lead to inaccurate interpretation of the sequencing data in the ecological researches (Nawaz et al., 2019). On the contrary, RNA-derived sequencing analysis targets the metabolically active part of the total microflora and would provide more accurate information about the functional microbes (Li et al., 2019). A few studies have shown that the abundance, diversity and community composition of RNA-derived microbial communities were different from those of DNA-derived microbial communities (Baldrian et al., 2012; Cardoso et al., 2017; Li et al., 2017; Yang et al., 2019). De Vrieze et al. (2018) found that the active microbial community more accurately reflected the anaerobic digestion process than the total microbial community. At present, our knowledge concerning active diazotrophic communities remains very limited in paddy rice systems (Wartiainen et al., 2008; Tang et al., 2017). Thus, it is worthwhile to investigate the community of rice root-associated diazotrophs at the transcript level.

Herein, we aimed to compare the diversity and co-occurrence networks of the active (RNA-derived) and total (DNA-derived) diazotrophs and assess how microhabitat, growth period and fertilization regime interactively shape the community composition and succession of rice root-associated diazotrophs. We hypothesized that (1) compared with DNA-derived nifH gene sequencing, RNA-derived nifH gene sequencing more accurately elucidates diazotrophic communities; (2) the growth period has a greater effect on the diazotrophic composition than the fertilization regime, and (3) the community composition and co-occurrence networks of rhizosphere and endophytic diazotrophs might show different succession patterns.



Materials and methods


Field experimental design

The field experiment was located in Jintan city, Jiangsu Province, China (31°39′N, 119°28′E). The station is located in an area with an annual average temperature of 15.3°C and a mean annual precipitation of 1063.6 mm. The soil type was classified as typical Clay loamy Fe-leachic-gleyic-stagnic anthrosol, with a long-term annual rotation of winter wheat (Triticum aestivum L.) and summer rice (Oryza sativa L.; Liu et al., 2015). The fertilization experiment started in 2010 using a randomized block design of four replicates of seventeen fertilization regimes as previously described (Zhao et al., 2014; Supplementary Figure S1A). Cement ridges 30 cm wide and 100 cm deep helped keep blocks separate from one another. Each plot was 40 m2 in area (5 m × 8 m). We chose four fertilization regimes: no fertilization (CK), 100% chemical fertilizers (NPK), 50% chemical fertilizers plus 6,000 kg/ha pig manure (NPKM) and 100% chemical fertilizers plus 8,000 kg/ha crop straw (NPKS). The 100% chemical fertilizer treatment included N (300 kg/ha), P2O5 (120 kg/ha) and K2O (100 kg/ha). In the NPKM treatment, pig manure contained 138 kg/ha N, 78 kg/ha P, 60 kg/ha K, 2724 kg/ha organic matter with moisture content of 29.1% (Liu et al., 2015). In the NPKS treatment, rice straw contained 57.2 kg/ha N, 12.1 kg/ha P, 117.7 kg/ha K, 9086 kg/ha organic matter with moisture content of 30.7%. All P, K, manure fertilizers and crop straw were applied as basal fertilizers before planting, whereas N fertilizers were used as basal fertilizers and supplementary fertilizers (basal fertilizers: tillering supplementary fertilizers: panicle supplementary fertilizers = 4:3:3).



Sample collection

As shown in Supplementary Figure S1B, in 2015, sample collections were performed on 8 July, 1 September and 17 October, corresponding to the rice tillering stage, heading stage and mature stage. Block I, block II and block III were chosen for each time point, and for each fertilization regime, 2 rice plants were randomly collected from the sampling region of each replicate plot. Each plant was a biological replicate. Thus, there were 6 biological replicates per fertilization regime in 2015. The plants were uprooted and immediately transported on ice in a constant-temperature box to the laboratory. The rice plants were shaken to remove the loose soil around the roots, and the remaining soil was collected and thoroughly homogenized as rhizosphere soil samples (Dong et al., 2021). Rhizosphere soil samples collected in 2015 were divided into two parts: part one was air dried, passed through a 2 mm sieve and sent to the Qiyang Red Soil Experimental Station (26°45′N, 111°52′E, Hunan Province, China) for soil chemical analyzes (Sun et al., 2015; Wang W. et al., 2016); part two was stored at −80°C for soil DNA extraction. Soil pH was determined with a glass electrode at a soil/water ratio of 1:2.5. Organic matter (OM) was determined by the potassium dichromate volumetric method (Schollenberger, 1931). Total N (TN) was determined by the Kjeldahl digestion method (Bremner and Mulvaney, 1982). Total P (TP) and total K (TK) were determined by isolated by HF–HClO4 (Jacson, 1958), followed by molybdenum-blue colorimetry and flame photometry, respectively. Alkaline hydrolysis N (AN) was measured using the NaOH pervasion method (Bao, 2000). Available P (AP) was extracted with sodium bicarbonate and determined by the molybdenum blue method (Schollenberger, 1931). Available K (AK) was extracted with ammonium acetate and determined by flame photometry (Dahnke, 1988). Nitrate-nitrogen (NO3-N) and ammonium-nitrogen (NH4-N) were extracted with KCl and analyzed using a continuous flow analytical system (SA1000, Skalar, Netherlands; Wang J. et al., 2019). All chemical analyzes were performed in triplicate for each soil sample. Next, all rice roots of a specific sample were washed with distilled water, cut into 2 ~ 3 cm segments and thoroughly mixed. Subsequently, 50 mg of roots was placed in a sterile Petri dish, sterilized with 75% ethanol for 1 min and 1% NaClO for 4 min, frozen in liquid nitrogen and then stored at −80°C. The last washing solution was plated on a TSA solid medium to detect whether the roots were completely disinfected. The sterilized root samples collected in 2015 were used for DNA extraction.

In 2016, rhizosphere soil and rice root samples were collected on 27 July (tillering stage), 12 September (heading stage) and 25 October (mature stage; Supplementary Figure S1B). For each time point, 4 blocks (blocks I, II, III and IV) were set up for each fertilization regime, and 3 rice plants were randomly collected from the sampling region of each replicate plot and then mixed as a biological replicate. Thus, there were 4 biological replicates per fertilization regime. The preparation methods of rhizosphere soil and root samples in 2016 were in accordance with the methods in 2015. Rhizosphere soil samples collected in 2016 were divided into three parts: part one was used for soil chemical analyzes, and the other two parts were stored at −80°C separately for soil DNA and RNA extraction. Moreover, 50 mg and 100 mg of sterilized root samples were used for DNA and RNA extraction, respectively.



DNA and RNA extraction and nifH Illumina sequencing

According to the manufacturer’s instructions, soil DNA and RNA were extracted using the FastDNA™ SPIN Kit for Soil (MP Biomedical, Irvine, CA, United States) and RNA PowerSoil® Total RNA Isolation Kit (Mo Bio Laboratories, Inc., Carlsbad, CA, United States), respectively. Root DNA and RNA were extracted by the PowerPlant® DNA Isolation kit (Mo Bio) and the RNApure Plant Kit (PD Biotech, Shanghai, China), respectively. The quality of extracted DNA and RNA was evaluated on a 1% agarose gel. Reverse transcription was performed using the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Dalian, China).

DNA-derived and RNA-derived nifH gene Illumina sequencing was performed to elucidate the total and active diazotrophic community composition, respectively. The primers nifH1 (5′-barcode-TGYGAYCCNAARGCNGA-3′) and nifH2 (5’-ADNGCCATCATYTCNCC-3′) were used to amplify the nifH gene (Zehr and Mcreynolds, 1989). The barcodes were eight-base sequences unique to each sample. PCRs were performed in triplicate to minimize PCR bias and contained 4 μl of 5 × FastPfu Buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of each primer (5 μM), 0.4 μl of FastPfu Polymerase and 10 ng of template DNA or complementary DNA (Hong et al., 2015). Purified PCR products were pooled in equimolar amounts and paired-end sequenced (2 × 250 bp) on the Illumina MiSeq platform (Biozeron, Shanghai, China) according to standard protocols. Due to improper operation of root RNA extraction at the tillering stage, reverse transcription and nifH gene sequencing were only performed on the root RNA samples at the heading and mature stages. In total, 120 rhizosphere soil DNA samples, 48 rhizosphere soil RNA samples, 120 root DNA samples and 32 root RNA samples were collected for subsequent nifH gene sequencing. After removing one root DNA sample and one root RNA sample with low sequencing qualities, a total of 318 samples were obtained for further sequence processing.



Sequence processing

Raw FASTQ files were quality filtered with the following criteria: (1) The bases of each read with quality scores <20 were discarded. Only the reads with perfectly matched barcodes, primers with <2 nucleotide mismatches and containing no ambiguous characters were retained. (2) Then, the barcodes and primers were deleted. (3) The remaining forward and reverse reads with at least a 10-bp overlap were combined into a single sequence using FLASH. Combined sequences of less than 250 bp were discarded. The quantified reads were translated into protein sequences, and potential frameshifts were corrected using the FrameBot program1 and the corresponding FunGene database2 (min length = 100 amino acids, hmm = 50%) as a reference (Fish et al., 2013). Reads with in-frame stop codon(s) were manually removed. Then, singletons were removed from the protein reads, and the remaining reads were dereplicated and clustered into operational taxonomic units (OTUs) using the UPARSE pipeline at 90% identity (Lema et al., 2012; Edgar, 2013). Chimeric sequences were then identified and removed using UPARSE in de novo mode. Finally, OTUs that contained one sequence were removed. To assign putative taxonomy, representative sequences were aligned to the closest-match sequences of the FunGene database by BLASTp (Zhang B. et al., 2015).



Statistical analyzes

Richness (Chao1), evenness (Shannon), and phylogenetic diversity (PD) indices were calculated by Mothur software after sequences were normalized. The Venn diagram was analyzed using the online software, Venny.3 Diazotrophic β-diversity was assessed by computing the Bray–Curtis distance matrix and then ordinated using the nonmetric multidimensional scaling (NMDS) ordinations. Differences in the β diversity of diazotrophs were evaluated by analysis of similarity (ANOSIM) based on Bray–Curtis distances in R software (Version 4.0.2) using the vegan library (Clarke, 1993). Extended error bar plots were generated by the Statistical Analysis of Metagenomic Profiles (STAMP)4 to filter the root-enriched biomarkers (Parks et al., 2014). Welch’s two-sided t-test and the CI method (DP Welch’s inverted, Benjamini-Hochberg false discovery rate (FDR) correction, and p-value filter of 0.05) were applied to select genera differing significantly between the rhizosphere soil and root samples. The relative contributions of growth period and fertilization regime to diazotrophic community dissimilarity were tested with permutational multivariate analysis of variance (PERMANOVA) using the Adonis function from the R package “vegan.” PERMANOVA based on Bray–Curtis distances was performed at the OTU level (permutations = 999).

The parametric (Student’s t) test or nonparametric (Wilcoxon’s rank-sum) test was used to compare the Bray–Curtis distances between the diazotrophic communities of samples collected at the mature stage and samples collected at the other growth periods. Sankey diagrams were constructed based on D3.js (v.5.14.2, d3js.org; Ren et al., 2020) to illustrate the flows over time in diazotrophic communities and track the dynamics of individual OTUs among total rhizosphere and endophytic diazotrophic communities. The linear discriminant analysis (LDA) effect size algorithm (LEfSe) analysis was performed (Wilcoxon value of p < 0.05, logarithmic LDA score > 3) to identify biomarkers whose relative abundance significantly changed during rice growth (Segata et al., 2011). The differences in the relative abundances of these identified genera at different growth periods are displayed via heatmaps. Bar plots, box plots and bubble plots were drawn using the “ggplot2” package, and heatmaps was drawn using the “pheatmap” package in R v.4.0.2. The diazotrophic co-occurrence networks at each sampling point were constructed with the “psych” package in R v.4.0.2 based on the OTU tables at a 0.01% relative abundance threshold (Ye et al., 2020), and only robust (Spearman coefficient r > 0.65 or r < −0.65) and statistically significant (FDR corrected p < 0.01) correlations were kept. The networks were visualized in Gephi (Bastian et al., 2009). One-way analysis of variance (ANOVA) was conducted using SPSS 19.0 (SPSS Inc., United States). Post hoc comparisons were performed using Tukey’s HSD test (p < 0.05).




Results


Soil chemical properties

Soil pH, OM, TN, TP, TK, AN, AP, AK, NO3-N and NH4-N were all significantly affected by fertilization regimes (p < 0.05, Supplementary Table S1). The pH values of CK were highest (7.45 ± 0.22), followed by those of NPKM (7.08 ± 0.18), NPK (6.95 ± 0.31), and NPKS (6.74 ± 0.33). The pH values of NPKM were not significantly different from those of NPK and NPKS in 2015 (p > 0.05) but were significantly different from those in 2016 at the tillering and mature stages (p < 0.05). In 2015 and 2016, compared with CK, three fertilization treatments (NPK, NPKM and NPKS) all increased the contents of OM at three growth periods and the contents of TN, TP, AN and AP at the heading and mature stages, except that the content of AN of the NPK treatment was lower than that of CK at the heading stage in 2016. Among four fertilization regimes, the contents of OM, TN, TP, AN, AP and NO3-N of the NPKM treatment were highest at three growth periods, except that the contents of AN of the NPKM treatment were lower than those of the NPKS treatment at the heading stage in 2015 and 2016.



The α-diversity and community composition of total and active diazotrophs

After normalization, each DNA or RNA sample had 22,552 sequences. These sequences were clustered into 706 OTUs at 90% identity, with 643 bacterial OTUs (91.08%), 27 archaeal OTUs (3.82% of reads) and 36 unclassified OTUs (5.10% of reads). In Figure 1A, a total of 507 OTUs (77.17%, representing 99.86% of sequences) were shared between total (DNA-derived) and active (RNA-derived) rhizosphere diazotrophs, and 394 OTUs (71.90%, representing 99.88% of sequences) were shared between total and active endophytic diazotrophs in 2016, indicating that the total and active diazotrophic community composition presented considerable overlap. The Chao1 and PD indices of active diazotrophs (RNA samples) in rhizosphere soil and rice roots were significantly lower than those of the corresponding total diazotrophs (DNA samples) at the same growth period (p < 0.05, Supplementary Table S2). Taxonomic classification showed that fourteen phyla were identified by pooling the nifH DNA and RNA sequences, and the predominant phylum was Proteobacteria (Supplementary Figure S2). The proportions of Proteobacteria in the total and active rhizosphere diazotrophic communities (56.97 and 60.72%, respectively) were lower than those in the total and active endophytic diazotrophic communities (76.10 and 72.48%, respectively).
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FIGURE 1
 Effects of microhabitat on the community composition of total (DNA-derived) and active (RNA-derived) root-associated diazotrophs in 2016. (A) Venn diagrams showing the unique and shared OTUs between DNA and RNA samples in rhizosphere soil (at the tillering, heading and mature stages) and roots (at the heading and mature stages) in 2016. (B) Nonmetric multidimensional scaling (NMDS) ordinations based on the Bray–Curtis distance matrix of the total and active diazotrophic communities in rhizosphere soil and root samples in 2016. (C) Bray–Curtis distances of diazotrophic communities between soil DNA samples, soil RNA samples, root DNA samples or root RNA samples in 2016. Different lowercase letters indicate significant differences between these libraries (p < 0.05, Tukey’s HSD test).




Distinct communities of rhizosphere and endophytic diazotrophs

The α-diversity indices (Chao1, Shannon and PD indices) of total rhizosphere diazotrophs significantly higher than those of total endophytic diazotrophs in 2015 and 2016 (p < 0.05; Supplementary Table S2). The Chao1, Shannon and PD indices of active rhizosphere diazotrophs were significantly higher than those of active endophytic diazotrophs at the heading stage (p < 0.05), but the Chao1 and PD indices of active rhizosphere and endophytic diazotrophs were not significantly different at the mature stage in 2016 (p > 0.05). NMDS ordinations (Figure 1B; Supplementary Figure S3) and ANOSIM (R > 0.959, p < 0.001; Supplementary Table S3) showed strong significant differences in rhizosphere and endophytic diazotrophic communities at the DNA and RNA levels. The Bray–Curtis distances of the total rhizosphere diazotrophic communities were significantly less than those of the total endophytic, active rhizosphere and active endophytic diazotrophic communities in 2016 (p < 0.05, Figure 1C).

As shown in Figure 2; Supplementary Figure S4, the top three classes of total and active rhizosphere diazotrophic communities were Alphaproteobacteria (25.29 and 21.96%, respectively), Deltaproteobacteria (20.65 and 22.76%, respectively) and Betaproteobacteria (8.83 and 13.17%, respectively), and the three dominant classes of total and active endophytic diazotrophic communities were Betaproteobacteria (34.95 and 27.26%, respectively), Gammaproteobacteria (18.51 and 13.02%, respectively) and Alphaproteobacteria (15.37 and 21.91%, respectively). The proportions of “others” (mainly unclassified or uncultured categories) in soil DNA and RNA samples (35.61%) were higher than those in root DNA and RNA samples (18.01%). At the genus level, Bradyrhizobium (23.82%), Geobacter (7.67%), Burkholderia (6.95%), Anaeromyxobacter (4.78%), Desulfovibrio (2.93%) and Dechloromonas (2.84%) were the top six genera of total and active rhizosphere diazotrophic communities, but for total and active endophytic diazotrophic communities, the prevailing genera were Burkholderia (25.61%), Thiorhodospira (9.47%), Bradyrhizobium (8.92%), Rhizobium (6.22%) and Tolumonas (6.12%).
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FIGURE 2
 Community composition of total and active diazotrophs in rhizosphere soil and root samples at the class and genus levels in 2016. The unweighted pair group method with arithmetic mean (UPGMA) dendrogram was constructed based on Jaccard’s similarity coefficient calculated from the OTU table.


STAMP software was used to identify root-enriched diazotrophs (relative abundance >0.1%) whose relative abundances in rice root samples were significantly higher than those in rhizosphere soil samples (p < 0.05). In Supplementary Figure S5, the relative abundances of Burkholderia, Thiorhodospira and Rhizobium in root DNA and RNA samples (25.61, 9.47 and 6.22%, respectively) were significantly higher than those in soil DNA and RNA samples (6.95, 0.24 and 0.15%, respectively) at most sampling points (p < 0.05). However, Bradyrhizobium, Geobacter and Anaeromyxobacter had significantly lower relative abundances in root DNA and RNA samples (8.92, 1.57 and 0.58%, respectively) than in soil DNA and RNA samples (23.82, 7.67 and 4.78%, respectively; p < 0.05).



Diazotrophic communities were shaped more strongly by the growth period than by the fertilization regime

As shown in Supplementary Table S4, the rice growth period had a greater influence on the α-diversity indices (Chao1, Shannon and phylogenetic diversity indices) of total endophytic diazotrophs (PERMANOVA, R2 ≥ 0.51, p < 0.001) than those of total rhizosphere diazotrophs (R2 ≤ 0.26, p < 0.001). The α-diversity indices of the total rhizosphere diazotrophic communities among the three growth stages were not significantly different in 2015 and 2016 (p > 0.05), while the indices of the total endophytic diazotrophic communities significantly increased from the tillering stage to the heading stage (p < 0.05; Supplementary Table S2). From the heading stage to the mature stage, the α-diversity indices of active rhizosphere diazotrophic communities significantly decreased (p < 0.05), while those of active endophytic diazotrophic communities showed no significant difference (p > 0.05).

The NMDS plots (Supplementary Figure S6) and PERMANOVA analysis (Table 1) indicated that compared with the fertilization regime, the growth period was a primary driver of the total and active diazotrophic community composition in each microhabitat in 2015 and 2016. For instance, the variation in the total rhizosphere diazotrophic community composition was mainly explained by the plant growth period (R2 = 0.22, p < 0.001) then by the fertilization regime (R2 = 0.11, p < 0.001) (Table 1). The endophytic diazotrophic community was more distinctly separated according to growth period than the rhizosphere diazotrophic community, at the DNA and RNA levels (Figure 3; Supplementary Figure S7). Moreover, the growth period had a stronger effect on the community of total endophytic diazotrophs (R2 = 0.33, p < 0.001) than that of total rhizosphere diazotrophs (R2 = 0.22, p < 0.001), but fertilization practice had a weaker effect on the community of total endophytic diazotrophs (R2 = 0.05, p < 0.001) than that of total rhizosphere diazotrophs (R2 = 0.11, p < 0.001) (Table 1). Similarly, growth period had a stronger effect on the community of active endophytic diazotrophs (R2 = 0.17, p < 0.001) than that of active rhizosphere diazotrophs (R2 = 0.15, p < 0.001), but fertilization practice had a weaker effect on the community of active endophytic diazotrophs (R2 = 0.14, p < 0.001) than that of active rhizosphere diazotrophs (R2 = 0.1, p > 0.05).



TABLE 1 Effects of growth period, fertilization regime and year on the community composition of rhizosphere and endophytic diazotrophs.
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FIGURE 3
 Effects of growth period on the community composition of total and active root-associated diazotrophs in 2016. NMDS ordinations based on the Bray–Curtis distance matrix of diazotrophic communities in each microhabitat at the DNA and RNA levels in 2016.




Temporal dynamics of diazotrophic community composition

In 2015 and 2016, the Bray–Curtis distances of the total endophytic diazotrophic communities between the heading stage and the mature stage under every fertilization regime (green boxes, 0.49 ± 0.09) were lower than those between the tillering stage and the mature stage (blue boxes, 0.70 ± 0.08; Figure 4; Supplementary Figure S8A). These results indicated that the Bray–Curtis distances of the total endophytic diazotrophic communities decreased, and the total endophytic diazotrophic communities gradually approached similarity during rice growth. However, this pattern was not obvious within the total and active rhizosphere diazotrophic communities. For example, the Bray–Curtis distances of the total rhizosphere diazotrophic communities between the heading and mature stages under every fertilization regime in 2015 and 2016 (0.30 ± 0.08) were lower than those between the tillering and mature stages (0.33 ± 0.07), but the Bray–Curtis distances of the total rhizosphere diazotrophic communities between the heading and mature stages (0.38 ± 0.02) were higher than those between the tillering and mature stages (0.32 ± 0.02) under the CK treatment (Figure 4; Supplementary Figure S8A). Furthermore, the Bray–Curtis distances of the active rhizosphere diazotrophic communities between the heading and mature stages (0.46 ± 0.09) were slightly lower than those between the tillering and mature stages (0.50 ± 0.10) (Figure 4).
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FIGURE 4
 Bray–Curtis distances between the diazotrophic communities of samples collected at the mature stage and samples collected at the other growth periods in each microhabitat at the DNA and RNA levels in 2016. Significance level: p ≥ 0.05, ns; p < 0.05, *p < 0.01, **p < 0.001, ***(Student’s t-test or Wilcoxon’s rank-sum test).


Tracking the changes in total diazotrophic communities at the class level in 2015 (Supplementary Figure S8B) and 2016 (Figure 5A) revealed that the total rhizosphere and endophytic diazotrophic communities showed distinct temporal dynamics at the class level. For instance, the relative abundances of “others” (mainly unclassified or uncultured taxa) in the total rhizosphere diazotrophic communities changed slightly during rice growth, but the relative abundances of “others” in the total endophytic diazotrophic communities markedly increased during rice growth and became gradually closer to those in the total rhizosphere diazotrophic communities. The relative abundances of Betaproteobacteria in the total rhizosphere diazotrophic communities first decreased and then increased over time, but those in the total endophytic diazotrophic communities continued to decrease dramatically (Figure 2; Supplemental Figure S4). The relative abundances of Alphaproteobacteria and Deltaproteobacteria in the total rhizosphere diazotrophic communities changed slightly, but those in the total endophytic diazotrophic communities were obviously enriched (Figure 2; Supplementary Figure S4). Moreover, at the three sampling points (tillering, heading and mature stages) in 2016, the relative abundances of OTUs shared by the total rhizosphere and endophytic diazotrophs (pink flows) accounted for 49.87, 66.71 and 63.14% of the total rhizosphere diazotrophs and 87.52, 80.53 and 78.27% of the total endophytic diazotrophs, respectively. In 2015, the relative abundances of OTUs shared by the total rhizosphere and endophytic diazotrophs accounted for 30.53%, 58.16 and 73.26% of the total rhizosphere diazotrophs and 90.09, 86.09 and 79.20% of the total endophytic diazotrophs, respectively. These results revealed that the proportions of OTUs shared by the total rhizosphere and endophytic diazotrophs in rhizosphere diazotrophs increased gradually, while the proportions in endophytic diazotrophs decreased gradually.
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FIGURE 5
 Temporal dynamics of total diazotrophic community composition in rhizosphere soil and root samples. (A) Root-associated diazotrophic flows during rice growth at the class level in 2016. The far left, middle and far right bars indicate the community composition of rhizosphere and endophytic diazotrophs at the tillering, heading and mature stages, respectively. Different color bars indicate different classes, and the heights of these bars indicate the relative abundances of the classes. Each class and each sample source (total rhizosphere diazotrophs or total endophytic diazotrophs) at the same sampling point were connected using gray bands as background. Pink flows represent variations in the relative abundance of OTUs shared by total rhizosphere and endophytic diazotrophs at each sampling point. The numbers at the top of the pink flows indicate the percentages of the sequence numbers of these shared OTUs in the total sequence numbers of rhizosphere diazotrophs. The numbers at the bottom of the pink flows indicate the percentages of the sequence numbers of these shared OTUs in the total sequence numbers of endophytic diazotrophs. (B) Heatmap displaying the changes in the relative abundances of discriminating genera throughout rice growth in soil and root DNA samples. The color of each large rectangle on the right indicates the square root of the percentage abundance of the genera. The small rectangles on the far left indicate the discriminating genera in soil and root DNA samples at different growth periods.


Moreover, the distinguishing genera that significantly proliferated or were inhibited during the cultivation cycle were filtered using the LEfSe analysis and then displayed via heatmaps (Figure 5B). For total rhizosphere diazotrophs, the relative abundances of Treponema, Chloroherpeton and Paludibacter decreased gradually from the tillering stage to the mature stage, the relative abundances of Oscillatoria and Cyanothece first increased and then decreased significantly (p < 0.05), and the relative abundance of Heliobacterium increased gradually. For total endophytic diazotrophs, the relative abundance of Tolumonas peaked at the tillering stage, the relative abundance of Thiorhodospira and Sulfurospirillum first increased and then decreased significantly (p < 0.05), and the relative abundances of Rhizobium, Desulfovibrio and Geobacter increased gradually.



Temporal dynamics of diazotrophic co-occurrence networks

The network structures of total and active diazotrophs in rhizosphere soil and rice roots changed obviously over time (Figure 6; Supplementary Figure S9). As shown in Table 2, the edge numbers, average clustering coefficient (avgCC) and average degree (avgK) values of the total rhizosphere, active rhizosphere, total endophytic and active endophytic diazotrophic co-occurrence networks all increased from the tillering stage to the heading stage in 2015 and 2016. In the total rhizosphere and endophytic diazotrophic networks, the edge numbers and avgK values exhibited remarkable decreases from the heading stage to the mature stage in 2015 but showed slight differences in 2016. For instance, from the heading stage to the mature stage, the edge numbers and avgK values in the total rhizosphere diazotrophic networks decreased by 40.46 and 45.96%, respectively, in 2015, but these indices increased by 1.32 and 7.01%, respectively, in 2016. From the heading stage to the mature stage in 2016, the edge numbers and avgK values increased by 59.88 and 126.39%, respectively, in the active rhizosphere diazotrophic networks and decreased 75.64 and 65.35%, respectively, in the active endophytic diazotrophic networks.
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FIGURE 6
 Co-occurrence networks of total and active root-associated diazotrophic communities at three growth periods in 2016. Different nodes represent different OTUs. Edges represent Spearman’s correlation relationships. Red solid lines show strong (Spearman’s correlation coefficient r > 0.65) and significant (p < 0.01) positive correlations between the nodes. Blue solid lines show strong (Spearman’s correlation coefficient r < −0.65) and significant (p < 0.01) negative correlations between the nodes. The size of each point represents the node’s weighted degree. Nodes in the eight largest modules are marked with different colors, while other nodes are marked with gray.




TABLE 2 Topological properties of the co-occurrence networks of total and active diazotrophs in the rhizosphere soil and rice roots during three growth periods.
[image: Table2]

According to the co-occurrence networks of total diazotrophs in 2015 and 2016, the node numbers, edge numbers and avgK values decreased from rhizosphere soil to rice roots at the same sampling point (Table 2), which was consistent with the α-diversity results (Supplementary Table S2). The ratios of positive correlations in the total rhizosphere diazotrophic networks (0.57 ± 0.04) were much lower than those in the total endophytic diazotrophic networks (0.83 ± 0.08). The edge number and avgK value of active diazotrophic communities increased from rhizosphere soil to roots at the heading stage but decreased at the mature stage. In addition, the active rhizosphere and endophytic diazotrophic networks had high ratios of positive correlations (≥0.77).




Discussion


Does the DNA-derived diazotrophic community represent the RNA-derived diazotrophic community?

DNA- and RNA-derived sequencing approaches can provide a broad overview of the present and metabolically active microflora in different environments, such as soil (Tang et al., 2017), marine (Cardoso et al., 2017) and biotic (Welsh et al., 2010) environments. Our study revealed that the OTUs shared by total and active rhizosphere diazotrophs accounted for 77.17% of the total OTUs in rhizosphere soil samples, and the OTUs shared by total and active endophytic diazotrophs accounted for 71.90% of the total OTUs in rice root samples (Figure 1A), indicating that the rhizosphere soil and rice roots are “hotspots” for diazotrophic activities. This is reasonable as the rhizosphere is known to be a “hotspot” of microbial ecology and the root–plant–soil interactions (Zhang R. et al., 2017).

In this study, significantly lower α-diversity indices were observed for the active diazotrophs than for the total diazotrophs in rhizosphere soil and rice roots. The differentiation in α-diversity at the DNA and RNA levels was also observed for the plankton-associated diazotrophs (Yang et al., 2019) and rice rhizosphere bacteria (Li et al., 2019). Moreover, compared with total rhizosphere diazotrophs, the community composition of active rhizosphere diazotrophs was more volatile. Previous study on plankton-associated diazotrophs showed that between-community variation in the active diazotrophic communities among different sites was significantly higher than that in the total diazotrophic communities (p < 0.001; Yang et al., 2019). Furthermore, our results showed the differences in the community composition and the topological properties of co-occurrence networks (e.g., edge numbers, avgCC and avgK) of total and active diazotrophs. Taken together, these evidences suggest that there is a discrepancy in the present and actually active diazotrophic communities between the rhizosphere soil and rice roots. Thus, we suggested that DNA-derived and RNA-derived analyzes of diazotrophic communities could be combined in future experiments on the diazotrophic community composition and functional properties.



Community succession of rhizosphere and endophytic diazotrophs

Revealing the formation and succession processes of plant-associated diazotrophs is essential to advance fundamental understandings of the coevolution of plants and diazotrophs and sustainable applications of diazotrophs in agriculture in the future. In this study, compared with the fertilization regime, the growth period was the dominant factor affecting the α-diversity and community composition of total and active root-associated diazotrophs. Further, at both the DNA and RNA levels, the growth period had a greater effect on the endophytic diazotrophic communities than on the rhizosphere diazotrophic communities. Consistently, previous studies on sorghum rhizosphere soil and wheat bulk soil showed that nifH gene abundances and diazotrophic communities were more sensitive to temporal variation (seasonal variation) than to fertilization regime (Hai et al., 2009; Wang J. et al., 2016).

Temporal dynamics of microbial abundance, composition and function has been reported (Silva et al., 2013; Wang W. et al., 2019), but little is known about the succession process of rice endophytic diazotrophic communities. Our study was the first to analyze the succession patterns of rhizosphere and root endophytic diazotrophs using high-throughput sequencing in field-grown rice. Our results demonstrated that there was no significant difference in the α-diversity indices of total rhizosphere diazotrophs among three growth periods, while the α-diversity indices of total endophytic diazotrophs significantly increased from the tillering stage to the heading stage (p < 0.05). Moreover, the edge numbers and avgK of co-occurrence networks of total rhizosphere, total endophytic, active rhizosphere and active endophytic diazotrophs all increased from the tillering stage to the heading stage. Chaparro et al. (2014) found that the community compositions of rhizosphere bacteria at the bolting and flowering stages had no significant difference, but they were distinct from those at the seedling stage. In our study, the Bray–Curtis distances of the total rhizosphere diazotrophic communities were significantly less than those of the total endophytic diazotrophic communities, but the total rhizosphere and endophytic diazotrophic communities separately tended to be similar during rice growth. These results suggest that the rice rhizosphere and endophytic diazotrophs had different patterns of community succession, whereas eventually, their community compositions tended to be similar.

According to the two-stage enrichment model (Bulgarelli et al., 2013), we hypothesized that abundant diazotrophs recruited from paddy soil might colonize and reproduce in rice roots at the vegetative stage. We found supports for this hypothesis: the α-diversity indices (Chao1, Shannon and PD indices) of total endophytic diazotrophs significantly increased from the tillering stage to the heading stage, indicating that more taxa were detected at the heading stage as compared to the tillering stage. The proportions of OTUs shared by soil and root DNA samples in soil DNA samples clearly increased over time, and the proportions of the unclassified or uncultured diazotrophs in root DNA samples markedly increased and became closer to those in rhizosphere soil (Figure 5A; Supplementary Figure S8B). From these results, we speculated that after being transplanted into the field, rice plants continuously recruited new endophytic diazotrophs (including some unclassified or uncultured diazotrophs) from rhizosphere soil, resulting in increasing amounts of the shared OTUs in total rhizosphere diazotrophs. However, the relative abundances of the shared OTUs in total endophytic diazotrophs gradually decreased. We speculated that despite rhizosphere diazotrophs continuously colonizing in the roots, the growth of root-specific endophytic diazotrophs dominated in roots. Considering that root exudation increased with rice growth until panicle initiation and decreased from the flowering period to the mature stage (Aulakh et al., 2001), the community succession of rice endophytic diazotrophs is probably driven by root exudation. However, further studies are needed to investigate the regulatory mechanism of root exudates on endophytic diazotrophic communities.



Host selection effect reduced diazotrophic diversity and network complexity

Microhabitats influenced the α-diversity, β-diversity and network structures of the microbiome in various plants (Roesch et al., 2008; Fan et al., 2018; Yao et al., 2019; Zhang et al., 2020). We found that rhizosphere diazotrophs were more diverse than endophytic diazotrophs. This result is consistent with that seen in maize, where the diazotrophs in rhizosphere soil had greater diversity than those in the roots and stems (Roesch et al., 2008). Our results demonstrated that Alphaproteobacteria and Betaproteobacteria were the dominant classes of the rhizosphere and endophytic diazotrophs, respectively. Previous studies showed that members of the Alphaproteobacteria and Betaproteobacteria were dominant in rice rhizosphere soil and roots (Wu et al., 2009; Shu et al., 2012; Ferrando and Scavino, 2015). Moreover, we selected some root-enriched diazotrophs, which accounted for 46.29% ± 14.93% of the total endophytic diazotrophs and 47.77% ± 13.01% of the active endophytic diazotrophs. Among them, Rhizobium and Burkholderia are common plant endophytic diazotrophs and have been used as plant growth-promoting bacteria (PGPB) and biocontrol bacteria (Gutiérrez-Zamora and Martínez-Romero, 2001; Weber et al., 2007; Govindarajan et al., 2008). It is widely thought that endophytic diazotrophs are capable of fixing N more efficiently than rhizosphere or rhizoplane diazotrophs (Prakamhang et al., 2009). Therefore, we speculate that these root-enriched diazotrophs play important roles in rice growth and development throughout the life cycle of rice.

In recent years, molecular ecological network analysis (MENA) has been widely used to characterize potential interactions such as mutualism, synergy, competition and predation among different species/populations within complex ecological environments (Deng et al., 2012; Morriën et al., 2017). Our study showed that at the DNA and RNA levels, the node numbers, edge numbers and avgK values of rhizosphere diazotrophic co-occurrence networks were greater than those of endophytic diazotrophic co-occurrence networks at the same sampling point (Table 2), indicating that rhizosphere diazotrophs formed larger and more complex networks than endophytic diazotrophs. This result further supported the idea that the host selection effect reduced bacterial network complexity (Xiong et al., 2020). The ratio of positive correlations in total rhizosphere diazotrophic networks was lower than that in total endophytic diazotrophs, suggesting that diazotrophs in rhizosphere soil had more competitive relationships than those in roots. In general, compared with the total endophytic diazotrophs, the total rhizosphere diazotrophs had higher α-diversity, more stable community composition, more complex network structure and more competitive relationships. This could be partly explained by the intensive selection pressures from the host and the specificity of the root microenvironment (Zheng and Gong, 2019; Xiong et al., 2020).




Conclusion

In this study, DNA- and RNA-derived nifH sequencing approaches provided a broad overview of the spatial (microhabitat) and temporal (rice growth period) distribution of present and metabolically active root-associated diazotrophs. Our results demonstrate that there is a discrepancy between the α-diversity, β-diversity and co-occurrence networks of the total and active root-associated diazotrophic communities. From rhizosphere soil to rice roots, the α-diversity and network complexity of total diazotrophic communities decreased, but the ratio of positive correlations in total diazotrophic networks increased. The community composition of total and active root-associated diazotrophs is shaped predominantly by the growth period rather than by the fertilization regime. Moreover, the community composition of the total rhizosphere, active rhizosphere and total endophytic diazotrophs approached similarity separately over time. From the tillering stage to the heading stage, the α-diversity indices and network complexity of the total endophytic diazotrophic communities increased. Overall, our study provides novel insights into the temporal dynamics of root-associated diazotrophic diversity, co-occurrence networks and inters taxa interactions in field-grown rice.
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Integrated soil-crop management (ISCM) has been shown as an effective strategy to increase efficiency and yield while its soil microbial community structure and function remain unclear. We evaluated changes in soil physicochemical factors, bacterial community structure responses, and the contributions of soil properties and bacterial communities to summer maize-winter wheat yield and GHG emissions through an ISCM experiment [T1 (local smallholder farmers practice system), T2 (improved management system), T3 (high–yield production system), and T4 (optimized management system)], which could provide scientific guidance for sustainable development of soil in summer maize-winter wheat rotation system. The results showed that the optimized ISCM could improve the soil quality, which significantly changed the soil bacterial community structure to reduce GHG emissions and increase yield. The co-occurrence network density of T3 was increased significantly. The Acidobacteria (class) and OM190 (class) were enriched in T2 and T4. The Frankiales (order) and Gaiellales (order) were enriched in T3. However, the changes in different crop growth stages were different. At the wheat jointing stage and maize mature stage, T4 could enhance carbon-related functional groups, such as aromatic hydrocarbon degradation and hydrocarbon degradation, to increase the soil organic carbon content. And at the maize tasseling stage, T4 could enhance nitrogen-related functional groups. And soil bacteria structure and function indirectly affected annual yield and GHG emission. T2 and T4 exhibited a similar soil microbial community. However, the yield and nitrogen use efficiency of T2 were reduced compared to those of T4. The yield of T3 was the highest, but the GHG emission increased and soil pH and nitrogen use efficiency decreased significantly. Therefore, T4 was a suitable management system to improve soil quality and soil bacterial community structure and function to decrease GHG emissions and increase the yield of the summer maize-winter wheat rotation system.
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 soil bacterial community, soil characteristics, greenhouse gas emissions, carbon and nitrogen cycle, yield, integrated soil-crop management


Introduction

The increase in yield is important for population growth and food security. However, it is not feasible to increase yield by increasing input (Cui et al., 2018; Meng et al., 2018). If the increase in yield is due to the increase of inputs without considering the environmental cost, these increased inputs will have a devastating impact on the environment, including greenhouse gas (GHG) emissions (Davidson, 2009; Burney et al., 2010), biodiversity loss (Tian et al., 2016), land degradation and freshwater pollution (Diaz and Rosenberg, 2008). There are many problems in northern China’s summer maize–winter wheat rotation system (MWRS), such as high investment, low fertilizer use efficiency, and serious resource waste. Therefore, reasonable agronomic management modes are important to improve the annual yield and fertilizer use efficiency of MWRS, which can ensure food security and protect the environment. Integrated Soil-Crop Management (ISCM) is an integrated management system designed to maximize the use of solar radiation and favorable temperatures and an effective crop management strategy based on “gene × environment × management” and the synchronization of inputs and supplies between soil, environment, and applications at a given site (Chen et al., 2011, 2014; Cui et al., 2018). In addition, the ISCM system is gradually expanded and some studies have confirmed the applicability of this system in the maize, rice, and wheat cropping system in China (Chen et al., 2014; Cui et al., 2018). The previous studies showed that the ISCM system can promote the growth and development of the aboveground parts of the crop, promote root development, improve crop dry matter accumulation, reduce soil N redundancy, and ultimately achieve a synergistic increase in yield and efficiency (Jin et al., 2012; Liu et al., 2017, 2018a,b; Yu et al., 2021, 2022). Our previous research has mostly focused on yield and N efficiency, but crop growth and yield formation cannot be achieved without changes in soil properties. In this study, we studied how changes in soil characteristics and microorganisms affect crop yield formation through ISCM long-term positioning experiments.

Soil microorganisms are the most reactive part of the soil ecosystem, driving soil biochemical processes with their own metabolism (Bernhard et al., 2007) and play an important role in soil carbon and nitrogen cycling and maintaining ecosystem stability (Canfield et al., 2010; Kuypers et al., 2018). The soil microbial community affects many ecosystem processes, including decomposition, nutrient mineralization, and plant nutrient acquisition and growth (Carney and Matson, 2005; Reeve et al., 2010; Talbot et al., 2014; You et al., 2014) and are sensitive to the soil environment changes (Brant et al., 2006). Agronomic management practices regulate the soil microbial community structure and function mainly by influencing soil pH, aggregate size and stability, moisture, organic carbon, and nutrient content (Hansel et al., 2008; Chu et al., 2010; Eilers et al., 2012). Fertilizer inputs, planting diversity, and tillage practices affect soil community structure and function in different ways (Mbuthia et al., 2015; Álvarez-Martín et al., 2016). Soil tillage regulates soil microbial community structure and diversity mainly by affecting soil physicochemical characteristics and microbial habitat (Somova and Pechurkin, 2001; Helgason et al., 2009). Fertilizer regulates soil microbial diversity, activity, quantity, and community structure to alter soil nutrient transformation and ultimately soil nutrient effectiveness (Cui et al., 2018; Ikoyi et al., 2020). Straw, crop roots, and root secretions provide carbon and energy sources for soil microorganisms (Zheng et al., 2015; Zhu et al., 2015; Wang et al., 2019). The ISCM systematically integrated management practices such as tillage practices, straw utilization, planting density, sowing date, fertilizer application and application period, and harvest date. The effects of single agronomic management on soil microbiota have been widely studied. However, how ISCM affects microbial structure and function through soil physicochemical properties and the response of yields and GHG emissions to microbial changes has remained poorly understood. Therefore, it is important to study the mechanisms of ISCM affecting soil quality, yield, and nitrogen use efficiency by investigating soil microorganisms.

Long-term field experiments would provide valuable information for the sustainability of intensive agriculture. In this study, we evaluated the contribution of changes in soil bacterial communities and soil physicochemical characteristics to the annual yield, nitrogen use efficiency, and GHG emission of MWRS based on a long-term ISCM experiment. This study was conducted to investigate (1) the effects of ISCM on soil characteristics, soil bacterial community distribution, and soil microbial functions; (2) the effects of ISCM on the correlations between microbes and environmental factors; and (3) the contributions of soil physicochemical factors and microorganisms to the increase of yield and nitrogen use efficiency and the decrease of GHG emission.



Materials and methods


Plant materials and experimental design

A long-term experimental field was established in 2009 at Da Wenkou Town, Tai’an, China (Supplementary Figure S1). The soil samples were obtained in 2018. The soil is classified as Eutriccambisols (WRB, 2015). This region is a temperate continental monsoon climate. Crops were planted twice a year. Summer maize (“Zhengdan 958,” ZD958) and winter wheat (“Tainong 18,” TN18) were used for experimental material. The treatments were used in a randomized block test design with four replicates, where each plot covered an area of 240 m2, 40.0 m long, and 6.0 m wide.

The field experiments were conducted using the ISCM. In the ISCM, the T1, T2, T3, and T4 methods integrated the cultivation method, planting density, fertilizer application management, and harvest time. The T1 was conducted according to the plant density and fertilizer method of local farmers; winter wheat straw was covered on the ground, and summer maize was no-tillage before sowing. The T2 increased planting density for the two annual crops with straw–returning and rotary tilling, decreased nitrogen fertilizer rate, changed one fertilization to divide fertilization in maize season at jointing stage and tassel stage, increased phosphate fertilizer and potassium fertilizer in wheat season, and, finally, delayed maize harvesting by 10 days to create a higher fertilizer use efficiency and higher yield compared with T1. Based on the T2, we defined the T3 by further increasing the planting density and fertilizer rate for both of the annual crops, increasing nitrogen application time in maize season at the jointing stage, tassel stage, and 1 week after the tassel stage to satisfy the needs of crop growth at high density, and late harvest time to realize super high yield and explore the yield potential in the region, which maximized yields without regard to costs and the fertilizer use efficiency was decreased. Finally, based on the T3, T4 decreased the maize planting density, increased the wheat planting density, decreased the fertilizer rate, and optimized fertilizer time to create synergistic improvements in nitrogen use efficiency and yield. Nitrogen fertilizer (urea, containing 46% N), phosphate fertilizer (calcium superphosphate, containing 17% P2O5), and potassium fertilizer (potassium chloride, containing 60% K2O) were applied to the test. The combination details of the tillage method, plant density, seeding, harvest dates, and fertilizer application are listed in Table 1.



TABLE 1 Cultivation management and fertilizer strategies of different integrated soil-crop managements.
[image: Table1]



Soil sample collection

The 0–30 cm soil was collected by soil auger and was used to determine the soil nutrient content at the jointing stage of wheat, maturity stage of wheat, tasseling stage of maize, and maturity stage of maize using the five-point sampling method in 2018. The five parallel samples were collected for each treatment and were placed in the ice box, and then immediately transported to the laboratory. One part of the soil samples were frozen at −80°C to be used later for DNA extraction and the other was stored at 4°C to determine the soil characteristics.



Soil characteristics

The soil pH (soil: water ratio of 1: 2.5) was determined using a pH electrode (Leici, Shanghai, China). The soil total organic carbon (TOC) was determined via hydration thermal potassium dichromate oxidation. The total nitrogen (TN), total phosphorus (TP), and total potassium (TK) content in the soil was determined after being treated by the H2SO4-H2O2 mixture. And TN and TP were measured by an AA3 continuous flow analyzer (AutoAnalyzer 3, SEAL Analytical GmbH, Norderstedt, Germany). The TK was analyzed by flame atomic spectrophotometry. Alkali-hydrolyzed nitrogen (AN) was measured by the diffusion method. Available phosphorus (AP) was extracted by the Olsen method and was measured by Mo-Sb colorimetric method. Available potassium (AK) was extracted by the ammonium acetate method and was analyzed by flame atomic spectrophotometry.



DNA extraction and Illumina MiSeq sequencing

The EZNATM Soil DNA Kit (Omega, United States) was used to extract the DNA of the soil at a UV-sterilized ultraclean bench. We used 1% (m/v) agarose gel electrophoresis to analyze the eluted DNA samples and used a NanoDrop® ND-1000 UV–Vis spectrophotometer (Thermo Fisher Scientific, United States) to measure the DNA concentration. The V3-V4 hypervariable regions of the bacterial 16S rRNA gene were amplified using Liu et al. (2021) method with the primer (338F 5′- ACTCCTACGGGAGGCAGCAG-3′ and 806R 5′-GGACTACHVGGGTWTCTAAT-3′). Amplification was performed with predenaturation for 3 min at 95°C, followed by 26 cycles of 30 s at 95°C, 30 s at 55°C, and 45 s at 72°C, and final extension for 10 min at 72°C. PCR amplicons were detected by electrophoresis on 2% (w/v) gels, and the Axygen® AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, United States) was used to recover the target fragments. The purified amplicons were sequenced on the Illumina MiSeq PE250 sequencer.



Analysis of the sequencing data

The high-throughput data were preliminarily processed using the method of Liu et al. (2021). And 8,718 OTUs were obtained after clustering after quality control and filtration. The sequence number of different samples was normalized to 25,454 (the sequence number of the fewest sequence) to accurately assess the diversity of the microbial communities. In this study, the subsequent analyzes were based on normalized data. The Shannon-Wiener and rarefaction curves (Supplementary Figure S3) eventually leveled off, which indicated that the sequencing depth was sufficient for subsequent data analysis.



Soil greenhouse gas (GHG) emissions

The detailed N2O, CH4, and CO2 flux measurement procedures are reported in Li et al. (2013) using static chamber gas chromatography (40.0 cm wide, 40.0 cm long, and 20 cm high) with 3 replications. The GHG emissions were measured on the first day after sowing and fertilization subsequent sampling every other day, with measurement performed 1 week later. Adjustments to the sampling dates and frequency were made to include specific events, such as heavy rainfall and fertilization. Forty milliliters of gas were removed from the chamber to a sealed syringe after sealing the chamber at 0, 10, 20, and 30 min between 8:00–11:00 AM. N2O, CH4, and CO2 concentrations were determined by an Agilent GC7890 gas chromatographer (Agilent, California, United States).



Statistical analysis

The α-Diversity (including Shannon, Simpson, Chao 1, and Ace) was calculated by Mothur software1 and β-diversity was calculated by QIIME software.2 Redundancy analysis (RDA) was performed using CANOCO5 software (Microcomputer Power, Ithaca, United States). The LEfSe tool in the online Galaxy/Hutlab3 was used to identify the biomarkers in the different treatments. The psych package in R software was used to perform the co-occurrence network analysis and the Gephi software (g ephi:) was used to perform the visualization of network relationships. The Hmisc package in R software was used to calculate Spearman correlations of soil characteristics, yield, nitrogen use efficiency, GHG emission, and microbial diversity. The TBtools was used to draw the correlation heatmap.4 The C and N cycle-related functions from the bacterial community were predicted using the FAPROTAX (derived from Functional Annotation of Prokaryotic Taxa) database (Louca et al., 2016), which is more suitable for functional annotation prediction of biogeochemical cycling processes (especially carbon, nitrogen, phosphorus, sulfur, and other elemental cycles). Louca et al. (2016) wrote a set of python scripts linking the OTU classification table with the FAPROTAX database, and the 16S-based OTU classification table can be simply passed through the python scripts to output the microbial community function annotation prediction results. The structural equation model (SEM) was used to link the change in soil microorganisms to soil characteristics, GHG emission, and summer maize-winter wheat yield and nitrogen using AMOS software (IBM SPSS Amos 23, SPSS Inc., Chicago, IL, United States) by generalized least squares (GLS) estimation. A one-way ANOVA (SPSS 16.0, SPSS Inc., Chicago, IL, United States) was used to analyze the differences in yield, GHG emissions, and soil characteristics. Significance was determined by Duncan’s test at a 0.05 significance level. The bar and line graphs were plotted using Sigma Plot 12.5. The R software5 was used to draw the boxplots.




Results


Soil characteristics

The ISCM could affect soil characteristics (Figure 1). The TOC content of T2, T3, and T4 was increased compared to that of T1. Take the MS as an example, the TOC content of T2, T3, and T4 was increased by 6.57, 13.61, and 19.59% compared to that of T1, respectively. The pH of T2 and T4 was increased after decreasing nitrogen rate compared with that of T1. However, the large fertilizer of T3 resulted in soil acidification (Figure 1). At MS, the pH of T2 and T4 was increased 4.60 and 3.88% compared to that of T1, respectively, and that of T3 was reduced by 6.69%. The content of TN, TP, and TK was increased with the increase of fertilizer input and those of T3 were the highest among the four treatments (Figure 1). The AP content and AK content of T2 and T4 were increased compared to that of T1. Take the tasseling stage of maize as an example, AP and AK of T2 and T4 were increased by13.31, 10.38 and 13.47%, 55.04% compared to that of T1, respectively. There was no significant difference in AN content between T4 and T1 (Figure 1).
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FIGURE 1
 Effects of integrated soil-crop management on soil characteristics of summer maize-winter wheat. JS, Jointing stage of wheat; MS, maturity stage of wheat; VT, tasseling stage of maize; R6, maturity stage of maize; TOC, soil total organic carbon; TN, total nitrogen; AN, alkali-hydrolyzed nitrogen; TP, total phosphorus, AP, available phosphorus, TK, total potassium, AK, available potassium.




Bacterial α- and β-diversity

The Shannon and 1/simpson indexes showed that the changes in bacterial α-diversity were significant at R6 and were not significant at other stages (Supplementary Figure S4). The principal coordinate analysis (PCoA) showed differences in bacterial β-diversity at OTU level (Supplementary Figure S5). The two main coordinates of PCoA together explained the variation by 85.31, 82.13, 77.74, and 73.37% in bacterial β-diversity at the jointing stage of wheat (JS), maturity stage of wheat (MS), tasseling stage of maize (VT), and maturity stage of maize (R6), respectively. The OTUs of MS, VT, and R6 were separated, indicating that the ISCM could affect the bacterial community significantly (Adnois, p < 0.05).



Bacterial community composition

At the phylum level, Acidobacteria (37.7%) was clearly dominant, followed by Proteobacteria (16.7%), Chloroflexi (15.8%), Actinobacteria (9.2%), Nitrospirae (4.7%), Gemmatimonadetes (4.6%), Firmicutes (2.6%), Bacteroidetes (1.6%), Planctomycetes (1.6%), Latescibacteria (1.5%), and Saccharibacteria (1.3%; Supplementary Figure S6). From phylum to genus, we identified ten biomarkers that showed significant differences in abundance among the four growth stages of the ISCM treatments (Supplementary Figure S7). At the four growth stages, five dominant species were enriched in T2 and T4 (p < 0.05) significantly, such as Acidobacteria (class), OM190 (class), Erysipelotrichaceae (family), Polycyclovorans (genus), and Anaerolineaceae (family). Five dominant species were enriched in T3 significantly, including Frankiales (order), Gaiellales (order), Caulobacteraceae (order), Elev-16S-1,332 (family), and Rhodanobacter (genus). And four dominant species were enriched in T1 significantly, including OM190 (class), Anaerolineaceae (family), Erysipelotrichaceae (family), and Polycyclovorans (genus).



The co-occurrence network

At the genus level, co-occurrence network analysis was different in different growth stages (Figure 2). At the JS stage, the network density, number of edges, and average degree of T1 were the lowest among the four treatments. Optimized ISCM could increase the network density of microorganisms in descending order as T3 (0.257) > T4 (0.253) > T2 (0.235; Figure 2A and Supplementary Table S1). At the MS stage, the network density of T3 was highest, 0.310, followed by T2 (0.263), T1 (0.241), and T4 (0.224); the number of edges and average degree showed the same trend (Figure 2B and Supplementary Table S1). At the VT stage, the network density among the four treatments was more than 0.240, which were 0.264 (T1), 0.247 (T2), 0.293 (T3), and 0.254 (T4) respectively, but the proportion of positive edges and average clustering coefficient of optimized ISCM were increased, which showed that T3 > T4 > T2 > T1 (Figure 2C and Supplementary Table S1). At the R6 stage, the network density, number of edges, and average degree of T1 were the highest among the four treatments (Figure 2D and Supplementary Table S1).
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FIGURE 2
 Co-occurrence network analysis in integrated soil-crop management. (A) Jointing stage of wheat; (B) maturity stage of wheat; (C) tasseling stage of maize; (D) maturity stage of wheat.




Functional characteristics of microorganisms

A total of 13 carbon cycle-related functional groups were annotated, such as xylanolysis, fumarate respiration, cellulolysis, aromatic compound degradation, and chitinolysis (Figure 3). The relative abundance of methylotrophy, methanol oxidation, aromatic hydrocarbon degradation, fumarate respiration, and hydrocarbon degradation of T4 treatment were significantly increased at the JS stage, compared to T1 (p < 0.05; Figure 3). The relative abundance of aliphatic non-methane hydrocarbon degradation, aromatic hydrocarbon degradation, hydrocarbon degradation, and xylanolysis of T1 treatment were significantly increased at MS and VT stages, compared to T4. At R6, the relative abundance of aromatic hydrocarbon degradation and hydrocarbon degradation of T4 treatment was significantly increased compared with that of T1.

[image: Figure 3]

FIGURE 3
 Carbon cycle-related functions of the bacterial communities as predicted by FAPROTAX. AHD, aromatic hydrocarbon degradation; ACD, aromatic compound degradation; ANMHD, aliphatic non-methane hydrocarbon degradation. Different letters represent significant differences (p < 0.05). JS, jointing stage of wheat; MS, maturity stage of wheat; VT, tasseling stage of maize; R6, maturity stage of wheat.


A total of 15 nitrogen cycle-related functional groups were annotated, including aerobic nitrite oxidation, nitrification, aerobic ammonia oxidation, nitrate reduction, nitrogen respiration, and ureolysis (Figure 4). At JS and MS stages, the relative abundance of nitrogen cycle-related functional groups under T3 treatment was decreased compared to that of T4 and T1. However, T3 treatment increased the relative abundance of ureolysis and nitrogen fixation at VT and R6 (Figure 4). At VT, T4 increased the relative abundance of aerobic nitrite oxidation and nitrification and T1 increased the relative abundance of nitrate reduction and ureolysis among the four treatments. At other growth stages, T4 treatment and T1 treatment showed similar patterns in most nitrogen-related functional groups (Figure 4).
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FIGURE 4
 Nitrogen cycle-related functions of the bacterial communities as predicted by FAPROTAX. Different letters represent significant differences (p < 0.05). JS, jointing stage of wheat; MS, maturity stage of wheat; VT, tasseling stage of maize; R6, maturity stage of wheat.




The correlations between environmental factors and microorganisms

At JS, the RDA explained the variation by 42.2% of the soil bacterial community (Figure 5). The AK (explanation rate = 9.4%) had the greatest effect on soil bacteria, followed by AP, pH, TK, and TOC. At MS, the RDA explained the variation by 48.6% of the soil bacterial community. The TN (explanation rate = 9.6%) had the greatest effect on the soil bacteria, followed by pH, TOC, and AP. The RDA explained the variation by 61.5% of the soil bacterial community at VT. The pH, TN, AP, and TOC significantly affected the soil bacterial community (p < 0.05). At R6, the explanation rate of RDA was 52.2%. AN, AK, and TK had great effects on the bacterial community structure, and the explanation rates were 12.6%, 12.45, and 10.8%, respectively, followed by TN.
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FIGURE 5
 RDAs between the bacterial community of all OTUs with soil characteristics. JS, jointing stage of wheat; MS, maturity stage of wheat; VT, tasseling stage of maize; R6, maturity stage of wheat; TOC, soil total organic carbon; TN, total nitrogen; AN, alkali-hydrolyzed nitrogen; TP, total phosphorus, AP, available phosphorus, TK, total potassium, AK, available potassium.


Spearman correlation analyzes showed that the pH and AP were significantly positively correlated with the Shannon, Chao1, and Ace indexes at MS; the AN was significantly positively correlated with the Shannon indexes; the Ace index was significantly negatively correlated with dry matter accumulation and GHG emission; most of the different biomarker showed significant correlation with pH, AK, AP, dry matter accumulation, and GHG emission; Gemmatimonadetes were significantly negatively correlated with pH and significantly positively correlated with AP and AK (Figure 6). At R6, bacterial diversity, Shannon, and 1/Simpson indexes were significantly positively correlated with GHG emission and significantly negatively correlated with nitrogen use efficiency; most of the different biomarkers showed significant correlation with soil characteristics, GHG emission, and PFPN; Firmicutes were significant correlation with soil characteristics; Acidobacteria and Gemmatimonadetes were significantly positively correlated with TN; Planctomycetes were significantly positively correlated with nitrogen use efficiency and significantly negatively correlated with GHG emission (Figure 6).
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FIGURE 6
 Spearman correlation heat maps of environmental factors and bacterial diversity, different biomarkers, and abundant phylum. Red represents a positive correlation, and blue represents a negative correlation (*p < 0.05; **p < 0.01; ***p < 0.001). MS, maturity stage of wheat; R6, maturity stage of wheat; DM, dry matter of crop; PDM, population dry matter of crop; PFP, N partial factor productivity; NAE, N agronomic efficiency; TOC, soil total organic carbon; TN, total nitrogen; AN, alkali-hydrolyzed nitrogen; TP, total phosphorus, AP, available phosphorus, TK, total potassium, AK, available potassium.




The structural equation model (SEM)

SEM analyzed the effect of ISCM on soil characteristics, soil bacteria, GHG emission, nitrogen use efficiency, and annual yield, which explained 29% of the variation in nitrogen use efficiency and summer maize-winter wheat annual yield, 12% of the variation in soil bacteria, and 36% of the variation in GHG emission (Figure 7). The N2O and CH4 emission of T4 significantly reduced compared to that of T1 (Figure 7 and Supplementary Figure S2). However, the N2O and CO2 emission of T3 was highest. The soil nutrient levels of ISCM treatments directly affected the annual yield and nitrogen use efficiency of summer maize-winter wheat (λ: 0.68, p < 0.001) and soil bacteria (λ: 0.35, p < 0.05) by changing the soil nutrient status. The influence of soil nutrients on GHG emissions (λ: −0.60, p < 0.001) was indirectly mediated by soil bacteria (λ: −0.35, p < 0.01).
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FIGURE 7
 The value above the structural equation model (SEM) line represents the path coefficient. The red line represents the positive path coefficient, and the blue line represents the negative path coefficient (***p < 0.001; **p < 0.01; *p < 0.05). JS, jointing stage of wheat; MS, maturity stage of wheat; VT, tasseling stage of maize; R6, maturity stage of wheat; DM, dry matter of crop; PDM, population dry matter of crop; PFP, N partial factor productivity; NAE, N agronomic efficiency.





Discussion


ISCM improves the soil nutrition

Soil physicochemical characteristics can evaluate soil quality. The tillage practices (Coulibaly et al., 2022), straw return (Huang et al., 2021), fertilization practices (Zhao et al., 2021), and cropping patterns (Gikonyo et al., 2022) can significantly affect soil physicochemical properties. Increasing the content of effective soil N, P and K can improve crop yield (Gondwe et al., 2020). Optimized integrated soil-crop management matches nutrient supply and crop demand quantitatively and synchronizes them temporally through regulating planting density and fertilization management to ensure fertilizer availability. Increasing the amount of available soil nitrogen, phosphorus and potassium can increase crop quality and yield (Gondwe et al., 2020). However, long-term over-fertilization can lead to soil acidification (Bhattacharyya et al., 2015), which was also confirmed in our study. However, the excessive fertilization of T3 resulted in a decrease in pH and soil acidification and an increase in GHG emissions (Supplementary Figure S2), which resulted in the reduction of nitrogen use efficiency. Optimized ISCM could increase pH by reducing fertilizer rate, increase the soil nutrient effectiveness, and decrease soil bulk density (Liu et al., 2017). The T3 treatment had the largest amount of straw returned to the field, but soil TOC did not increase proportionally and was significantly lower compared to that of the T4 treatment. This may also be related to the decrease in pH of T3 treatment. Higher soil pH is strongly associated with higher carbon utilization (Zhang et al., 2020). The lower pH of the T3 treatment may reduce carbon utilization (Zhang et al., 2020). And soil acidification leads to soil organic carbon loss and increases CO2 emissions from the soil (Jin and Wang, 2018). This is also one of the important reasons for the decrease in soil TOC and the increase in CO2 emission in T3 treatment. Optimized ISCM could increase soil TOC storage by returning straw in both summer maize-winter wheat seasons (Figure 1). Soil acidification and improved soil nutrition were reduced by optimizing ISCM, which increased the yield of double cropping of summer maize and winter wheat. This provides an environmentally preferable direction for sustainable production of soil.



ISCM improves community composition and function of soil microorganisms

The ISCM could affect soil microorganism community composition and function, but the effect was different in the different crop growth stages. Optimized ISCM significantly enriched Acidobacteria (class), OM190 (class), Erysipelotrichaceae (family), and Polycyclovorans (genus). The Acidobacteria and the Aspergillus are abundant in soil (Hugenholtz et al., 1998; Barns et al., 1999) and are important members of the soil microorganisms, which have many genes encoding cellulases and hemicellulases to degrade plant residues (Kanokratana et al., 2011). They play an important role in soil material cycling and ecosystem construction (Eichorst et al., 2011; Pankratov et al., 2011). The enrichment of Acidobacteriad in T4 promoted the decomposition of straw (Supplementary Figure S6). Soil pH is an important factor in determining the structure of microbial communities and is the key driver to shaping microbial community structure, diversity, and composition (Jones et al., 2019). The lower pH of the T3 treatment may increase Al toxicity in the soil (Pietri and Brookes, 2008), which in turn affected some soil carbon cycling microbial activity, such as methanol oxidation and methylotrophy, and reduced biomass carbon conversion, resulting in lower soil TOC with high carbon input compared to the T4 treatment. In addition, the straw of winter wheat in T4 was returned to the field and the number of microorganisms related to the carbon cycle was increased (Figure 3), which further promoted the decomposition of straw in the soil and contributed to the increase in soil organic carbon content. The Actinomycetes can degrade a large number of organic compounds, which be significantly affected by soil pH (Fierer et al., 2014). In contrast, the enrichment of Frankiales and some bacilli in the T3 treatment (Supplementary Figure S6) may be related to the reduction of soil pH due to long-term heavy fertilization and a large amount of straw returned to the field.

In addition, ISCM could significantly affect microbial network density and change with the crop growth stage (Figure 2), which was closely related to the agronomic management practices in each period. The microorganism network density of T3 was the highest among the four treatments (except for the R6), which may be related to the fact that heavy fertilization accelerated the growth of soil microorganisms (Siles et al., 2021), but too many microbes may lead to increased competition and increase more negative interactions between species (Ratzke et al., 2020). However, Giovannoni et al. (2014) showed that microorganisms tend to coexist in large numbers in low nutrient environments. The lower soil nutrient content of the T1 treatment led to an increase in microorganism network density compared with the T4 treatment (except for the JS; Figure 2). The nitrogen fertilizer rate of T4 was lower compared with T1, but the nitrogen cycle-related functional groups of T4 showed similar patterns to T1, which may be conducive to the effective use of nitrogen in the soil and improve nitrogen use efficiency.



Soil improvement reduces greenhouse gas emissions

The ISCM directly affected maize yield and bacterial distribution by altering soil nutrient status (Figure 7). The different biomarkers were significantly associated with soil GHG emissions and nitrogen use efficiency (Figure 7). Soil microorganisms play a central role in GHG emissions, and their abundance and activity are important biological factors influencing soil GHG emissions (Akiyama et al., 2014; Lafuente et al., 2019). Microbial respiration is an important source of CO2 in soil; the CH4 and N2O production is mainly related to methanogenic bacteria and nitrifying and denitrifying bacteria, respectively (Chidthaisong and Watanabe, 1997; Mer and Roger, 2001). In addition, the soil N content is the main N source of N2O emissions, and changes in aerobic and anaerobic soil conditions promote N2O emissions (Du et al., 2021). Rhodococcus has an intact denitrification capacity, which promotes N2O production (Takeda et al., 2012). This study showed that microbial community structure and function were significantly associated with soil GHG emissions (Figure 6). The nitrogen fertilizer rate of T4 was significantly lower compared with that of T1. However, the microorganisms related to nitrogen transformation of the T4 and T1 treatments were analogous (Figure 4) and the Rhodococcus of T4 decreased by 64.1 and 82.6% compared to that of T1 at JS and VT, which could be the reason for the significant increase in nitrogen use efficiency and the significant decrease in N2O emissions in the T4 treatment. The Rhodococcus of T2 also decreased by 94.2 and 2.4% compared to that of T1. In contrast, the T3 treatment resulted in an increase in soil N content due to heavy fertilization and enrichment of Rhodococcus that was increased by 555.6 and 195.2% compared with that of T1, possibly responsible for a significant increase in soil N2O emissions and a decrease in nitrogen use efficiency. Stevens and Laughlin (1998) showed that increasing NO3− content had a small effect on the denitrification rate, but significantly increased N2O emissions. Although denitrification of T3 treatment was reduced in the wheat season, the amount of applied N fertilizer was too high, and the NO3− content in the soil increased significantly (Jin et al., 2012), which could be one of the reasons for the increase in N2O emissions.




Conclusion

The soil acidification was reduced and soil nutrition was improved by optimizing ISCM. Optimized ISCM improved the structure and the co-occurrence network density of soil microorganisms at the vigorous period of crop growth, reduced the abundance of bacteria associated with GHG emissions, and increased the abundance of bacteria associated with carbon and nitrogen cycling. These changes in soil microorganisms could promote carbon and nitrogen cycling in the soil and indirectly contribute to the decrease in GHG emissions and the increase in nitrogen use efficiency and yield. That may provide an efficient soil and crop management of summer maize-winter wheat cropping systems to promote soil healthy development in the future. Setting new and suitable ISCMs according to local environmental conditions can help achieve promote soil sustainable development.
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Soil microenvironments and plant varieties could largely affect rhizosphere microbial community structure and functions. However, their specific effects on the tea rhizosphere microbial community are yet not clear. Beneficial microorganisms are important groups of microbial communities that hold ecological functionalities by playing critical roles in plant disease resistance, and environmental stress tolerance. Longjing43 and Zhongcha108 are two widely planted tea varieties in China. Although Zhongcha108 shows higher disease resistance than Longjing43, the potential role of beneficial tea rhizosphere microbes in disease resistance is largely unknown. In this study, the structure and function of rhizosphere microbial communities of these two tea varieties were compared by using the Illumina MiSeq sequencing (16S rRNA gene and ITS) technologies. Rhizosphere soil was collected from four independent tea gardens distributed at two locations in Hangzhou and Shengzhou cities in eastern China, Longjing43 and Zhongcha108 are planted at both locations in separate gardens. Significant differences in soil physicochemical properties as demonstrated by ANOVA and PCA, and distinct rhizosphere microbial communities by multiple-biotech analyses (PCoA, LEfSe, Co-occurrence network analyses) between both locations and tea varieties (p < 0.01) were found. Functions of bacteria were annotated by the FAPROTAX database, and a higher abundance of Nitrososphaeraceae relating to soil ecological function was found in rhizosphere soil in Hangzhou. LDA effect size showed that the abundance of arbuscular mycorrhizal fungi (AMF) was higher in Zhongcha108 than that in Longjing43. Field experiments further confirmed that the colonization rate of AMF was higher in Zhongcha108. This finding testified that AMF could be the major beneficial tea rhizosphere microbes that potentially function in enhanced disease resistance. Overall, our results confirmed that locations affected the microbial community greater than that of tea varieties, and fungi might be more sensitive to the change in microenvironments. Furthermore, we found several beneficial microorganisms, which are of great significance in improving the ecological environment of tea gardens and the disease resistance of tea plants. These beneficial microbial communities may also help to further reveal the mechanism of disease resistance in tea and potentially be useful for mitigating climate change-associated challenges to tea gardens in the future.
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 microbial communities, soil physicochemical properties, tea varieties, AMF, disease resistance, rhizosphere


Introduction

Rhizosphere microbial communities play crucial roles in facilitating plant nutrient uptake, defense and immunity (Aziz et al., 2021; Li J. T. et al., 2021; Chand et al., 2022). As soil microorganisms control the global element cycle in the process of life and death, living soil microorganisms are the main engine of terrestrial biogeochemistry, which promote the turnover of soil materials (Sokol et al., 2022). The roots of most terrestrial plants are occupied by mycorrhizal fungi, which play key roles in regulating soil structure, microenvironments, and ecosystem functions. In recent years, a large number of studies have focused on the structure and functions of plant rhizosphere microbial communities (Dastogeer et al., 2020; Bhantana et al., 2021; Qin et al., 2021; Khaliq et al., 2022). Soil physicochemical properties such as soil type, temperature and humidity, pH, and agronomic measures (e.g., fertilization and pesticide application) affect the composition and diversity of rhizosphere microbial communities (Liu et al., 2021; Liu S. B. et al., 2022). Therefore, determining the complexity and stability of bacteria and fungi in the rhizosphere microbial community and identifying the potential key species have become hot topics (Nwachukwu and Babalola, 2021).

Beneficial microorganisms are important groups of microbial communities that hold ecological functionalities by playing critical roles in plant disease resistance and environmental stress tolerance (Diagne et al., 2020; Weng et al., 2022). Mutualistic symbiosis of arbuscular mycorrhizal fungi (AMF) with host plant roots could provide host plants the essential mineral elements, such as phosphorus (Almario et al., 2022), and facilitate plant health, thus considered as beneficial microbes for the plant (Weng et al., 2022). Besides, beneficial microbes such as Nitrososphaeraceae bacteria could also play crucial roles in ecological function (Shen et al., 2012; Amoo and Babalola, 2017).

Tea (Camellia sinensis (L.) O. Ktze.) is a perennial evergreen broad-leaved cash crop, and distributed in areas with high temperature and humidity (Wang et al., 2016). The structure and functions of soil microbes in tea gardens in different environments (such as organic vs. conventional management, geographical location, standing age, different N fertilization, and land use conversion from woodland to tea gardens) and the correlation with soil physical and chemical properties were well studied (Gui et al., 2021; Fan et al., 2022; Gui et al., 2022). At present, tea gardens are facing the problem of soil quality decline and serious diseases (Pandey et al., 2021; San Le et al., 2022). Longjing43 is one of the most widely planted tea varieties in China. However, it is susceptible to anthracnose, which is one of the most devastating diseases for tea plants, affecting the yield and quality of tea. Zhongcha108 was generated from Longjing43 through irradiation-based mutation breeding and it is resistant to anthracnose (Wang et al., 2016). Previous studies revealed that the resistance against anthracnose in Zhongcha108 is mediated by the hypersensitive response and H2O2 accumulation (Wang et al., 2018). However, the potential role of beneficial rhizosphere microbes in tea plant resistance to anthracnose is largely unknown.There are some specific microorganisms in tea plants that could induce auxin and iron carriers to resist root rot, for instance, Actinomycetes and Bacillus can promote the resistance of tea plants to leaf blight and tea white scab disease (Wang et al., 2021). Besides, the beneficial rhizosphere microorganisms like AMF can be used to improve soil quality and control tea garden diseases, and nitrogen-fixing bacteria and ammonia-oxidizing bacteria in the rhizosphere can regulate nutrient utilization of tea plants and N cycling of soil (Chen et al., 2011; Bhattacharjee et al., 2012).

Previous studies revealed that rhizosphere microbial communities are susceptible to changes in environmental and plant varieties (Lee et al., 2021; Munoz et al., 2021). However, it is still unclear how tea varieties and soil characteristics affect the structure and functions in rhizosphere bacterial and fungal communities, and the information on beneficial microbial groups is largely lacking. Therefore, identifying the assembly of bacterial and fungal communities under different environmental factors and plant varieties could help us to acknowledge the role of microorganisms in plant management, and further obtain key information about plant growth and health (Babalola et al., 2021). Here, we collected rhizosphere soil from two locations each with two tea varieties with different resistance to pathogens, to analyze the diversity of rhizosphere fungal and bacterial communities by 16S rRNA gene and ITS amplicon sequencing technologies. Our study aims to answer the following research questions:

1. Do tea varieties vs. locations lead to significant changes in tea rhizosphere microbial communities? If yes, which one is more impactful?

2. Do bacteria and fungi respond similarly to the different tea varieties and locations? If not, which one (bacteria or fungi) is more sensitive to the change in microenvironments?

3. What are the beneficial microbial groups in the tea rhizosphere? Are there any potential beneficial microorganisms that could contribute to the higher disease resistance of Zhongcha108?



Materials and methods


Experimental design and rhizosphere soil sampling

Sampling was conducted from two locations with different soil nutrient conditions in Zhejiang, China: tea gardens of the Tea Research Institute of the Chinese Academy of Agricultural Sciences, Hangzhou (120°09′ E, 30°14′ N) and the tea gardens of the Shengzhou integrated experimental base, Shengzhou (120°48′ E, 29°75′ N). Two tea varieties (Longjing43, and Zhongcha108) were being cultivated in both sampling sites since 2013 and were managed under similar management practices and fertilization routines. Briefly, there were four tea gardens in this study, two of them were located in Hangzhou City and the rest two were located in Shengzhou City. In the same location, both two tea varieties were planted in different tea gardens. Urea (450 kg·hm-2) was used as germination-accelerating fertilizer in the middle of February, and compound fertilizers (750 kg· hm-2; N:P2O5:K2O, 15: 15: 15) were applied before the heavy pruning of spring tea in May, and rapeseed cake (4,500 kg·hm-2) was used as base fertilizer in the first 10 days of October every year. Tea plants were light pruned after the spring tea harvesting, the second pruning was done in mid-July, and the third topping pruning was performed at the end of November each year.

In each tea garden, we randomly selected eight sampling plots, and in each plot (6*6 m2)，five tea plants were randomly selected for rhizosphere soil sampling. The rhizosphere soil of each tea garden was mixed into three samples for the analysis of soil physicochemical properties. All samples were collected and stored in the ice box, then brought them back to the laboratory and stored at −80°C for subsequent DNA extraction in 4 h. The rhizosphere soils of Longjing43 and Zhongcha108 in Hangzhou were recorded as HZ-LJ43 and HZ-ZC108, respectively. The rhizosphere soils of Longjing43 and Zhongcha108 in Shengzhou were recorded as SZ-LJ43 and SZ-ZC108, respectively.



Soil physico-chemical properties analysis

Soil pH was determined by a combination of glass electrodes using a 1: 2.5 (w: v) ratio of soil to distilled water (Mi et al., 2018). Soil total C (TOC) and N (TON) were measured by LECO CNS Combustion Analyzer (LECO, CNS 2000, LECO Corporation, Michigan, United States) following manufacturer protocol. Available phosphorus (AP) in soil was determined by ammonium fluoride extraction (Bray and Kurtz, 1945). Soil available K+, Ca2+, and Mg2+ were extracted using 1 M KCl (1:10), and determined by using atomic absorption spectrophotometry (NovAA300, Analytik Jena, Germany).



Detection and photographing of AMF colonization rate

The AMF used in the experiment is Rhizophagus irregularis (syn. Globus intraradices). Corn plants were used to propagate fungal spores. After 3 months of low phosphorus cultivation, corn roots were cut up, mixed with sand, and stored at 20°C for later use. Sixhundred spores/pot (25 g) were added to potted tea varieties Longjing43 and Zhongcha108. After 60 days, the root length colonization rate (RLC%) was detected.

The RLC% of tea roots was detected by trypan blue staining (Phillips and Hayman, 1970). The roots of plants inoculated with AMF spores for 60 days were cleaned, cut into about 1 cm root segments, immersed in 10% KOH (w/v), and bathed at 95°C for 30–40 min. After cooling and cleaning, root samples were immersed in 2% HCl and acidified for 5 min. After removing the liquid, 0.05% trypan blue reagent was added (trypan blue dissolved in lactic acid glycerin reagent, w/v), and placed in a water bath at 95°C for 10 min, afterward, the reagent was removed after cooling, and lactic acid glycerin reagent (lactic acid: glycerin: water =8:1:1) was used to decolorize root pigments at room temperature for more than 24 h. Randomly selected root segments were placed on a grid-line slide, observed under a microscope (Leica Microsystems, Germany) at 20x magnification, and counted according to the grid-line inter-sect method (Giovannetti and Mosse, 1980). Five replicates were counted for each garden.



Rhizosphere soil microbial DNA extraction and PCR amplification

SDS cracking fluid freezing and thawing method was used for DNA extraction, genomic DNA extraction was accomplished by PowerMax extraction kit (MoBio Laboratories, Carlsbad, CA, United States), and thereafter the DNA gel was stored at −20°C. DNA quantity and quality were determined by using NanoDrop ND-1000 luminance meter (Thermo Fisher Scientific, Waltham, MA, United States). The primer sequences of bacteria and fungi are two sets: 1) 16S: forward primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and reverse primers 806R (5′-GGACTACHVGGGTWTCTAAT-3′); 2) ITS: forward primers ITS1 (5’-CTTGGTCATTTAGagGaAGTAA-3′) and reverse primers ITS2 (5 ‘-GCTGCGTTCTTCATCGATGC-3′). Barcode was synthesized into the sequence by using a specific 7-BP specific sequence. Phusion high-fidelity PCR Master Mix with HF Buffer was used for the PCR reaction system 50 μl: 25 μl. Three microliter (10 μM) F/R primers, 10 μl DNA sample, 6 μl ddH2O. The PCR system was amplified according to the following reaction conditions: pre-denaturation 98°C for 30s, followed by 25 cycles: denaturation 98°C for 15 s annealing 58°C for 15 s extension 72°C for 15 s. The final extension is 72°C for 1 min. PCR products were purified with AMPure XP Beads (Beckman Coulter, Indianapolis, IN). Quantification was performed by using PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States). After quantification, Illumina Novaseq 6,000 pin-end 2 × 150 bp platform was used for further sequencing.



Sequence analysis

The Quantitative Insights Into Microbial Ecology (QIIME, v1.9.0) pipeline was employed to process the sequencing data, as previously described (Caporaso et al., 2010). Briefly, raw sequencing reads with exact matches to the barcodes were assigned to respective samples and identified as valid sequences. The low-quality sequences were filtered through the following criteria (Gill et al., 2006; Chen and Jiang, 2014): sequences that had a length of <150 bp, had average Phred scores of <20, contained ambiguous bases, and contained mononucleotide repeats of >8 bp. Paired-end reads were assembled by using Vsearch V2.4.4 (−-fastq_mergepairs--fastq_minovlen 5), operational taxonomic unit (OTU) was picked by using Vsearch V2.4.4,included Dereplication (−-derep_fulllength), cluster (−-cluster_fast,--id 0.97), detection of chimeras (−-uchime_ref) (Rognes et al., 2016). A representative sequence was selected from each OTU by using default parameters. OTU taxonomic classification was conducted by VSEARCH searching the representative sequences set against the Greengene database.

The OTU table was further generated to record the abundance of each OTU in each sample and the taxonomy of these OTUs. OTUs containing less than 0.001% of total sequences across all samples were discarded. To minimize the difference in sequencing depth across samples, an average, rounded rarefied OTU table was generated by averaging 100 evenly resampled OTU subsets under 90% of the minimum sequencing depth for further analysis.



Bioinformatics and statistical analysis

Sequence data analyses were mainly performed by using QIIME and R (v3.2.0) packages. OTU-level alpha diversity indices (Chao1 richness estimator, Shannon diversity index, and Simpson index) were calculated. OTU-level ranked abundance curves were generated to compare the richness and evenness of OTUs among samples.

Beta diversity was analyzed to investigate the structural variation of microbial communities between samples by using UniFrac distance metrics (Lozupone et al., 2007) and visualized via principal coordinate analysis (PCoA) (Ramette, 2007). Differences in the Unifrac distances for pairwise comparisons among groups were determined using Student’s t-test and the Monte Carlo permutation test with 1,000 permutations. Venn diagram was generated to visualize the shared and unique OTUs among samples or groups using the R package “VennDiagram,” based on the occurrence of OTUs across samples/groups regardless of their relative abundance (Zaura et al., 2009). Taxa abundances at the phylum levels were statistically compared among samples or groups by Kruskal.test from the R stats package. The co-occurrence patterns were constructed by calculating multiple correlations and similarities within the network, Pairwise Pearson correlations were calculated between the remaining OTUs. A valid co-occurrence was considered as a statistically robust correlation between taxa when Pearson’s correlation (r) was >0.7 and the value of p was <0.01. Each node indicated an individual OTU, and each edge represented the pairwise correlations between nodes standing for a significant metabolic association in the network. The co-occurrence was calculated and visualized using igraph package. We generated 1,000 Erd˝os–R’enyi random networks with each edge having the same probability of being assigned to any node to compare with the topology of the real network. All statistical analyses were performed using R (v4.0.2) unless otherwise stated.LEfSe (Linear discriminant analysis effect size) was performed to detect differentially abundant taxa across groups using the default parameters (Segata et al., 2011). FAPROTAX is a database that maps prokaryotic clades (e.g., genera or species) to established metabolic or other ecologically relevant functions (Louca and Doebeli, 2016), the significant difference bacterial function was annotated, and spearman rank correlation was used to analyze the correlation between different bacterial species, ecological functions and metabolic pathways.

The experimental data (soil physical and chemical properties, AMF colonization rate and relative abundance of microorganisms) were statistically analyzed by SPSS19.0 and figures were drawn by R and GraphPad prism8.




Results


Soil physicochemical properties

As rhizosphere microbial communities are susceptible to the microenvironments, we firstly explored the soil physico-chemical properties, including soil pH, the content of soil total C (TOC) and N (TON), available phosphorus (AP), soil available K+ (AK), Ca2+ (ACa), and Mg2+ (AMg), of different tea varieties in different locations. Results revealed that soil pH, and the contents of AK, ACa and AMg in Shengzhou gardens were significantly higher than that in Hangzhou (p < 0.01). There is no significant difference in the contents of TOC and TON between the tea gardens in Shengzhou and Hangzhou. Even the TOC and TON contents were much higher in Longjing 43, than that in Zhongcha108 in Hangzhou, however, there is no difference between those two varieties in the Shengzhou location. The contents of AP in Hangzhou were significantly higher than that in Shengzhou gardens (p < 0.01; Table 1).



TABLE 1 Contents of some major soil nutrients and soil pH in different tea gardens with different tea varieties.
[image: Table1]



Rhizosphere microbial community structure

To assess the rhizosphere microbial community structure, we compared the composition and abundance of rhizosphere microorganisms in tea plants and the co-occurrence of microbial communities in different locations and varieties. Sequences were clustered into Operational taxonomic units (OTU) with a 97% threshold, and diluted to the same sequencing depth. These sequences were divided into nine dominant bacteria phyla, including Proteobacteria(38%), Crenarchaeota (4%), Acidobacteriota (22%), Actinobacteriota (11%) (Figure 1A), and five dominant fungal phyla, such as Ascomycota (17%), Basidiomycota (24%), and unidentified (57%) (Figure 1B).

[image: Figure 1]

FIGURE 1
 The composition of rhizosphere microbial communities of two tea varieties in different locations. Phylum distribution of the OTUs. (A) Top 10 bacterial phyla abundances in rhizosphere soil of HZ-LJ43, HZ-ZC108, SZ-LJ43, and SZ-ZC108. (B) Top 10 fungal phyla abundances in rhizosphere soil of HZ-LJ43, HZ-ZC108, SZ-LJ43, and SZ-ZC108. Mean values ± standard error (n = 8); different letters indicate a significant difference (p < 0.05) based on one-way ANOVA followed by an LSD test.


We compared the differences in bacterial phyla between the four gardens, and found that Crenarchaeota was the phylum with higher relative abundance in Hangzhou, the relative abundance of Crenarchaeota in HZ-LJ43 (4.1%) and HZ-ZC108 (4.1%) were higher than that in SZ-LJ43 (1.9%) and SZ-ZC108 (2.5%). The relative abundance of Acidobacteriota in HZ-LJ43 (21.9%) and HZ-ZC108 (30.5%) were higher than SZ-LJ43 (16.8%) and SZ-ZC108 (17.7%); The relative abundance of Chloroflexi was higher in Shengzhou (SZ-LJ43, 18.6% and SZ-ZC108, 20.8%) than that in Hangzhou (HZ-LJ43, 5.6% and HZ-ZC108, 9%) (p < 0.01; Figure 1A; Supplementary Table S1).

While comparing the differences in bacterial phyla between the two varieties, it was found that Proteobacteria was the phylum with higher relative abundance in LJ43, and the relative abundance of Proteobacteria in HZ-LJ43 (38.3%) and SZ-LJ43 (30%) was higher than that in HZ-ZC108 (23.4%) and SZ-ZC108 (27.7%). However, there was no bacterial phylum with significantly higher relative abundance in Zhongcha108 (p < 0.01; Figure 1A; Supplementary Table S1).

Next, we compared the differences in fungal phyla between the four gardens, and found that Ascomycota was the phylum with higher relative abundance in Hangzhou gardens, the relative abundance of Ascomycota in HZ-LJ43 (17.4%) and HZ-ZC108 (22.5%) were higher than SZ-LJ43 (13.2%) and SZ-ZC108 (9.1%); the relative abundance of Zygomycota in HZ-LJ43 (0.05%) and HZ-ZC108 (0.1%) were higher than that in SZ-LJ43 (0.03%) and SZ-ZC108 (0.01%) (p < 0.01; Figure 1B; Supplementary Table S2). However, there is no fungal phylum with a significantly higher relative abundance in Shengzhou gardens than that in Hangzhou gardens. While comparing the differences in fungal phyla between the two varieties, it was found that Glomeromycota was the phylum with higher relative abundance in HZ-ZC108 (0.36%) and SZ-ZC108 (0.54%) than that in HZ-LJ43 (0.01%) and SZ-LJ43 (0.1%). We did not find the fungal phylum with higher relative abundance in LJ43 than that in ZC108 (p < 0.01; Figure 1B; Supplementary Table S2).

It is revealed that bacterial phyla such as Crenarchaeota, Acidobacteriota and Chloroflexi, and fungal phyla such as Ascomycota and Zygomycota, had relative abundance differences between the two locations. Moreover, there were relative abundance differences between the two varieties, including bacterial phylum Proteobacteria and fungal phylum Glomeromycota.

The Co-occurrence edge of microbial communities in different locations was more than that of different varieties of microbes, which indicated that the interactions between microbes in different locations were closer and more complex (Figure 2A). The number of interacting edges between LJ43 and ZC108 bacterial communities in different locations was 5,823 and 4,223, and the number of interacting edges between different bacterial communities in Hangzhou and Shengzhou locations was 5,338 and 500. The connectance of rhizosphere bacterial communities of two varieties in Hangzhou is 40.9, and 5.40% in Shengzhou. The connectance of rhizosphere bacterial communities of two locations in LJ43 is 43.6, and 33.2% in ZC108 (Supplementary Table S3).
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FIGURE 2
 (A) The bacterial co-occurrence networks based on OTU correlation analysis. The OTU with a relative abundance above 0.1% was selected. A connection stand for a strong (Pearson’s r > 0.7) and significant (p < 0.01) correlation. The size of each node is proportional to the relative abundance of each OTU. The red edge represents a positive correlation, and the blue edge represents a negative correlation. (B) The fungal co-occurrence networks based on OTU correlation analysis, and the analysis method is the same as (A).


The number of interacting edges between the fungal communities of LJ43 and ZC108 in different locations was 2,619 and 1,863, and the number of interacting edges between the fungal communities of different varieties in Hangzhou and Shengzhou was 977 and 106, respectively. The connectance of rhizosphere fungal communities of two varieties in Hangzhou is 28.7%, and that in Shengzhou is 14.3%. The connectance of rhizosphere bacterial communities of two locations in LJ43 is 47.1%, and that in ZC108 is 43.5% (Supplementary Table S4).

The co-occurrence network of tea rhizosphere communities between different locations is more complex than that between different varieties and the interactions between bacterial communities were closer and more complicated than that of fungal communities (p < 0.01; Figure 2B; Supplementary Tables S3, S4).



Alpha diversity of rhizosphere microbial communities

To better prove the influence of location and variety on the tea rhizosphere microbial community, we analyzed the alpha diversity of the microbial community. The alpha diversity of rhizosphere microbial communities, which represents the diversity and abundance of microbial communities, showed significant differences among different tea varieties and locations. Specifically, for the alpha diversity of bacteria, the Shannon index of HZ-ZC108 and SZ-LJ43 was the highest, SZ-ZC108 was the second, and HZ-LJ43 was the lowest (p < 0.01) (Figure 3A; Supplementary Table S5). For the alpha diversity of fungi, the Shannon index of Hangzhou was significantly higher than that of Shengzhou, and the Shannon index of Zhongcha108 was significantly higher than that of Longjing43 (p < 0.01; Figure 3B; Supplementary Table S5). It is found that the microbial abundance in the tea rhizosphere was affected by the location and variety.
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FIGURE 3
 Alpha diversity (α-diversity) estimated as Shannon index. (A) Bacteria, (B) Fungi.The horizontal lines represent the median. The tops and bottoms of boxes represent 75th and 25th quartiles, respectively. The upper and lower whiskers represent a 95% confidence interval. Mean values ± standard error (n = 8); Different letters indicate a significant difference (p < 0.05) based on one-way ANOVA followed by an LSD test.




Specific OTUs and β diversity in rhizosphere microorganisms

To find out the influence of location and variety on the tea rhizosphere microbial community, we analyzed the composition and structure of the microbial community. There were 6,940 identical OTUs in bacterial communities. The unique OTU of each bacterial community was HZ-LJ43 (368), HZ-ZC108 (610), SZ-LJ43 (212), SZ-ZC108 (125). There were 458 identical OTUs in fungal communities. The unique OTU of each fungal community was HZ-LJ43 (248), HZ-ZC108 (324), SZ-LJ43 (189), SZ-ZC108 (125). The number of specific OTU was higher in Hangzhou than that in Shengzhou, and the number of specific Fungal OTU was higher in Zhongcha108 than that in Longjing43 (Figure 4A).
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FIGURE 4
 Differences in rhizosphere microbial communities of two tea varieties in different locations. (A) The rhizosphere bacteria in HZ-LJ43, HZ-ZC108, SZ-LJ43 and SZ-ZC108 shared OTUs and unique OTUs. (B) The rhizosphere bacteria in HZ-LJ43, HZ-ZC108, SZ-LJ43 and SZ-ZC108 shared OTUs and unique OTUs. (C,D) Principal Coordinates Analysis (PCoA) using the unweighted Unifrac distance metric. The values of PC1 and PC2 are the percentages that can be explained by the corresponding axis.


The community structure of fungi was affected by both location and variety. Using the bray-Curtis distance to calculate the β diversity between samples, PC 1 and PC 2 explained 43.62 and 16.54% of the differences, respectively. PCoA analysis showed significant differences in the rhizosphere fungal community structure between Longjing43 and Zhongcha108, and the influence of different locations on the fungal community was greater than the influence of variety (R2 = 0.67, p < 0.01; Figure 4C).

The β diversity of rhizosphere bacteria also was calculated by bray-Curtis distance. PCoA analysis showed that PC1 and PC2 accounted for 33.8 and 17.8% differences, respectively. PCoA demonstrated significant differences in bacterial community structure between HZ-LJ43 and HZ-ZC108, but the bacterial community structure of SZ-LJ43 and SZ-ZC108 were similar (R2 = 0.64, p < 0.01; Figure 4D). Those results revealed that the microbial community structure in tea rhizosphere was affected by the location and variety.



LEfSe analysis of rhizosphere fungal community

To screen the rhizosphere fungi affected by location and variety respectively, we conducted LEfSe analysis. LEfSe analysis was based on Linear discriminant analysis (LDA) to screen biomarkers (species with significant differences between groups) among samples. The results showed that compared with Longjing43, the Glomerales, Glomeromycetes, Glomeromycota were the dominant biomarker fungi in Zhongcha108 (p < 0.05, LDA > 2.0; Figure 5B). Compared with the fungal differences between the two tea varieties, there were more fungal differences between the two locations (Figure 5A).
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FIGURE 5
 (A) LEfSe results for the different fungi in two locations, blue represents the differential fungi in Hangzhou, and green represents the differential fungi in Shengzhou (p < 0.05, LDA>2.0). (B) LEfSe results for the different fungi in two varieties, blue represents the differential fungi in LJ43, and green represents the differential fungi in ZC108 (p < 0.05, LDA>2.0). (C) The OTU abundance of AMF and Colletotrichum. a and b represent significance at p < 0.05.


According to the results of LEfSe analysis, we analyzed the fungi abundance of ITS amplicon sequencing. We found that the relative abundance of Acaulospora, Gigaspora, Glomus, and Rhizophagus in AMF in Zhongcha108 was significantly higher than that in Longjing43 (p < 0.01). The relative abundance of Glomerella and Colletotrichum was also significantly different among locations and varieties (p < 0.05). Especially, the relative abundance of Colletotrichum in Longjing43 was significantly higher than that of Zhongcha108 (p < 0.05; Figure 5C; Supplementary Table S6).

Compared with the influence of varieties, we screened out more fungi with different abundance under the influence of location. And we discovered that AMF might be a fungal group affected by the variety.



FAPROTAX predicted the ecological function of the rhizosphere bacterial community

To annotate the function of the tea rhizosphere bacterial community and analyze their influence by location and variety respectively, we annotated the ecological function of bacteria through FAPROTAX database, and analyzed some bacteria significantly related to ecological functions. Based on FAPROTAX, Nitrososphaeraceae was positively correlated with ammonia oxidation and nitrification but negatively correlated with iron respiration function (p < 0.05). Subgroup_13 was negatively correlated with nitrate respiration, nitrate reduction, nitrogen respiration, photoautotrophy-related functions and photonutrition (p < 0.01). Gaiellales was positively correlated with nitrate reduction (p < 0.05). Chitinophagaceae was positively correlated with the degradation of aromatic compounds (p < 0.05). Paenibacillus was negatively correlated with urea degradation. Edaphobacter bacteria was positively correlated with urea degradation (p < 0.05; Figure 6A). According to the results of FAPROTAX annotation, we analyzed the bacterial abundance of 16 s amplicon sequencing. The relative abundances of Nitrososphaeraceae, Gaiellales, and Ellin6067 were significantly higher in Shengzhou than that in Hangzhou (p < 0.05). The relative abundance of Paenibacillus was significantly higher in longjing43 than that in zhongcha108 (p < 0.05). The relative abundance of Subgroup_13 was significantly higher in Hangzhou than that in Shengzhou, and was significantly higher in longjing43 than that in zhongcha108 (p < 0.05; Figure 6B; Supplementary Table S7).
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FIGURE 6
 (A) Correlation heat map between bacterial OTUs and bacterial ecological function, Red was positively correlated, and blue was negatively correlated (p < 0.05). (B) The OTU abundance of related bacteria in (A). a, b and c represent significance at p < 0.05.




Mycorrhizal staining and colonization rate of two tea varieties

To confirm the colonization rate of two tea varieties with AMF, we colonized AMF in the rhizosphere of Longjing43 and Zhongcha108 in a field experiment. After 3 months, we stained the roots and determined the colonization rate. It is found that the AMF colonization rate of Zhongcha108 (41.25%) was higher than that of Longjing43 (27.54%) (p = 0.05; Figure 7A). Trypan blue stained roots of Longjing43 and Zhongcha108 as shown in (Figure 7B) were consistent with the rate of AMF colonization on tea plant roots.
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FIGURE 7
 (A) Arbuscular mycorrhizal fungi (AMF) colonization rate. The root length colonization rate (RLC%) of two varieties was counted, and 5 replicates were used for each variety. (B) Trypan blue stained roots showing AMF colonization in two varieties. Photographs were taken with an Ultra-depth microscope. Mean values ± standard error (n = 5); different letters indicate a significant difference (p = 0.05) based on one-way ANOVA followed by an LSD test.





Discussion

The rhizosphere microbial community is an indispensable part of the tea garden ecosystem, which plays an important role in the growth and development of tea plants and the resistance of tea plants to diseases and stresses (Bag et al., 2022). To investigate the effects of variety and environmental factors (such as regional and soil physical and chemical properties) on the rhizosphere microbial communities, and to make better use of beneficial microorganisms, we investigated the rhizosphere microbial communities of two tea locations and two varieties with different disease resistance in Zhejiang Province, China.

This study showed that among the four tea gardens, the pH of the Hangzhou tea garden was lower than that of the Shengzhou tea garden, which may be due to the greater age of the tea garden, resulting in the decrease in the pH of the tea garden soil (Table 1). Previous literature revealed that the bacterial community was significantly negatively correlated with soil pH (Zhou et al., 2017), and it is further confirmed that pH is a key factor affecting the microbial community in tea gardens (Muneer et al., 2022). As shown in Table 1, although the pH values of the four tea gardens are similar, the significance analysis by SPSS shows that the pH values of tea gardens are significantly different among tea gardens (p < 0.01), and the microbial abundance of the two locations is also significantly different (Figure 3) (p < 0.05). We found that the rhizosphere microorganisms of tea plants were affected at different pH values, for example, the abundance of microorganisms such as Acidobacteriota and Ascomycota was higher in the tea gardens with lower pH at Hangzhou. It is consistent with the results from previous studies, which have also confirmed that these microorganisms are more abundant in acidic soils (Liu H. X. et al., 2022; Liu, J. L. et al., 2022). As tea is an acid-loving plant, it is found that the bacterial community and fungal community in the acid soil of tea gardens are mainly controlled by pH value (Yang et al., 2021). This study has also confirmed that the abundance of rhizosphere fungi in tea garden soils with different pH values is significantly different (Figure 3B), and the abundance of bacterial community is also significantly different, which confirms that pH may be the main factor affecting the microbial community in tea garden rhizosphere (Figure 3A). The content of mineral elements is also an important driving factor affecting the microbial community. Former researchers analyzed the physical and chemical factors affecting the microbial community in China’s oil fields and found that total nitrogen, total phosphorus, available P and other environmental factors in soil were positively correlated with the abundance of the microbial community (Zhang et al., 2010; Macik et al., 2022). C, N, and P in soil significantly affected the diversity of AMF in the rhizosphere (Zhao et al., 2020). In particular, the application of P fertilizer in the soil would significantly improve the diversity of fungi in the soil and rhizosphere, which has also been confirmed in our study. Higher P in tea gardens in Hangzhou may lead to higher fungal abundance (Table 1; Figures 3A,B). Therefore, the location affects the rhizosphere microbial community of tea gardens, and it may be due to the difference in soil physical and chemical properties of tea gardens in different locations (Zhang et al., 2020).

Our study showed that there were differences in the structure of tea rhizosphere microorganisms among different varieties (Figures 1A,B), which was consistent with previous studies on different sugarcane varieties (Nong et al., 2020). Previous studies revealed that there are significant differences in bacterial community structure among maize varieties (Kong et al., 2020), and the structure of the rhizosphere bacterial community was different among different olive varieties (Argyri et al., 2020; Kong et al., 2020). Therefore, it is proposed that variety is the key factor affecting the rhizosphere microbial community (Luo et al., 2021). PCoA analysis showed that locations and varieties had significant effects on the diversity of rhizosphere microorganisms (p < 0.05; Figures 3A,B), and this result was also confirmed by venn diagram at otu level (Figures 4A,B). Previous studies have found that there are differences in the rhizosphere bacterial diversity of tea plants in different locations, which is consistent with our findings, but more importantly, we found that varieties are also the main factor affecting the rhizosphere microbial community. As microbial communities are separated by different locations on the PC1 axis, bacterial and fungal communities are still mainly affected by environmental factors (Lopes et al., 2021). Co-occurrence network analysis showed that locations and varieties had significant effects on the interactions of microorganisms.The relationship between microbial communities in different locations is far more complicated than that among different varieties (Figures 2A,B).

Our study confirmed that both varieties and locations can significantly cause changes in rhizosphere bacteria and fungi communities. Finally, we inferred that the location is more impactful than variety in influencing the microbial community, which positively answered the first question. Our results also show that microbial communities respond differently to the different tea varieties and locations, which positively answered the second question. We speculate that fungal communities are more susceptible to locations than bacterial communities because the structure of fungal communities in different locations showed greater differences than that of bacterial communities (PC1:43.62%,PC2:16.54%) (Figures 4C,D). Moreover, some previous studies have also confirmed that the beta diversity and abundance of fungal communities are more different than those of bacterial communities with the change of environment (Liu J. L. et al., 2022; Xu et al., 2022).

Beneficial microbes play crucial roles in plant disease resistance and ecological function (Amoo and Babalola, 2017; Aziz et al., 2021). For example, previous studies have found that Trichoderma harzianum can alleviate the effects of NaCl stress (Ahmad et al., 2015) and rhizobacteria Pseudomonas sp. can effectively alleviate drought stress (Yasmin et al., 2022). Arbuscular mycorrhizal fungi (AMF) could provide host plants the essential mineral elements, and facilitate plant health (Bag et al., 2022). Other studies have found that Nitrososphaeraceae bacteria could play crucial roles in ecological function (Shen et al., 2012; Amoo and Babalola, 2017). In our research, we found that there was a significant positive correlation between Nitrososphaeraceae and ammonia oxidation and nitrification (Figure 6A), and the abundance of Nitrososphaeraceae in the two locations was different. Moreover, the abundance of Nitrososphaeraceae in Hangzhou was significantly lower than that in Shengzhou, and thus we speculate that the abundance of Nitrososphaeraceae is affected by the locations of tea garden (p < 0.01) (Figure 6B). Huang et al. (2021) found that AMF in the rhizosphere establish symbionts with host plants and participate in the process of plant resistance to root rot (Huang et al., 2021) and Begum et al. (2019) revealed that AMF are associated with improved resistant to drought tolerance of maize. Likewise, Bag et al. (2022) reviewed that AMF are beneficial to the growth and development of tea plants. In our study, LEfSe analysis showed that the abundance of AMF in rhizosphere fungi of Zhongcha108 was higher than that of Longjing43, and the results were the same in tea gardens of different locations (Figure 5B). We also analyzed the abundance of AMF in ITS amplicon sequencing results and verified the results of LEfSe analysis. In addition, we found that pathogenic fungi Glomerella and Colletotrichum may be related to AMF (Figure 5C). It was also found that there were significant differences in the abundance and activity of rhizosphere colonization of AMF among different mulberry varieties (Tu et al., 2021). Previous studies have also found that arbuscular mycorrhizae can colonize the rhizosphere of plants through hyphae, and help the growth and development of plants and resist the invasion of pathogenic bacteria through nutrient absorption, metabolite transfer and mineral element exchange (Li M. H. et al., 2021), and there are differences in rhizosphere microorganisms of different wheat varieties resistant to fusarium (Li et al., 2020). Although Zhongcha108 was developed through radiation treatment from Longjing43, field experiments show that Zhongcha108 can resist biotic and abiotic stress better than Longjing43 (Wang et al., 2018). However, whether the rhizosphere microorganisms could have beneficial impact on Zhongcha108 for its resistance to anthracnose has never been reported before. Therefore, we used a confocal microscope to observe Zhongcha108 and Longjing43 inoculated with arbuscular fungi, and found significant differences in the colonization of arbuscular fungi in their roots (p = 0.05) (Figures 7A,B). Based on the results, we boldly speculated that AMF might help Zhongcha108 to have stronger disease resistance than Longjing43, which positively answered the third question that the AMF are related to the disease resistance of Zhongcha108 as a group of potential beneficial microorganisms. Nevertheless, we acknowledge that our findings may mask the influence of other factors on fungal communities, but this study is the first to demonstrate that the resistance or suseptibitlity of tea varieties may be closely associated with the colonization of beneficial fungi in the rhizosphere.



Conclusion

There were significant differences in soil physical and chemical properties and rhizosphere microbial communities between the two tea locations, and there were also significant differences in rhizosphere microorganisms between the two tea varieties in the same location. The analysis of PCoA and Co-occurrence confirmed that the influence of different locations on tea rhizosphere microorganisms is greater than that of different tea varieties, and fungi are more sensitive to the change in microenvironments. LDA Effect Size analysis of fungi showed that the abundance of AMF was higher in Zhongcha108 than that in Longjing43, and the difference in colonization rate of AMF between the two varieties was verified by field experiments. The rhizosphere microbial community could be influenced by both locations and varieties, however, the location is a more impactful driving factor, suggesting that rhizosphere fungi are more sensitive to changes in microenvironments. Among various microbial communities, Nitrososphaeraceae are related to the ecological function of tea gardens and AMF are related to the disease resistance of tea plants. Thus, the use of beneficial microbial communities is of great significance for the improvement of the ecological environment of tea gardens and the disease resistance of tea plants.
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Soil microorganisms play an irreplaceable role in agricultural production, however, an understanding of response of soil microorganisms to slow-release and common fertilizer applications is limited. In this study, different amounts of slow- release fertilizer were used to overwintering Chinese chives growing area in a plastic greenhouse to investigate the effects of on rhizosphere soil physicochemical properties and soil microbial communities (bacteria and fungi) of Chinese chives. The result displayed that application of slow-release fertilizer significantly improved soil nutrients, soil enzyme activity, and soil microbial community structure and diversity compared to conventional fertilizer application. Compared with T1 treatment, the content of total nitrogen (TN) and available phosphorus (AP), and the SU-E activity in the soil of T2 (NPK: 62.8 kg · 667 m-2) increased by 42.58%, 16.67%, and 9.70%, respectively, showing the best effects. In addition, soil bacterial diversity index and soil microbial community structure were improved as indicated by increased relative abundance of each species, such as Byssovorax, Sandaracinus, and Cellvibrio. Oppositely, the both soil fungal diversity and the number of species decreased after fertilizationthe relative abundance of Ascomycota increased in each fertilization treatment detected by ITS sequencing. Further, the relative abundance of pathogenic fungi such as Pezizomycetes, Cantharellales, and Pleosporales decreased in the T2 treatment. Principal Coordinates Analysis (PCoA) showed that both the amount of fertilizer applied and the type of fertilizer applied affected the soil microbial community structure. RDA evidenced that soil bacteria, Proteobacteria and Gemmatimonadetes, were closely correlated with soil AN, SOM, and AK. Acidobacteria were closely correlated with soil pH, TN, and AP. Ascomycota was closely correlated with soil pH and TN. In conclusion, the application of slow-release fertilizers and reduced fertilizer applicationcould improve soil physical and chemical properties as well as soil microbial community structure and diversity, contributing to sustainable soil development. The recommended fertilization rate for overwintering Chinese chives is NPK: 62.8 kg · 667 m−2.
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 Chinese chives, slow-release fertilizer, microbial diversity, rhizosphere, conventional fertilizer


Introduction

The rhizosphere is the main microbial activity region in the soil environment (Kuzyakov and Razavi, 2019). It refers to the narrow soil area attached to and influenced by the roots of plants and their secretions; various complex biological and biochemical processes occur in this area (Soni et al., 2017; Kuzyakov and Razavi, 2019). Previous studies have shown that fertilizer application can improve soil physical structure, nutrients and alter the diversity of soil microorganisms (Ye et al., 2019; Lu et al., 2020). Microbial community functional diversity reflects the soil microbial ecological function (Xiao et al., 2016). Changes in microbial community composition affect soil functional processes and attributes (Zhao M. et al., 2014; Bell and Tylianakis, 2016). Therefore, soil microorganisms play a key role in the plant–soil system (Li et al., 2022).

Fertilization is an indispensable agronomic measure in crop production, promoting crop growth to a certain extent, ensuring crop yield, and improve economic benefits (Gao et al., 2015; Rashidzadeh et al., 2015). However, in actual agricultural production, excessive chemical fertilizers application has been increasing. When fertilizer input is exceptionally large, it can easily cause soil nutrient accumulation, change soil physical and chemical properties, and decrease soil organic matter content (Beauregard et al., 2010; Qiao et al., 2016). Meanwhile, studies have shown that excessive use of nitrogen reduces the diversity of soil microbial communities and simplifies their structure (Zhao M. et al., 2014; Wu L. et al., 2021; Qu et al., 2022), conversely affecting the metabolic activity of microorganisms (Wu et al., 2020). When the soil microbial community structure is unbalanced, the possibility of plants contracting soil-borne diseases rise (Fuchslueger et al., 2014). Long-term localization experiments found that soil physical and chemical properties varied after long-term fertilization, resulting in changes in soil microbial community structure (Zhao J. et al., 2014; Zhou et al., 2015). For example, long-term fertilization decrease the relative abundance of soil Proteobacteria, Bacteroidetes, and Actinobacteria (Rousk et al., 2010). In contrast, the relative abundance of Acidimicrobiia, Alphaproteobacteria, Chloroflexi, and Gammaproteobacteria in the soil increased with the growth of nitrogen content in the soil (Zhou et al., 2015). Studies on fungi have shown that long-term nitrogen application decreasedsoil fungal diversity (Weber et al., 2013; Sun et al., 2014), and increasing the relative abundance of the harmful fungi Chaetothyriales, Pleosporaceae, Bipolaris, and Cyphellophora (Ma et al., 2018).

To overcome the above problems arising from the application of common chemical fertilizers in agricultural production, agriculturalists have focused their attention on slow/controlled-release fertilizers. As a new type of fertilizer, the characteristic of slow/controlled-release fertilizer is that it can maintain fertilizer efficiency for a long time, reduce the frequency of fertilization (Wang et al., 2020), as well as increase crop yields, economic benefits, and improve fertilizer utilization (Gao et al., 2015; Teng et al., 2018). Zhu et al. (2012) reported that applying controlled-release urea in tomato cultivation could promote plant growth and increase leaf chlorophyll content. Further, applying slow/controlled-release fertilizer can increase the content of available soil nutrients and improve the physical and chemical properties of soil (Yang et al., 2016). Meanwhile, using slow/controlled-release fertilizers can improve soil microbial diversity (Hayatsu, 2014). After applying urea-formaldehyde fertilizer to the onion and sugar beet plantings, soil microbial diversity was altered, with the relative abundance of a few species increased or decreased (Ikeda et al., 2014). The distribution, structure, and diversity of rhizosphere soil microbial communities of rice improved after the deep application of slow-release fertilizer to the rice cultivation process (Chen et al., 2022). After the application of slow-release fertilizer in the cultivation of green pepper, the number of bacteria and fungi was significantly higher in all fertilization treatments than in the blank treatment, the results showed that the application of slow-release fertilizer increased the number of soil microorganisms (Teng et al., 2018). Studies have also shown that the application of encapsulated slow-release fertilizers can also increase the functional diversity of soil bacteria (Fertahi et al., 2021). Similarly, studies on oilseed rape (Brassica napus L.) have shown that bacterial communities have a higher capacity for nutrient metabolic cycling and improved bacterial nitrification after the application of slow-release fertilizers (Liao et al., 2020).

Chinese chives have a long cultivation history in China. During the growth of chives, rhizosphere soil microorganisms break down various nutrients in the soil for chives to grow and help the plant resist diseases. Previous trials have shown that Chinese chives yields significantly improved with the application of slow-release fertilizers (Niu et al., 2020). However, studies revealing the effects of slow-release fertilizer on the soil environment during chives cultivation are limited. Therefore, the is study aimed to investigate the effect of slow-release fertilizer application on the composition of rhizosphere microbial communities using high-throughput sequencing and to improve the understanding of the effect of slow-release fertilizer application on soil microbes during Chinese chives cultivation. The specific aims were investigate (1) the effects of different fertilizer application treatments on soil physicochemical properties and soil enzyme activities, (2) the response of soil microbial (bacterial and fungal) diversity and community structure to different fertilization treatments, and (3) the relationship between soil microbial communities and soil physicochemical properties and soil enzyme activities under different fertilizer application treatments.



Materials and methods


Field experiment

The experiment was conducted from June 2017 to February 2019 in the Qingchi village, Wushan County, China (N 34°25″ –34°57″, E 104°34″ –105°08″), which is a traditional Chinese chive growing area. The soil type in the area was fluvisols (IUSS Working Group WRB, 2015). The study area is located in a river valley with a flat topography, an average annual temperature of 9.6°C and uniform soil fertility. The size of the test site was 56 m × 18 m. Conventional chemical methods determined the soil nutrient content of the tested site (Gong et al., 2019): alkali-hydrolyzable N, 78.98 mg · kg−1; available P, 190.98 mg · kg−1; available K, 244.87 mg · kg−1; soil organic matter, 20.48 g · kg−1; and pH, 7.7.

Chinese chive (cv. “Chive God F1”) seeds were obtained from the Fugou County Seedling Research Institute in Henan, China. The chives were planted on June 20, 2017. The upper part of the leek leaves and fibrous roots were cut before planting to promote new root development. They were planted at a row spacing of 20 cm and a hole spacing of 10 cm, with three chives per hole. The slow-release fertilizer (SRF), a resin-coated compound fertilizer, used in the experiment was provided by Hubei Ezhong Ecological Engineering Co., Ltd., Hubei Province, China. The SRF had a release longevity of 120 days and an NPK ratio of 26: 11: 11. Conventional fertilizers used in this experiment included urea containing 46% N, calcium superphosphate containing 12% P, and potassium sulfate containing 51%.

Five treatments were established as randomized complete block designs, with three replicates at the Qingchi Chinese chives in Wushan County, China. The fertilization trial was conducted for two consecutive years at this test site. Specific fertilizer application rates were shown in Table 1. The T1 treatment was fertilized according to the traditional and customary fertilizer dosage used by local farmers. The T3 treatment replaced the common fertilizer used in the T1 treatment with an equal amount of slow-release fertilizer. The T2 treatment was fertilized according to the nutrient balance method that requires absorption of N 1.7 kg, P 0.5 kg, and K 1.8 kg per 1,000 kg of Chinese chives produced. As a result, N, P, and K utilization rates were 35, 25, and 50%, respectively. The T4 treatment replaced the slow-release fertilizer in the T2 treatment with an equal amount of common fertilizer. The details are as follows: three test plots (as three replicates) were set up for each treatment, and each trial plot had an area of 50 m2. Each experimental plot was randomly distributed. The management measures were identical among the experimental plots except for the different fertilizer applications. In this study, the target yield of Chinese chives was 3,000 kg · 667 m−2, and 14.6 kg · 667 m−2 of N, 6 kg · 667 m−2 of P, and 10.8 kg · 667 m−2 of K were applied, respectively. Therefore, the total fertilizer application for the T2 treatment decreased by 31.22% compared to the total fertilizer application for the T1 treatment, in which N decreased by 33%, P decreased by 68%, and K increased by 110%. Insufficient application of P and K in the T2 and T3 treatments was supplemented using calcium superphosphate and potassium sulfate. The above calculation of fertilizer application rate has been reported in earlier studies (Wang et al., 2020).



TABLE 1 The amount of fertilizer applied to each treatment.
[image: Table1]

Treatments T1 and T4 were applied on July 5, July 22, August 9, and August 28, 2017, with four fertilizer treatments totaling 50% of the total fertilizer applied that year. On April 18, July 26, and September 25, 2018, the total amount of fertilizer applied in three applications was 50% of the total fertilizer applied in the year. The remaining 50% was fully applied on November 20, 2017. Treatments T2 and T3 were applied on July 5, 2017 (50% of the total fertilizer applied that year), April 18, 2018 (25% of the total fertilizer applied in the year), and July 26, 2018 (25% of the total fertilizer applied in the year) as a follow-up. The remaining 50% was fully applied on November 13, 2018. Management practices were strictly consistent among treatments except for fertilizer application.



Soil sampling

Soil samples were collected in January 2019 (60 days after fertilization). Soil samples were randomly collected from nine points in each treatment, uniformly mixed and divided into three replicate samples; 15 samples were obtained from five treatments in this experiment. This was done as follows: nine plots of equal size were randomly selected from each treatment plot (avoiding the treatment edges), the top 0–5 cm of soil was removed, and the plants and soil (overall thickness of about 20 cm) were divided as a whole from the planting site, placed on sterile paper, larger soil blocks around the plant roots were removed, rhizosphere soil was gently brushed off with a brush, collected in sterile lyophilization tubes, and immediately stored in an ice box (Semenov et al., 2019). When samples were collected between different treatments, the residues attached to the shovel were cleaned with sterile paper and the shovel was disinfected to avoid contamination between treatments. The rhizosphere soil was divided into two parts, one for soil microbiological analysis and the other was passed through a 2 mm sieve to remove residual roots and gravel, air dried and used to determine the physical and chemical properties of the soil.



Determination of soil physical and chemical properties

To determine soil physical and chemical properties, we ground the air-dried soil samples and passed them through a 2.0 mm sieve before assessing their soil nutrient content. Soil pH was measured at a water: soil ratio of 1: 2.5. The total nitrogen (TN) was determined using the Kjeldahl method by an automatic Kjeldahl analyzer K1100F device (Jinan Hannong Instrument Company, Jinan, China; Wang et al., 2020). Soil organic matter (SOM), alkali-hydrolyzable nitrogen (AN), available phosphorus (AP), and available potassium (AK) were determined according to the method described by Zhao M. et al. (2014) and Wang et al. (2021). Soil urease (S-UE), soil alkaline phosphatase (S-ALP), soil sucrase (S-SC), soil catalase (S-CAT), and soil polyphenol oxidase (S-PPO) activities were determined using Solarbio soil urease kit (Solarbio, BC0120), soil alkaline phosphatase kit (Solarbio, BC0280), soil sucrase kit (Solarbio, BC0240), soil catalase kit (Solarbio, BC0100) and soil polyphenol oxidase kit (Solarbio, BC0110). The above soil enzyme kits are manufactured by Solarbio (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). The specific methods and measurement procedures were carried out according to the instructions in the manual.



DNA extraction, PCR amplifications, and Illumina library generation

Three rhizosphere soil samples per treatment, totaling 15 samples, were used in the study. Soil microbial DNA was extracted using the soil microbial genomic DNA extraction kit (Tiangen Biotech, Beijing, China), and the results of 1% agarose gel electrophoresis showed clear bands and good DNA quality.

PCR amplifications were performed using the KAPA HiFi HotStart ReadyMix PCR Kit (KAPA Biosystems, United States). The total volume of each reaction system was 25 μl, including 2 × KAPA HiFi HotStart ReadyMix, 25 μmol/l of each primer, 10 ng of DNA template, and PCR Grade Water. The universal primers for bacterial 16S rRNA amplification were B341F (5´-CCTACGGGNGGCWGCAG-3′) and B805R (5′- GGACTACVSGGGTATCTAAT-3′). The common primers for fungal ITS amplification were ITS3 (5′-GATGAAGAACGYAGYRAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). PCR amplification was performed under the following conditions: pre-denaturation at 95°C for 3 min. Denaturation was carried out at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s for eight cycles, and a final extension at 72°C for 5 min (Huang, 2018). DNA was stored at 4°C until analysis. Electrophoresis was performed with 2% agarose gels, and the cut gel was recovered according to the procedure of the QIAquick Gel Extraction Kit (Qiagen, Germany). Sequencing was performed using an Illumina MiSeq system (Illumina MiSeq, United States).



Statistical analysis

After obtaining the raw data, data filtering was first required: using Mothur (1) (Schloss et al., 2009) to remove sequences with an average quality score of ≤ 20, to remove sequences containing N, and to remove sequences with excessively long homopolymers (>10 bp); (2) to remove sequences with excessive primer mismatches (≥4 bp) and to remove primer sequences (Schloss et al., 2009); (3) to remove sequences with excessively short (≤200 bp) and too long (≥500 bp) sequences (Schloss et al., 2009). In addition, (4) bacterial sequences were removed from chimera using UCHIME (Edgar et al., 2011) with the Gold dataset (Haas et al., 2011) as a reference, and fungal sequences were removed from chimera using UCHIME (Edgar et al., 2011) with the UNITE database (Koljalg et al., 2013) as a reference.

The bioinformatics analysis was based on the R.1 The dataset was analyzed using Mothur (Schloss et al., 2009). Use USEARCH software to cluster valid sequences into operational taxes based on the 97% similarity threshold. Mothur (v.1.30.1) calculated the relative abundance of rhizosphere microbial taxa, Chao1, ACE, Shannon, Simpson, and other alpha diversity indices. Bacterial sequences were systematically classified using the RDP classifier using the SILVA (SILVA 132) database as a reference for OTU sequences. Fungalsequences were systematically classified using the RDP classifier using the UNITE database (Koljalg et al., 2013) as a reference for OTU sequences. The OTU sequences were classified into phylotypes and matched to the SILVA database using PyNAST. The intercommunity distance matrix was generated using UniFrac, and the UniFrac matrix was subjected to principal coordinate analysis (PCoA). Data were analyzed using Statistical Analysis Software (SPSS software, 22.0, SPSS Institute Inc., United States), and treatment effects were determined using Duncan’s multiple range test (p < 0.05). Soil physicochemical properties, soil enzyme activity, and microbial characteristics of different fertilization treatments were analyzed by one-way analysis of variance (ANOVA) for data (p < 0.05). Correlations among the soil microbial compositions and soil properties activities were determined using redundancy analysis (RDA). The RDA was performed using the CANOCO 5 software package. Plotting was performed using Origin 2021. Sequences were uploaded to the National Center for Biotechnology Information (NCBI) Sequence Read Archive under BioProject PRJNA852613 and PRJNA852643.




Results


Change in physical and chemical properties under different fertilization treatments

Soil physicochemical properties as affected by fertilizer application are shown in Figure 1. Specifically, soil pH in the five treatments ranged from 7.69 to 7.90 after fertilization, with the highest pH in treatment T4. Fertilizer application increased soil TN, AN, AP, and AK contents overall (p < 0.05), ranging from 1.55 to 2.21 g · kg−1 for TN, 63.47 to 90.06 mg · kg−1 for AN, 155.01 to 222.81 mg · kg−1 for AP, and 181.28 to 286.52 mg · kg−1 for AK. TN increased by 15.71 and 26.76% in T2 and T3 treatments, respectively, compared to T4 and T1 treatments. Fertilizer application significantly increased TN and AN compared to CK. TN increased by 11.06 and 26.49% in T2 and T4 treatments compared to T3 and T1, respectively. The AK content of the T2 treatment was 17.00, 18.72, and 17.22% higher than theT1, T3 and T4 treatments, respectively. Different fertilizer treatments also affected soil organic matter content, which increased in each fertilizer treatment compared to CK. However, the soil organic matter content was higher in treatments with common fertilizers (T1 and T4) than in treatments with slow-release fertilizers (T2 and T3).
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FIGURE 1
 Physical and chemical properties of soil under different fertilization treatments. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer. SOM, soil organic matter; TN, total nitrogen; AN, alkali-hydrolyzable Nitrogen; AP, available phosphorus; AK, available potassium. Values are reported as repeated mean ± standard error. According to Duncan’s test, the average of the different letters (such as a, b, and c) in each column was significantly different at p < 0.05.




Enzyme activity changes in soils with different fertilization treatments

For soil enzyme activities, fertilization resulted in increased SU-E, S-PPO, S-CAT, S-SC, and S-ALP activities (Figure 2). The most significant changes in SU-E activity were observed under different fertilizer treatments. Compared to the T4 treatment, the T2 treatment S-UE activity was significantly higher by 19.27% (p < 0.05). SU-E activity was significantly increased by 6.75% (p < 0.05) in T3 treatment compared to T1 treatment. In contrast, different fertilization treatments influenced S-PPO activity at lower levels. However, in T1, T2, and T3 treatments, S-PPO activity was significantly higher than in CK. However, there were no significant differences between T1, T2, T3, and T4 treatments. Similar to the S-PPO activity, S-CAT activity was also influenced at a lower level by different fertilization treatments; the S-CAT activity was increased by 21.26% in T2 treatment compared to CK. Fertilizer application also had a positive effect on S-SC activity. S-SC activity was highest among fertilizer application treatments at T3 with 35.01 mg ·g−1·d−1, which was 28.43, 16.04, and 26.21% higher than T1, T2, and T4 treatments, respectively (p < 0.05). The trend of S-ALP activity was similar to S-SC activity, with the T3 treatment significantly increased by 15.30% compared to T1 (p < 0.05).
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FIGURE 2
 Soil enzyme activities under different fertilization treatments. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer. S-UE, soil urease; S-PPO, soil polyphenol oxidase; S-CAT, soil catalase; S-SC, soil sucrase; S-ALP, soil alkaline phosphatase. Values are reported as repeated mean ± standard error. According to Duncan’s test, the average of the different letters (such as a, b, and c) in each column was significantly different at p < 0.05.


Moreover, as shown in Supplementary Table S1, SU-E and S-SC activities were significantly and positively correlated with TN content (p < 0.05), and highly significantly correlated with AN, AP, and AK content (p < 0.01). S-PPO activity was significantly and positively correlated with AK (p < 0.05), and S-CAT was significantly and positively correlated with pH and AK (p < 0.05). S-ALP activity was significantly and positively correlated with AN, and AP showed a highly significant correlation (p < 0.01) and significant correlation (p < 0.05) with AK.



Sequencing analysis of microbial communities in Chinese chives rhizosphere soil

Based on high-throughput sequencing, 1,246,099 sequences of the bacterial community and 1,157,456 sequences of the fungal community were obtained from soil samples using B341F/B805R (bacterial 16SrRNA) and ITS3/ITS4 (fungal ITS) primer sets. Bacterial sequences ranged from 62,275–91,290 and fungal sequences from 73,849 to 75,571 for each treatment. The sequencing coverage was greater than 97% in all cases. The results were corroborated by the effective sequence length estimation of soil bacteria (Supplementary Figure S1) and dilution curve (Supplementary Figure S3) and the effective sequence length estimation of soil fungi (Supplementary Figure S2) and dilution curve (Supplementary Figure S4). This indicates that the sequencing results of this experiment can represent the actual situation of the samples and can reflect the structure of the soil microbial community.

As shown in Figure 3A, the number of 16S rRNA OTUs in CK, T1, T2, T3, and T4 treatments were 5,829, 5,943, 6,246, 6,075, and 6,106, respectively. Number of bacterial sequences was the highest in T2 treatment Figure 3B indicates the differences in the characteristic number of rhizosphere microorganisms under different fertilization modes. The number of common characteristics among all the samples was 3,083. The unique features in CK, T1, T2, T3, and T4 treatments were 674, 520, 580, 476, and 747, respectively. Compared with CK, the number of bacterial sequence characteristics decreased by 154, 94, and 198 in the T1, T2, and T3 treatments, respectively, while it increased by 73 in the T4 treatment. The number of sequence characteristics was lower in the T1 and T3 treatments than in the T2 and T4 treatments, respectively, indicating that fertilizer application affected the number of soil bacterial sequence features.
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FIGURE 3
 (A) The number of OTUs of bacterial in different treatments. (B) The Venn map for the characteristic number of Chinese chives rhizosphere bacterial under different fertilization treatments. (C) The number of OTUs of fungul in different treatments. (D) The Venn map for the characteristic number of Chinese chives rhizosphere fungul under different fertilization treatments. Values are the mean of three replicates. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer. According to Duncan’s test, the average of the different letters (such as a, and b) in each column was significantly different at p < 0.05.


The number of OTUs in the ITS could be divided into CK, T1, T2, T3, and T4 treatments with 467, 338, 333, 347, and 352, respectively. Further, the number of OTUs in each fertilization treatment was lower than that of CK, indicating that fertilization caused a decrease in the number of OTUs of soil fungi (Figure 3C). Figure 3D reveals the differences in the number of traits of fungal OTUs under different fertilization treatments. The number of common characteristics among all the samples was 177, and the number of features processed by CK, T1, T2, T3, and T4 was 128, 31, 27, 30, and 28, respectively. The number of unique fungal sequence features was 97, 101, 98, and 100 more in the CK treatment than in the T1, T2, T3, and T4 treatments. The number of features was higher in the T1 and T4 treatments than in the T3 and T2 treatments, respectively, indicating that fertilization reduced in the number of unique sequence features of the fungus in each treatment.



Alpha diversity analysis of Chinese chives rhizosphere bacteria communities

As shown in Table 2, fertilizer application significantly affected soil bacteria and fungi diversity. The coverage values were all greater than 0.97, indicating that the number of sequence reads was sufficient to cover the microbial diversity in the soil. Compared with CK and T4, the soil bacterial alpha diversity index indicated, that the ACE index of T2 treatment increased by 12.81 and 10.61% (p < 0.05), respectively. The Chao1 index of T1, T2, and T3 treatments was higher than that of CK. The Shannon index of each treatment ranged from 7.20 to 7.45. Shannon index was the highest in CK and second highest in T2 treatment. Simpson’s index was 0.0015 to 0.0021 for each treatment, while the T2 treatment and CK had the closest Simpson’s index values. Soil fungal α-diversity indices showed that Chao1, Ace, Shannon, and Simpson indices were higher in the control treatment than in the fertilization treatment. This indicates that fertilization caused a decrease in the soil fungal α-diversity index.



TABLE 2 Alpha diversity analysis of Chinese chives rhizosphere microorganisms under different fertilization treatments.
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Taxa number and distribution of Chinese chives rhizosphere microorganisms

The number of species at each taxonomic level of rhizosphere microorganisms of Chinese chives under different fertilization treatments is shown in Table 3. Fertilization has resulted in changes in the number of bacterial and fungal species. The relative abundance of bacteria and fungi at each taxonomic level is shown in Figures 4, 5. At the bacterial phylum level, the dominant bacterial phyla (relative abundance >1%) were Actinobacteria, Proteobacteria, Planctomycetes, Bacteroidetes, Chloroflexi, Gemmatimonadetes, Acidobacteria Verrucomicrobia, and Candidate_division_TM7 (Figure 4 phylum). Compared to CK, the relative abundance of Gemmatimonadetes increased significantly (p < 0.05) in the T1 and T4 treatments, and the relative abundance of Actinobacteria, Chloroflexi, and Bacteroidetes relative abundance significantly decreased (Figure 6A; p < 0.05). However, Acidobacteria was significantly higher in the T4 treatment than in other treatments (p < 0.05). At the class level (Figure 4 Class), the relative abundance of Gemmatimonadetes, Deltaproteobacteria, and Betaproteobacteria increased in each treatment. The relative abundance of Gemmatimonadetes was significantly higher in the T1 and T4 treatments than in CK (p < 0.05). The relative abundance of Deltaproteobacteria was significantly higher (p < 0.05) and the relative abundance of Actinobacteria was significantly lower (p < 0.05) in the T2, T3, and T4 treatments compared to CK (Figure 6B). At the order level (Figure 4 Order), the relative abundance of Gemmatimonadales, Myxococcales, Xanthomonadales, and Subgroup_6 increased, while the relative abundance of Acidimicrobiales, Micrococcales, Propionibacteriales, Rhodospirillales, Rhizobiales, Gaiellales, and JG30-KF-CM45 decreased. The relative abundance of Gemmatimonadales was significantly higher in the T1 and T4 treatments than in CK (p < 0.05; Figure 6C). The relative abundance of Cytophagales and Sphingomonadales in the T2 treatment were significantly higher than those of T1 (p < 0.05; Figure 6C). At the family level (Figure 4 Family), Gemmatimonadaceae, Phycisphaeraceae, and Haliangiaceae increased in relative abundance. Planctomycetaceae, Nocardioidaceae, Gaiellaceae, Flavobacteriaceae, and the relative abundance of Gemmatimonadaceae was significantly higher (p < 0.05) in the T1 and T4 treatments compared to CK (Figure 6D). The relative abundance of Cytophagaceae and Xanthomonadaceae was significantly higher (p < 0.05) in the T2 treatment than in T1 (Figure 6D). At the genus level (Figure 4 Genus), relative abundance of Gemmatimonas, Haliangium increased and that of Gaiella, Flavobacterium, Nocardioides, and Agromyces decreased. The relative abundance of Gaiella was significantly higher (p < 0.05) in the T1 treatment than in T4 (Figure 6E). The relative abundance of Flavobacterium was significantly lower in the T1, T3, and T4 treatments compared to CK, and the relative abundance of Nocardioides was significantly lower (p < 0.05) in T1, T2, T3, and T4 treatments (Figure 6E).



TABLE 3 The number of species at each level of Chinese chive rhizosphere bacterial under different fertilization treatments.
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FIGURE 4
 Species distribution at each level of Chinese chives rhizosphere bacterial under different fertilization treatments. Values are the mean of three replicates. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer.
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FIGURE 5
 Species distribution at each level of Chinese chives rhizosphere fungul under different fertilization treatments. Values are the mean of three replicates. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer.
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FIGURE 6
 The relative abundance of the phyla for treatments under different fertilization treatments. (A–E) The bacterial with relative abundance > 1% in each treatment. (F–J) The fungal with relative abundance > 1% in each treatment. According to Duncan’s test, the different letters (such as a, b) on the graph bars represent significant difference at p < 0.05. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer.


At the fungal phylum level (Figure 5 Phylum), the relative abundance of Ascomycota, Zygomycota, and Basidiomycota were all greater than 1%, and that of Ascomycota in each treatment exceeded 70%. Ascomycota’s relative abundance in the T3 treatment was significantly higher than that in T1, and Basidiomycota’s relative abundance in the T1 treatment was significantly higher than that in T4 (p < 0.05; Figure 6F). The relative abundance of Zygomycota was significantly lower (p < 0.05) in each fertilization treatment compared to CK (Figure 6F). At the class level (Figure 5 Class), the relative abundance of Sordariomycetes and Agaricomycetes increased, and relative abundance of Zygomycota_class_Incertae_sedis and Eurotiomycetes decreased. Compared with CK, the relative abundance of Sordariomycetes increased significantly (p < 0.05) in the T3 and T4 treatments.The relative abundance of Eurotiomycetes was significantly higher (p < 0.05) in T1 treatment than in T3, but the relative abundance of Sordariomycetes was significantly higher (p < 0.05) in the T3 treatment than in T1 (Figure 6G). At the order level (Figure 5 Order), the relative abundance of Hypocreales, Sordariales, Cantharellales, and Xylariales increased, and the relative abundance of Mortierellales, Onygenales, Microascales, and Pezizales decreased in the T1, T2, T3, and T4 treatments. The relative abundance of Mortierellales decreased significantly (p < 0.05) compared to CK, and the relative abundance of Onygenales increased significantly (p < 0.05) in the T1 treatment compared to the T3 and T4 treatments (Figure 6H). At the family level (Figure 5 Family), the relative abundance of Chaetomiaceae, Nectriaceae, Ceratobasidiaceae, Hypocreales_family_Incertae_sedis, and Xylariales_family_Incertae_sedis increased and the relative abundance of Mortierellaceae, Microascaceae, Gymnoascaceae, and Pyronemataceae decreased. The relative abundance of Mortierellaceae decreased significantly (p < 0.05) in the T1, T2, T3, and T4 treatments compared to CK. The relative abundance of Gymnoascaceae was significantly higher (p < 0.05) in the T1 treatment than in T3 and T4 (Figure 6I). At the genus level (Figure 5 Genus), the relative abundance of Mortierella, Microascus, and Gymnoascus decreased, and that of Fusarium, Ceratobasidium, Monographella and Ilyonectria increased. As shown in Figure 6J, the relative abundance of Mortierella and Microascus decreased significantly (p < 0.05) in each fertilization treatment compared to CK. The relative abundance of Gymnoascus decreased significantly (p < 0.05) in the T3 and T4 treatments compared to T1. The relative abundance of Volutella increased significantly in the T4 treatment.



Analysis of PCoA among different fertilization treatments

To clarify the changes in soil community structure between the rhizosphere of each fertilization treatment and the control, we calculated the β-diversity index of soil bacteria and fungi communities (Figure 7). After analyzing the soil bacterial PCoA data (Figure 7A), PCoA1 and PCoA2 explained 36.1 and 27.6% of the differences in soil bacterial communities, respectively. Further, there were significant differences between the fertilization treatments compared with CK. The distance between treatments T1 and T4 was also farther, indicating that the difference in bacterial flora between them was significant, suggesting that the amount of fertilizer applied might affect the flora. The distance between treatments T2 and T4 was farther. However, the amount of fertilizer applied to both was the same, suggesting that the type of fertilizer applied also affected the flora under reduced fertilizer application. After analyzing the soil fungi PCoA data (Figure 7B), PCoA1 and PCoA2 explained 41.9 and 14.5% of the differences in soil bacterial communities, respectively. The three repeats of CK were clustered together, showing good repeatability. We recorded that the distance between treatments T2 and T4 was relatively close; however, there was no overlapping between treatments, suggesting that the type of fertilizer applied still affected the fungal flora in the case of reduced fertilization. Separation was also observed between the T2 and T3 treatments, indicating that the amount of fertilizer applied also affects the fungal flora when the same slow-release fertilizer is applied.

[image: Figure 7]

FIGURE 7
 Principal coordination analysis (PCoA) plots with weighted UniFac distance metric in soil samples under different fertilization treatments. (A) Bacterial PCoA plot. (B) Fungal PCoA plot. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer.




Analysis of RDA among different fertilization treatments

Redundancy analysis was used to analyze the relationship between the structure (relative abundance) of eight bacterial communities and three fungal communities with relative abundance > 1% and the physical and chemical properties of the soil and soil enzyme activity (Figure 8). In the redundancy analysis of bacterial community structure and soil physicochemical properties (Figure 8A), the first and second ordination axes clarified 44.22 and 10.06% of the changes in the soil bacterial community, respectively, explaining 54.28% of the total variation of the soil bacterial community. The explanation for the variation of the soil microbial community was evident. Proteobacteria and Gemmatimonadetes were positively correlated with soil AN, SOM, and AK, while Acidobacteria, Actinobacteria, and Chloroflexi were negatively correlated with soil pH, TN, AN, AP, AK, and SOM. Acidobacteria were positively correlated with soil pH, TN, and AP, suggesting that soil physicochemical properties can affect soil bacteria. Three fungal phyla and soil physicochemical properties with relative abundance greater than 1% were selected for RDA analysis (Figure 8B). The first and second axes explained 78.41% of the total variation in the soil fungal community. Ascomycota was positively correlated with soil TN, SOM, AK, AP, and pH, while Zygomycota was the opposite.
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FIGURE 8
 Redundancy analysis (RDA) of the abundant phyla and soil samples from different fertilization treatments. (A,B) The relationship between the soil bacterial taxa and the soil properties and enzyme activities. (C,D) The relationship between the soil fungal taxa and the soil properties and enzyme activities. SOM, soil organic matter; TN, total nitrogen; AN, alkali-hydrolyzable nitrogen; AP, available phosphorus; AK, available potassium; S-UE, soil urease; S-PPO, soil polyphenol oxidase; S-CAT, soil catalase; S-SC, soil sucrase; S-ALP, soil alkaline phosphatase. CK, no fertilizer application; T1, conventional fertilizer application; T2, reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer.


In the redundancy analysis of bacterial community structure and soil enzyme activity (Figure 8C), the first and second ordination axes explained 22.19 and 7.15% of the variation in the soil fungal community and 29.34% of the total variation in the soil fungal community, respectively. Proteobacteria, Gemmatimonadetes, Acidobacteria, and Verrucomicrobia were positively correlated with SU-E, S-ALP, S-SC, S-PPO, and S-CAT, while Bacteroidetes, Actinobacteria, and Chloroflexi were negatively correlated. In the redundancy analysis of soil fungal community structure and soil enzyme activity (Figure 8D), the first and second ordination axes together explained 71.91% of the degree of variation. Ascomycota was positively correlated with SU-E, S-ALP, S-SC, S-PPO, and S-CAT, and Zygomycota was negatively correlated. Basidiomycota was positively correlated with SU-E and S-PPO.




Discussion


Response of soil properties and enzyme activities to different fertilization treatments

Soil physicochemical properties result from the combined action of the soil, plants, and the surrounding environment. They are the essential characterization of soil quality change and development and are the core content of this study (Manrubia et al., 2019). Available soil nutrient content directly determines the size of soil nutrient supply capacity (Jing et al., 2020). Studies have shown that owing to the slow-release effect, slow release fertilizers can be released slowly over a longer period of time after application into the soil, keeping the nitrogen and phosphorus content of the soil increased and at a high level (Wang et al., 2019), which was also mentioned in this trial. In this study, the TN, AN, and AP contents of treatments T2 and T3 with slow-release fertilizer application were higher than the other treatments (Figure 1). This indicates that the application of slow-release fertilizer can evidently enhance soil TN, AN, and AP contents and increase soil nutrient content compared to common fertilizer. Similarly, the soil nutrient content of the reduced fertilizer treatments T2 and T4 was higher than that of the regular fertilizer treatments T1 and T3. The AK content of the T4 treatment with additional potassium fertilizer was not significantly higher than that of the T1 treatment, indicating that over-fertilization did not increase the soil nutrient content (Ding et al., 2020). Fertilizer application caused a change in soil C/N ratio, an increase in soil nitrogen content, and a decrease in soil organic matter content (Li et al., 2019). The high level of TN and low SOM in the soils of T2 and T3 treatments in this experiment satisfactorily substantiated this view. Furthermore, in the previous study on yield, Chinese chives yield was significantly increased in T2 and T3 treatments (Niu et al., 2020), indicating that its vigorous growth and root distribution, and infiltration in the soil also changed the soil physical and chemical properties and further increased soil nutrient content (Li et al., 2016).

Soil enzyme activity affects soil nutrient cycling, and the activity is influenced by the rate and type of fertilization applied (Teng et al., 2018; Fertahi et al., 2021). Gong et al. (2019) showed that soil enzyme activity was positively correlated with soil nutrient content, indicating that the higher the soil enzyme activity, the more soil nutrient content was accumulated. The soil enzymes selected in this experiment (urease, sucrase, alkaline phosphatase, and catalase) are involved in the soil C, N, and P cycles (Attademo et al., 2021). In the present experiment, compared with conventional fertilizer application, slow-release fertilizer application was able to increase soil enzyme activities, including SU-E, S-SC, and S-ALP. Meanwhile, the comparison of soil enzyme activities in T2 and T3 treatments showed that soil enzyme activities did not change with the amount of fertilizer applied (Teng et al., 2018; Liu et al., 2021). The main role of S-PPO was to break down harmful substances in root secretions and reduce the self-toxicity of plants (Jian et al., 2016). The vigorous growth of Chinese chives after fertilization causes the accumulation of harmful substances in the root secretions, which indirectly increases the number and activity of secretion of S-PPO by soil microorganisms (Qu et al., 2022). S-CAT activity was closely related to soil organic matter content (Jian et al., 2016). The T2 treatment had the lowest organic matter content; however, the S-CAT activity was significantly higher than the other treatments (p < 0.05), corroborating the above conclusion. After the soil organic matter content decreased, the phosphatase activity increased, similar to the previous study result (Jing et al., 2020).



Response of soil microbial diversity to different fertilization treatments

The slow-release fertilizers also affects soil physical and chemical properties nutrient content, affecting soil microbial community diversity (Tian et al., 2019; Chen et al., 2022). The Chao1, Ace, Shannon, and Simpson indices of soil bacteria increased under different fertilization treatments (Table 2), especially in the T2 treatment. The Ace index of T2 treatment was significantly higher than that of CK, and the Shannon index decreased the least. Meanwhile, Chao1 and Ace indices of soil bacteria increased with increasing fertilizer application whereas the Shannon and Simpson indices decreased with increasing fertilizer application when common fertilizer was applied, similar to the findings of Rughoft et al. (2016). However, the changes in soil bacterial diversity indices of slow-release fertilizer treatments were exactly the opposite, indicating that excessive application of slow-release fertilizer did not increase soil bacterial diversity. The diversity indices of soil fungi were all decreased compared to CK, the T2 treatment had the smallest decrease in Shannon and increase in Simpson index. Similarly, the soil fungal diversity index decreased after fertilization, especially in the T2 and T3 treatments, which indirectly indicated that the application of slow-release fertilizer had a positive effect on the control of soil-borne diseases and increased the uptake of soil nutrients by roots (Jarvis et al., 2015). Similarly, soil nutrients were increased after fertilizer application and soil physical and chemical properties were changed. The slow-release properties of slow-release fertilizers, on the other hand, allow the nutrients in the soil to be maintained at a high level for a certain period of time (Chen et al., 2022). This allows the proliferation of soil bacteria to become more stable and inhibit the soil fungi, which account for a small percentage of the total. This in turn leads to an increasing bacterial diversity and decreasing fungal diversity (Hu et al., 2017; Gong et al., 2019). Therefore, applying slow-release fertilizers can facilitate sustainable agricultural development in terms of changes in the abundance and diversity of soil microorganisms.

In the PCoA analysis, the bacterial and fungal communities of each fertilization treatment produced separation from CK. This indicates that fertilizer application can affect soil microbial community structure by changing soil nutrient content (Liang et al., 2020). Areas between T1 and T4 treatments did not overlap, but areas between T2 and T3 treatments did, suggesting that changes in microbial community structure in the common fertilizer treatment may be related to the amount of fertilizer applied. Similarly, in the PCoA analysis of soil bacteria, the T2, T3, and T1 treatments overlapped concertedly, but the T4 treatment was separated from these three treatments, which may be related to the lower total fertilizer application in the T4 treatment. In contrast, there was a crossover between all fertilization treatments for fungi, reflecting that bacteria are more sensitive to fertilization than fungi (Gong et al., 2019).



Response of soil microbial community structure to different fertilization treatments

Changes in the composition of soil microbial communities affect soil nutrient changes to some extent (Teng et al., 2018). In this study, the differences in the relative abundance of soil bacteria between treatments (T2 and T3) with slow-release fertilizer application were small. This indicates that slow-release fertilizers have less effect on soil bacterial communities. In contrast, significant differences in the relative abundance of bacteria were observed between treatments (T1 and T4) that applied common chemical fertilizers, indicating that the amount of common chemical fertilizers applied can affect the bacterial community. The relative abundance of Proteobacteria, Gemmatimonadetes, and Acidobacteria was increased, and Actinobacteria, Chloroflexi, and Bacteroidetes were decreased (Figures 4, 6A). Proteobacteria contain certain subclasses of bacteria that can fix atmospheric nitrogen (Li et al., 2019). The increase in soil nitrogen content after fertilization stimulated the rapid proliferation of Proteobacteria, and the nitrogen-fixing bacteria in Proteobacteria became more active and increased their nitrogen fixation capacity, resulting in nitrogen accumulation. After nitrogen accumulation, Proteobacteria proliferated, and their relative abundance increased (Sabir et al., 2021). The overwintering production of Chinese chives is mainly conducted in greenhouses, which are closed for a long-time during production and have low gas exchange with the external environment, leading to a relative decrease in oxygen content in the greenhouse. The relative abundance of Actinobacteria in T4, the least fertilized treatment, decreased significantly (p < 0.05) compared with T1, indicating that the changes in the relative abundance of Actinobacteria were affected not only by soil oxygen content but also by the amount of fertilizer applied (Figure 6A; Li et al., 2021). The relative abundance of parthenogenic anaerobic Gemmatimonadetes was increased, and aerobic Actinobacteria and Chloroflexi growth were suppressed (Figures 4, 6A; Zhao et al., 2016). Chloroflexi relative abundance was significantly higher in the T1 treatment than in the T4 treatment (p < 0.05), but there was no significant difference between T2 and T3. This suggests that Chloroflexi may be more sensitive to changes in fertilizer application of common chemical fertilizers. The class of Gemmatimonadetes was vulnerable to soil pH, and its relative abundance was higher in alkaline soil (Figures 4, 6B). It was especially the T4 treatment that had the highest pH and the highest relative abundane of Gemmatimonadetes (Figures 1, 6B), that result was consistent with the studies of Zhang et al. (2017). The relative abundance of Acidimicrobiales, an oligotrophic bacterium, was inversely correlated with soil organic matter content (Zhou et al., 2015). This was corroborated by the decrease in the relative abundance of Acidimicrobiales in this study (p < 0.05, Figure 6C). Nocardioidaceae and Microbacteriaceae also participate in the carbon and nitrogen cycle in the soil. However, when the N content in the soil is too high or too low, it affects their growth and development, resulting in a decrease in their relative abundance (Figure 6D; Chen et al., 2022). Nocardioides, as aerobic bacteria, were one of the Actinobacteria (Zhao et al., 2016). It also participates in the soil nitrogen cycle and its relative abundance decreases (p < 0.05,Figure 6E), partly owing to a decrease in the oxygen content of the soil and partly owing to a change in the soil C/N ratio and inhibition of growth and development by other genera with higher relative abundance (Jiao et al., 2016).

Unlike the bacterial community, the relative abundance of fungi increased in each treatment, mainly owing to the increase in soil nutrients after fertilization, especially phosphorus, leading the rapid proliferation of fungi and more nutrients from decomposing organic matter, thereby promoting the relative abundance of fungi (Wang et al., 2018; Ye et al., 2020; Wu L. et al., 2021). However, as with bacteria, the fungal community was also sensitive to changes in the amount of common chemical fertilizers applied. For example, the relative abundance of Ascomycota was significantly higher in the T4 treatment than in the T1 treatment. In the overwintering production of Chinese chives, the environment in the greenhouse was suitable for the rapid growth of Chinese chives. The root secretions of Chinese chives are abundant at this time. The various sugars, amino acids, and organic acids in root secretions can also promote the growth of ascomycetes and other heterotrophic fungi (Abiraami et al., 2020; Gao et al., 2021). Compared with no fertilization, the relative abundance of Ascomycota in the soil treated with fertilization was higher (p < 0.05, Figure 5). The relative abundance of Ascomycota in each treatment exceeded 60% (Figure 6F), followed by Zygomycota and Basidiomycota, consistent with the conclusion of earlier studies (Li and Wu, 2018). The relative abundance of Zygomycota, a saprophytic fungus, increased with the availability of nutrients provided by fertilization treatments (Richardson, 2009). In this study, the relative abundance of Zygomycota decreased in the T3 and T4 treatments, indicating that nitrogen application above or below a certain threshold can change the soil C/N ratio and affect the fungal community structure (Wang et al., 2017). The relative abundance of the T4 treatment in the Basidiomycota decreased mainly because most of the fungi in Basidiomycota are symbiotic with plants and rely on plant-synthesized carbon to survive (Nie et al., 2018). The T4 treatment applied the least amount of fertilizer, and the chives plants were weakly grown and could not be provided with enough nutrients to supply Basidiomycota development. At the class level, the relative abundance of Sordariomycetes in all treatments exceeded 45% (Figure 6G) and was the dominant class, consistent with the findings of other studies (Zhou et al., 2016). After fertilization, the relative abundance of Sordariomycetes was lower in the T1 treatment than in the T3 and T4 treatments, indicating that Sordariomycetes were less affected by the type and amount of fertilizer applied when soil nutrients were sufficient (Ding et al., 2017). Eurotiomycetes lead to soil nitrogen loss and greenhouse gas production (Mothapo et al., 2015). In contrast, the relative abundance of Eurotiomycetes decreased after the slow-release and reduced fertilizer applications (p < 0.05), which laterally indicated that the slow-release and reduced fertilizer applications could reduce soil nitrogen loss. The relative abundance of Mortierellales and Microascales, as pathogenic fungi, decreased after the slow-release fertilizer application (p < 0.05, Figure 6H), indicating that the application of slow-release fertilizer could reduce the chance of soil-borne diseases (Ding et al., 2017).

The abundance of soil microorganisms is closely related to the soil environment, and the physical and chemical properties of the soil affect the abundance and activity of microorganisms (Cruz-Martinez et al., 2012). In this study, the slow-release fertilizer facilitated the improvement of soil physicochemical environment (Figures 1, 2). RDA analysis showed that soil pH, TN, AN, AP, AK, and SOM were positively correlated with Proteobacteria (Grieneisen et al., 2019), and negatively correlated with Actinobacteria, Bacteroidetes, and Chloroflexi (Figure 8A; Ge et al., 2008). Proteobacteria were positively correlated with TN and AN, which were related to their inclusion of nitrogen-fixing bacteria (Moulin et al., 2001). Nitrogen-fixing bacteria fix and release nitrogen from the air into the soil, increasing in soil N contentand promoting the proliferation of Proteobacteria. Actinobacteria were negatively correlated with soil pH, consistent with the conclusion (Cederlund et al., 2014). Verrucomicrobia was an oligotrophic bacterium and the various types of nutrients in the soil had little effect on its activity and relative abundance (Zhou et al., 2015), which was also verified by RDA analysis. Chloroflexi was negatively correlated with TN, which is similar to the findings of Zhalnina et al. (2015). Lauber et al. (2009) and Rousk et al. (2010) showed that the abundance of most phyla was pH dependent and the relative abundance of Proteobacteria, Gemmatimonadetes, Verrucomicrobia, and phytoplankton were positively related to soil pH and they indicated that soil pH was an important factor affecting soil microorganisms. RDA analysis also showed that soil enzyme activity also affected soil bacterial community structure. Soil enzyme activity was positively correlated with Proteobacteria, Planctomycetes, Gemmatimonadetes, Verrucomicrobia, and Acidobacteria and negatively correlated with Actinobacteria, Chloroflexi, Bacteroidetes (Figure 8C), similar to study findings (Liu et al., 2021). The negative correlation between Actinobacteria and soil enzyme activity is that Actinobacteria were aerobic bacteria (Gong et al., 2019), and the increase in soil enzyme activity was more favorable for soil nutrient transformation, and roots and other microorganisms were more active and consumed more oxygen. Actinobacteria activity was inhibited when the oxygen content in the soil decreased. The above results indicate that the effects of different fertilization treatments on soil bacterial communities were mainly achieved by changing soil physical and chemical properties and enzyme activities.

Ascomycota showed a positive correlation with soil pH, TN, AN, AP, AK, and SOM (Figure 8B), similar to the results of Wu X. et al. (2021). Ascomycota plays a major role in the decomposition of organic matter in the soil, and soil nutrient changes in the soil certainly have an impact (Fuke et al., 2021). Furthermore, Ascomycota has been shown to promote nitrogen accumulation, and its community structure and nitrogen changes were significantly correlated, consistent with our study results (Wu B. B. et al., 2021). On the contrary, Zygomycota was negatively correlated with soil physicochemical properties, probably owing to competition among microorganisms for soil nutrients, resulting in the inhibition of normal growth of Zygomycota (Nie et al., 2018). Similarly, RDA analysis of soil fungi and enzyme activities showed that SU-E, S-ALP, S-CAT, S-PPO, and S-SC were positively correlated with Ascomycota and negatively correlated with Zygomycota (Figure 8D). This result could be attributed to the fact that soil fungi tended to be heterotrophic fungi and Ascomycota was the dominant phylum, which utilized soil nutrients to a significantly higher extent than other fungi ，and also formed an inhibitory effect on other fungi (Nie et al., 2018; Wu X. et al., 2021). In conclusion, the alteration of soil fungal communities also occurred due to different fertilization treatments that changed soil physicochemical properties and enzyme activities.




Conclusion

Fertilizer application affected soil physicochemical properties, microbial diversity index, and community structure, indicating that soil microorganisms responded differently to fertilizer application amount and type. Compared with conventional fertilizer application (common chemical fertilizer), slow-release fertilizer application significantly enhanced total soil nitrogen and alkaline soluble nitrogen, soil urease, and sucrase activities. It facilitated the conversion of soil organic matter, and changes the soil nutrient content, thus affecting the soil microbial community structure and diversity. Increased the relative abundance of Proteobacteria and Ascomycota, decreased the relative abundance of Actinomycota, Chloroflexi, and Basidiomycota, and reduced the fertilizer input. Furthermore, the reduced fertilizer application treatment (T2: N 29.2 kg·667 m−2, P2O5 12.0 kg·667 m−2, K2O 21.6 kg·667 m−2) of slow-release fertilizer was better, which could reduce fertilizer application, reduce fund investment, and increase economic interests.
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Ensiling legume with cereal is an effective method to ensure the energy rich-feed, but no information is available on the microbial fermentation mechanism of intercropped Lablab purpureus (Lablab) and sweet sorghum in the saline-alkaline region. Therefore, the present study investigated the silage quality and microbial community of intercropped Lablab and sweet sorghum silages grown in the saline-alkaline region with or without inoculation of Lactobacillus plantarum (LP). The experimental treatments were prepared according to the Lablab and sweet sorghum planting patterns: Lablab and sweet sorghum sowing seed ratios were 1:1 (L), 5:1 (M), and 9:1 (H). After harvesting, each mixture was treated with LP or sterilized water (CK), followed by 60 days of fermentation. Results showed that both LP inoculation and intercropping significantly raised the lactic acid (LA) content and decreased the pH value, acetic acid (AA), and ammonia-N in intercropped silages. The LP addition and intercropping also improved the relative feed value by reducing structural carbohydrates. Moreover, LP silages had a greater relative abundance of Lactobacillus than CK silages, and its relative abundance increased with an increased seed-sowing ratio of Lablab in intercropping. LP was the prevalent species in LP silages compared to CK silages, and its relative abundance also increased with an increased seed-sowing ratio of Lablab in intercropping. The genus Lactobacillus was negatively correlated with ammonia-N (R = −0.6, p = 0.02) and AA (R = −0.7, p < 0.01) and positively correlated with LA (R = 0.7, p < 0.01) and crude protein (R = 0.6, p = 0.04). Overall, the intercropped seeding ratios of Lablab and sweet sorghum of ≥ 5:1 with LP inoculation resulted in better fermentation quality and preservation of nutritional components providing theoretical support and guidance for future intercropped protein-rich silage production in the saline-alkaline region.
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 Lablab purpureus, silage quality, Lactobacillus plantarum, intercropped, microbial community


Introduction

Ensiling is the most promising forage preservation method which assures ruminants year-round access to high-quality silage (Pahlow et al., 2003; Dunière et al., 2013). The preservation of forages that are rich in protein is also particularly crucial since plant-derived proteins are necessary for livestock products (Xia et al., 2022). However, the development of animal husbandry is generally limited in the saline-alkaline region due to a deficit in protein-rich forage. This shortage of protein-rich forage is generally induced by alkali or saline stress which affects the typical plants' nutrient uptake (Hou et al., 2018). Consequently, cultivating and utilizing protein-rich forages to replace the protein-poor forages in the saline-alkali region is imperative.

The Lablab purpureus (Lablab) is an important perennial legume worldwide, characterized by the greater protein content and resistance to salt or alkali stress (Hailin et al., 2017). The Lablab is a dual-purpose legume, which is consumed by humans as a pulse or used as fodder for livestock (Mudryj et al., 2014; Rebello et al., 2014). However, the natural fermentation of Lablab often leads to failure due to its high buffer capacity and low sugar content (Yu, 2015). Sweet sorghum is abundant with a fermentable carbohydrate content of ~20% dry matter (DM) and can tolerate salt or alkali stress (Khota et al., 2017; Chen et al., 2019). Sweet sorghum silage is prevalent due to its low buffering capacity and high content of water-soluble carbohydrates, making it easy to ensile into energy-rich feed (Dong et al., 2020), but its protein content is insufficient. A combination of legume with cereal silage (soybean and corn) has been effective because the high protein content of the soybean increases the nutritional value while the abundant carbohydrates of the corn offer enough substrate for lactic acid bacteria (LAB) to proliferate, ensuring quality fermentation of the intercropped forages (Zeng et al., 2020). Similarly, mixed silages of sweet sorghum with alfalfa, corn, and Sesbania cannabina have been proven successful (Zhang et al., 2015; Ni et al., 2018; Xia et al., 2022). However, in these earlier trials, conventional legumes and sweet sorghum were sown and harvested separately and then ensiled at different weight ratios. Intercropped crops can be ensiled directly in accordance with the planting patterns rather than the weight ratio, thereby saving labor, money, and storage space (Zeng et al., 2022). Therefore, it is imperative to understand the microbial fermentation mechanism of intercropped Lablab and sweet sorghum according to their planting system with multiple benefits.

The LAB additives are largely used for quality silage production because of their ability to produce lactic acid (LA), decrease the pH, inhibit protein degradation, and reduce DM loss under anaerobic conditions (Filya et al., 2006; Oliveira et al., 2017). Generally, homofermentative LAB strains are the major contributor to LA-type fermentation due to their greater efficiency of sugar utilization. It has been established that the rapid growth of Lactobacillus (L.) plantarum (LP) during the initial phase of fermentation is critical for the later fermentation and final silage quality (Yang et al., 2019). Numerous studies showed that the addition of LP ensures successful fermentation by restricting the undesired microorganisms (EFSA Panel on Additives Products or Substances used in Animal Feed (FEEDAP) et al., 2017; Oliveira et al., 2017; Yang et al., 2020; Zhang et al., 2022). However, little is known about the influence of LP on the composition of intercropped Lablab and sweet sorghum silage, which is essential for further regulation of fermentation.

Consequently, the present study investigated the silage quality and microbial community of intercropped Lablab and sweet sorghum silages grown in the saline-alkaline region with or without LP inoculation. In the present study, we hypothesized that intercropping and LAB addition had beneficial effects on the fermentation quality and microbial community of intercropped Lablab and sweet sorghum silage. The results of this study may provide theoretical support and guidance for future protein-rich silage production in the saline-alkaline region with the help of intercropping and the addition of suitable LAB inoculant.



Materials and methods


Materials and silage preparation

The Lablab and sweet sorghum fresh materials were collected from the experimental field of Yellow River Delta Modern Agricultural Technology Innovation Center located in Guangrao County, Dongying city, Shandong province, China (118°90' E, 37°67' N) on 20 October 2020. The study area has the following soil characteristics: 9.07 pH, 21.4 g kg−1 of organic matter, 1.1 g kg−1 total salt, 62.6 mg kg−1 of hydrolyzed nitrogen, 1.08 × 103 mg kg−1 of total nitrogen, 15 mg kg−1 of available phosphorous, and 311 mg kg−1 of available potassium. The seeds of Lablab and sweet sorghum were mixed at a weight ratio of 1:1 (L), 5:1 (M), and 9:1 (H) before sowing. A self-selected LP WQ-01 (CGMCC No. 13318, LP) strain screened from high-quality sweet sorghum silage was used as a silage additive.

The treatments were referred to the field cropping system of Lablab and sweet sorghum such as L, M, and H. The intercropped Lablab (productive stage) and sweet sorghum (milk-ripe stage) were harvested together and chopped into a particle size of 2 to 4 cm by a crop chopper (ZS-2, Zhongsheng agricultural machinery company, Tangshan, China). The selected LP strain was incubated on Man, Rogosa, Sharpe (MRS) liquid medium (Solaibao Technology Co., LTD., Beijing, China) at 37°C for 48 h under anaerobic conditions. The cultured LP strain was homogeneously sprayed on the mixtures at 5 × 106 CFU/g fresh matter (FM). An equal amount of sterilized water was sprayed on the mixtures for the control group (CK). The 400 g of samples were packed into the polyethylene bags and tightly vacuum-sealed with a Vacuum machine (DZ-AS, 2,500 KW, ANSEN, Fujian, China). A total of 18 bags (2 groups × 3 ratios × 3 replicates) were prepared and kept at a temperature between 20 and 25°C. The bags were unpacked after 60 days (d) of fermentation to analyze the chemical composition, fermentation quality, and microbial community of intercropped silages.



Fermentation quality and chemical composition analysis

The fermentation quality parameters analysis was performed according to the previous study (Wang et al., 2020). In brief, 10 g of silage samples and 90 ml of sterilized water were blended for 20 min and passed through a filter (0.22 μm). The extracting liquid was used to examine the pH, organic acids including LA, acetic acid (AA), propionic acid (PA), butyric acid (BA), and ammonia-N. A pH value was determined by using the glass electrode pH meter (pH 213; HANNA; Italy). The organic acids contents were analyzed using the high-performance liquid chromatography (HPLC) (column: ICSep COREGEL-87H; detector: 210 nm UV; mobile stage: 0.005 M of H2SO4, 0.6 mL/min; temperature: 55°C; 1,200, Agilent, America). The ammonia-N concentration was analyzed via the ninhydrin colorimetric and phenol-hypochlorite protocols (Broderick and Kang, 1980).

The pre- and post-ensiling samples were dried at 65°C for 48 h in a forced-air oven until a constant weight to estimate the DM content. The dried silage samples were grounded into a particle diameter of 1.0 mm for nutritional components analysis. The crude protein (CP) was measured by following the method of the Association of Official Analytical Chemists (AOAC and AOMA, 1990). The level of the neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) were examined according to the previous work (Van Soest et al., 1991).



Relative feed value analysis

The relative feed value (RFV) was estimated by digestible dry matter (DDM) and dry matter intake (DMI) according to Sun et al. (2021) using the following formula:
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Sequencing and bacterial community analysis

A total of 10 g of samples were blended with sterile PBS solution (40 mL) and then shaken at 120 rpm for 30 min at 4°C. The mixed solution was passed through a filter (0.22 mm, Cat. B-CYD400G1). Then, the filtrate was centrifuged at 12,000 rpm for 10 min at 4°C. After the above pre-treatments, the bacteria precipitate was collected to extract the total genomic DNA using the DNA isolation kit (Yeasen, 18815ES50, Shanghai, China) (Sun et al., 2021).

The V3–V4 regions of the 16S ribosomal RNA (rRNA) gene were amplified by PCR for high-throughput sequencing using the forward primer 338F (ACTCCTACGGGAGGCAGCA) and the reverse primer 806R (GGACTACHVGGGTWTCTAAT) according to the previous report (Su et al., 2019). To ensure the accuracy of PCR, each sample was set up in three groups for PCR reaction. The mixture of three PCR products was sequenced by using paired terminal read (2 × 300 bp) with the Illumina MiSeq platform (Shanghai Majorbio Biopharm Technology Co. Ltd.) based on standard protocols. The sequencing reads were managed in accordance with the previous report (Ni et al., 2018). To obtain high-quality sequencing, their barcode and primers were discharged, and then Mothur (v.1.34.4) was used to discharge the sequences <200 bp whose maxhomop value is >10. The remaining sequences were checked for chimeras in the de novo mode by USEARCH 8.0. After the filtering process, the clean reads remained for downstream analysis. The operational taxonomic units (OTUs) at a similarity level of 97% were clustered using QIIME (v1.8.0). The OTUs file was used to calculate rarefaction [R (v.22)] and alpha diversity [Mothur (v1.34.4)]. The weighted UniFrac distance matrix was employed to calculate principal coordinates analysis (PCoA) which was performed at a 3% dissimilarity level. The raw tags were quality-filtered and merged using Trimmomatic (Version 3.29) and FLASH (Version 1.2.11). ACE, Simpson, Chao, Shannon, and Good's coverage were all calculated to assess alpha diversity (Sun et al., 2021). All the sequences in the current study were deposited to the sequence read archive (SRA) of the NCBI database under the project accession number PRJNA885981.



Statistical analysis

The statistics were performed using the SAS (version 9.0, 2002; SAS Institute, Cary, NC, USA). The student t-test was applied to compare the means of two groups, while a one-way analysis of variance was conducted for multiple groups with Duncan's multiple range test. The relationships between the bacterial taxonomic profile and silage quality variables were determined by calculating the spearman correlation coefficients and were plotted by using the “pheatmap” libraries in R. The significance was employed at a probability level of 0.05.




Results


Chemical characteristics of fresh materials

The chemical composition of the intercropped fresh materials is presented in Table 1. The CP, NDF, and ADF contents were significantly (p < 0.05) influenced by intercropping. The CP content increased, while NDF and ADF contents decreased with the increased sowing ratio of Lablab in intercropping. The H intercropped ratio had a greater CP content (8.77% DM), while less NDF (48.77% DM) and ADF (31.78% DM) contents than other treatments. However, the ADL content was not influenced by the intercropped ratio.


Table 1. Chemical composition of intercropped fresh materials before ensiling.
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Fermentation characteristics of intercropped lablab and sweet sorghum silages with or without LP

The pH values of intercropped silages in the LP group were lower than that of the CK group after 60 d of fermentation (Figure 1A). More specifically, the L intercropped silage had lower pH values both in CK (3.80) and LP (3.75) groups compared to other intercropped silages. All intercropped silages of the LP group except LP-H had greater LA concentrations compared to the CK intercropped silages (Figure 1B). The intercropped silages in the LP group had a lower content of AA compared to the CK group (Figure 1C). The LP-M silage resulted in higher LA content (8% DM), while LP-H showed a lower AA content (0.42% DM) compared to other intercropped silages. The PA and BA were not detected in this study. The content of ammonia-N was substantially lower in the LP group intercropped silages compared to the CK group intercropped silages, and LP-M silage had a lower ammonia-N content compared to other intercropped silages (Figure 1D). Overall, the data presented here highlighted that intercropping ratio of Lablab and LP inoculation significantly influenced the fermentation quality of intercropped Lablab and sweet sorghum silages.


[image: Figure 1]
FIGURE 1. Fermentation profile of Lablab and sweet sorghum intercropped silages with or without LP after fermentation. (A) for pH, (B) for lactic acid, (C) for acetic acid, and (D) for ammonia-N. CK, sterile water; LP, Lactobacillus plantarum; L, Lablab and sweet sorghum seed-sowing ratio of 1:1; M, Lablab and sweet sorghum seed-sowing ratio of 5:1; and H, Lablab and sweet sorghum seed-sowing ratio of 9:1. “*,” “**,” and “***” represent the significance at 0.05, 0.01, and 0.001, respectively.




Chemical composition of intercropped lablab and sweet sorghum silages with or without LP

The chemical composition of intercropped silages treated with or without LP after 60 d of fermentation is presented in Figure 2. The CK-L silage had a higher DM content compared to other treatments (Figure 2A). The CP concentration in the LP-L group was significantly higher than the CK-L group, and the LP-H silage resulted in greater CP content (10.43% DM) compared to other silages (Figure 2B). The contents of NDF, ADF, and ADL were slightly greater in the LP group except for LP-H compared to the CK group (Figures 2C–E). However, the LP-H silage had significantly lower NDF (54.33% DM) and ADF (39.23% DM) contents compared to other intercropped silages. The RFV increased significantly with an increased ratio of Lablab in both CK and LP groups, and LP-H silage resulted in greater RFV compared to other intercropped silages (Figure 2F). Overall, the data presented here suggested that intercropped silages with a greater ratio of Lablab and LP inoculation resulted in better preservation of chemical components after fermentation.


[image: Figure 2]
FIGURE 2. Chemical characteristics of Lablab and sweet sorghum intercropped silages with or without LP after fermentation. (A) for DM, (B) for CP, (C) for NDF, (D) for ADF, (E) for ADL, and (F) for RFV. DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin. RFV, relative feed value. CK, sterile water; LP, Lactobacillus plantarum; L, Lablab and sweet sorghum seed-sowing ratio of 1:1; M, Lablab and sweet sorghum seed-sowing ratio of 5:1; and H, Lablab and sweet sorghum seed-sowing ratio of 9:1. “*” and “**” represent the significance at 0.05 and 0.01, respectively.




Microbial community of intercropped lablab and sweet sorghum silages with or without LP

The alpha diversity of intercropped silages treated with or without LP after 60 d of fermentation is displayed in Supplementary Table 1. The Good's coverage of all groups was over 0.99, which demonstrated that most of the bacterial communities were obtained. The indexes of Shannon and Simpson were lower in the LP group compared with the CK group at each intercropped ratio. According to the PCoA, CK group intercropped silages, except CK-L, were separated from LP group intercropped silages (Supplementary Figure 1). These results showed that the LP inoculation and the ratio of Lablab might have affected the bacterial community of intercropped silages.

The bacterial community of intercropped silages with or without LP inoculation at genus and species levels after 60 d of fermentation is illustrated in Figure 3. The relative abundance of Lactobacillus increased with an increase in the Lablab ratio in the CK group (CK-L: 34%, CK-M: 55%, and CK-H: 79%). Contrarily, the relative abundance of Weissella decreased with an increase in the Lablab ratio in the CK group (CK-L: 40.17%, CK-M: 37.03%, and CK-H: 4.04%). The similar trends in the relative abundances of Lactobacillus (LP-L: 94.76%, LP-M: 97.21%, and LP-H: 97.51%) and Weissella (LP-L: 2.59%, LP-M: 1.09%, and LP-H: 0.62%) were also observed in the LP groups. Furthermore, the Lactobacillus was the more dominant microbe in the LP group (over 90%) compared to the CK group (Figure 3A). LP (78%) and Weissella cibaria (40%) were the dominant species in the CK group intercropped silages but LP was the dominant specie in the LP group intercropped silage (up to 96%). However, the relative abundance of LP increased and the relative abundance of W. cibaria decreased gradually with the increase in Lablab ratio in intercropping (Figure 3B).
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FIGURE 3. The bacterial community of Lablab and sweet sorghum intercropped silages with or without LP at genus level (A) and species level (B) after fermentation. CK, sterile water; LP, Lactobacillus plantarum; L, Lablab and sweet sorghum seed-sowing ratio of 1:1; M, Lablab and sweet sorghum seed-sowing ratio of 5:1; and H, Lablab and sweet sorghum seed-sowing ratio of 9:1.




Correlation analysis between microbiota and fermentation products

To investigate the effects of the microbial community on the fermentation quality, the correlation analysis between microbiota and fermentation products was conducted (Figure 4). The genus Lactobacillus was negatively correlated with ammonia-N (R = −0.6, p = 0.02) and AA (R = −0.7, p < 0.01) and positively correlated with LA (R = 0.7, p < 0.01) and CP (R = 0.6, p = 0.04). The genus Weissella was positively correlated with AA (R = 0.8, p < 0.01), while negatively correlated with CP (R = −0.7, p = 0.01) and LA (R = −0.7, p < 0.01). Moreover, Klebsiella was positively correlated with ammonia-N (R = 0.8, p < 0.01) and AA (R = 0.7, p = 0.03), while negatively correlated with LA (R = −0.6, p = 0.03).


[image: Figure 4]
FIGURE 4. Correlation analysis between bacterial community and fermentation products after fermentation. LA, lactic acid; AA, acetic acid; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin.





Discussion

The forage silage quality is mainly driven by microbial activity and depends on the substrates present in the fresh materials (Yan et al., 2019). The pH value of silage is a key indicator to assess the fermentation quality of silage (Restelatto et al., 2019), and a pH value below or equal to 4.2 is considered a benchmark for well-fermentation quality (Ni et al., 2018). In the current study, the pH values of both CK and LP groups were lower than 4.2 suggesting that intercropping provided sufficient substrate to LAB to initiate the fermentation (Zhang et al., 2015). Moreover, the pH value of the CK group gradually enhanced with an increased seed-sowing ratio of Lablab in intercropping which might be related to the Lablab's high buffering capacity, which delayed the decrease in pH value. However, the pH value of the LP group was not influenced by the increased seed-sowing ratio of Lablab in intercropping, highlighting that LP inoculation could maintain the pH at a low level in accordance with studies of Arasu et al. (2014) and Ren et al. (2020). The LP-M silage had a greater accumulation of LA after 60 d of fermentation, which may be due to the combined effect of intercropping and LP additive. However, the specific mechanism of interaction on the LA level needs to be further explored. The AA is usually considered the measure of aerobic stability of silage. As expected, the concentrations of AA in the LP group silages were lower in this study, which might be related to the greater relative abundances of LP species in these silages that converts WSC to LA (Yan et al., 2019).

The ammonia-N generally indicates the silage proteolysis during ensiling which is driven by plant enzyme protease and proteolytic Clostridia (Su et al., 2019). In the present study, the ammonia-N content was significantly influenced by the intercropping and LP inoculation. The LP silages had a lower ammonia-N content compared to CK silages in agreement with the results of Zhao et al. (2020). This highlights that LP inoculation significantly restricted the growth of protein-degrading microbes and reserved the protein in intercropped silages. In addition, both CK-M and LP-M intercropped silages had significantly lower ammonia-N content compared to other intercropped ratios which might be related to the rapid acidification in these silage with greater production of LA and AA contents. In the current study, the protein content increased with the increased seed-sowing ratio of Lablab in intercropping, and LP silages had greater CP content compared to CK silages. A study has reported that LP treatment increased the contents of CP in mixed silages of amaranth and rice straw (Mu et al., 2020), which may be caused by the regulation of the bacterial community via LP inoculant in the intercropped silage, especially the proportion of Lactobacillus, which relates to the nutritional quality. Moreover, the increased contents of CP within the same group (LP or CK) were directly related to the seed-sowing ratio of Lablab as it is well-known that Lablab is a protein-rich crop (Hailin et al., 2017).

The dry matter content is an important index of the nutritional preservation of forages (Hu et al., 2009). We found that the DM of CK-L silage was greater than that of other silages after 60 d of ensiling, highlighting that neither Lablab mixing ratio nor LP inoculation influenced the DM content after ensiling. The contents of structural carbohydrates such as NDF and ADF were lower in the LP-H silage compared to other treatments. Similarly, a previous study reported that LP inoculation reduced the NDF and ADF contents in Pennisetum sinese silage (Li et al., 2021). This could be exemplified by the regulation of microbial community via LP inoculant which hydrolyzed the more digestible cell wall fractions by fibrinolytic enzyme and acids production during silage fermentation (Yan et al., 2019). Lignin is considered to be an indigestible carbohydrate in the process of animal digestion or ensiling (Desta et al., 2016); however, the lowest ADL was detected in both LP-H and CK-H silages. This further demonstrated that there might exist a biological delignification effect between LP inoculation and intercropping. However, it was fascinating to observe that the intercropped silages having lower seed-sowing ratios of Lablab with LP inoculation had lower ADL content compared to CK. This highlights the biological delignification effect of LP inoculation which can increase the permeability of plant cell walls and thereby increase the accessibility of hydrolytic enzymes or acids to polysaccharides (Li et al., 2018). The suitable fiber content of silages is helpful to animal digestion and health (Mcdonald et al., 1991). As expected, the LP-H silage showed a greater RFV compared to other groups, indicating that inoculated LAB improved the nutritional quality of Lablab and sweet sorghum mixed silage in agreement with the conclusions of Ni et al. (2018). Moreover, the NDF and ADF contents decreased with an increased ratio of Lablab in mixed silages, highlighting that the sweet sorghum ratio was the key factor contributing to higher levels of NDF and ADF.

Ensiling is a complex process that is regulated by the microbial community (Xu et al., 2021). Based on the information of the relative abundance of bacteria at the genus level, Lactobacillus and Weissella were dominant genera in CK-L and CK-M, but Lactobacillus was the prevalent genus in the LP group. The Lactobacillus genus is known to dominate the ensiling process under an airtight environment and could grow vigorously during the later phase of fermentation due to its greater acid resistance (Li et al., 2021). Similarly, a previous study has established that Lactobacillus was the most abundant genus in barley silage with or without LAB inoculants after 60 d of ensiling (Liu et al., 2019). However, the Weissella genus is usually regarded as an early colonizer (Dellaglio and Torriani, 1986) and succeeds by acid-resistant Lactobacillus because of pH decline as fermentation begins (Graf et al., 2016). Moreover, it was quite fascinating to know that the relative abundance of Lactobacillus gradually increased, while the relative abundance of Weissella gradually decreased with an increased seed-sowing ratio of Lablab in intercropping. Similarly, Zeng et al. (2020) reported that corn and soybean intercropped silages had a greater relative abundance of Lactobacillus compared to Weissella and concluded that intercropping provides beneficial fermentation effects due to the difference in nutritional compositions of intercropped crops. Moreover, the relative abundance of LP in the LP silages was higher than that of CK silages. This might be related to the synergistic effects of intercropping which provided excellent conditions for inoculated bacteria to dominate in the fermentation process in accordance with the report of Li et al. (2022).

The silage process is largely related to microbial communities and biochemical reactions, and the fermentation of silage is largely dependent on the microbial community and a series of end products (Zhao et al., 2021; Li et al., 2022). In the present study, the genus Lactobacillus had a positive correlation with CP and LA, while showing a negative correlation with pH. Similar interactions were found by Mcallister et al. (2018) who reported that Lactobacillus could produce LA to reduce pH and inhibit proteolysis. On the contrary, Weissella was positively correlated with AA and negatively correlated with CP suggesting that the presence of Weissella in silage is not suitable for quality fermentation. Moreover, the addition of LP could enhance the relative abundance of Lactobacillus which creates acidic conditions and suppress the growth of undesirable microbes, such as Weissella, ultimately leading to quality fermentation.



Conclusion

The intercropping and addition of LP inoculation significantly increased the LA content and decreased the pH value, AA, and ammonia-N content in the mixed silages. The intercropping or LP inoculation or both showed a positive effect on the bacterial community. The Lactobacillus was the most prevalent genus in LP groups compared to the CK groups and was positively associated with the LA and CP, while negatively correlated with ammonia-N. The LP was the prevalent specie in LP silages compared to CK silages, and its relative abundance increased with an increased seed-sowing ratio of Lablab in intercropping. Overall, better fermentation quality and preservation of nutritional components were achieved when the seed-sowing ratio of Lablab and sweet sorghum was ≥ 5:1, especially in LP-inoculated silages. Therefore, it is recommended to intercrop the Lablab and sweet sorghum at seed-sowing ratios of ≥ 5:1 for quality silage production in the saline-alkaline region.
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Understanding how microbial communities affect plant growth is crucial for sustainable productivity and ecological health. However, in contrast with the crop system, there is limited information on the microbial community associated with the medicinal plant. We observed that altitude was the most influential factor on the soil microbial community structures of Aconitum carmichaelii Debeaux. For community composition, bacterial reads were assigned to 48 phyla, with Proteobacteria, Acidobacteriota, and Actinobacteriota being the dominant phyla. The fungal reads were assigned to seven phyla, and Ascomycota was the predominant phylum detected in most groups. The four dominant phyla were categorized as keystone taxa in the co-occurrence networks, suggesting that they may be involved in soil disease suppression and nutrient mobility. Bacterial co-occurrence networks had fewer edges, lower average degree, and lower density at YL1, HQ1, HQ2, BC, and DL than fungal networks, creating less intricate rhizosphere network patterns. Furthermore, the bacterial and fungal communities showed strong distance decay of similarity across the sampling range. Overall, this study improves our understanding of regulating rhizosphere microbial communities in soil systems and also provides potential production strategies for planting A. carmichaelii.
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 Aconitum carmichaelii Debeaux, microbial community, biogeography, co-occurrence network, soil physicochemical properties


Introduction

Aconiti Lateralis Radix Praeparata (ALRP) is a traditional Chinese medicine that has been applied for more than 1,000 years in China (Judith et al., 2009; Mao et al., 2021). It originates from the dried roots of Aconitum carmichaelii Debeaux, according to the Chinese Pharmacopoeia 2020 edition (Chinese Pharmacopoeia Commission, 2020). This medicine is most notably an ingredient of the traditional Chinese prescriptions “Fu Zi Li Zhong Wan,” “Si Ni Tang,” “Da Huang Fu Zi Tang,” and “Gui Fu Di Huang Wan” (Chen et al., 2011). It plays an important clinical role in treating cardiogenic shock associated with acute myocardial infarction, rheumatism, bruises and injuries, acute or chronic bacterial dysentery, and enteritis (Zhou et al., 2015; Zhang et al., 2020). Due to their remarkable curative effects, there is an increasing demand for this medicine (Fu et al., 2021). Currently, A. carmichaeli is cultivated in the southwest region of China as a commercial crop, and most of them are grown in Yunnan province (Xia et al., 2021). However, there is a growing concern that emphasis on below-ground traits during cultivation inadvertently disrupted root morphology, carbon (C) sequestration, and microbial importance for sustainable production (Eaton et al., 2021). Similarly, soil sickness has become a problem in the production of many annual crops, which causes a majority of soil-borne crop diseases, such as root wilt, damping off, and root rot (Huang et al., 2013; Li et al., 2014). This factor is a significant constraint to achieving the required increase in agricultural production and maintaining the high quality of A. carmichaeli (Ying et al., 2012; Huang et al., 2013), which seriously threatens the safety of the clinical application and ecological sustainability.

It is well known that rhizosphere microorganisms play a crucial role in disease suppression and the production of plant-growth-promoting hormones and compounds, which directly impact plant health (Mendes et al., 2013; Schlatter et al., 2022), and they are also the key drivers in controlling organic matter mineralization, soil formation, and nutrient availability (Rillig and Mummey, 2006; Xu et al., 2014). Thus, understanding microbial communities’ composition, structure, dynamics, and ecological function is critical in controlling plant health and productivity. To date, many researchers have proved that microbial biogeography could reveal the relationship between the microorganisms and their habitat and could assist scientists or land managers in utilizing microbial communities to increase plant productivity, reduce plant disease, and enhance soil health (Kourtev et al., 2002; Wu et al., 2011). Meanwhile, co-occurrence network analyses have been used to explore the interaction patterns among microbial species in many different environments and identify possible keystone populations in the community (Lynch and Neufeld, 2015), which help to predict functional roles, habitat affinities, and shared physiologies (Ramirez et al., 2018). Although previous studies have discussed the differences in diversity and composition of microbial communities from different growing regions (Qiu et al., 2021), no studies have analyzed the interactions among microbial communities, soil physicochemical properties, and bioactive ingredients. And the coupling relationship between the microbial community structure and their function remains unclear.

This study aimed to evaluate the effect on soil physicochemical properties and microbial community structure of A. carmichaelii by characterizing: (1) plant growth and radix quality, (2) soil potential of hydrogen (pH), organic matter (OM), ammonium nitrogen (NH4+), phosphorus (AP), and available potassium (AK) contents, (3) diversity and structure of microbial populations in the rhizosphere soils; and (4) the relationship of plant–soil-microbe-ingredient. Herein, we collected rhizosphere soil and root samples from six A. carmichaeli growing regions in southwest China, and internal transcribed spacer (ITS)/16S rRNA were employed to characterize the soil microbial diversity and community composition. Redundancy analysis (RDA) was also conducted to evaluate the relationships between soil properties and the relative abundance of microbial taxa. Meanwhile, the linear discriminant analysis of effect size (LEfSe) was used to compare the changes in microbial communities and identify the biomarkers of each sample site at taxonomic levels. And the geographical and environmental distance-decay relationships (DDRs) and co-occurrence networks were constructed for bacteria and fungi, respectively. Besides, the bioactive ingredients of the ALRP were determined by high-performance liquid chromatography (HPLC). And Spearman’s correlation was used to examine the correlations between soil physicochemical properties and bioactive ingredients. The present study offers potentially valuable insight into the beneficial effects on soil physicochemical properties, microbial communities, the growth of A. carmichaelii, and radix quality in different regions.



Materials and methods


Site area and sampling collection

The study area was located in Dali prefecture, Yunnan Province, China (Figure 1). The climate is humid continental, with mean annual temperatures ranging from 9.5 to 22.2°C and a mean annual precipitation of 791 mm. Six sampling sites, including Yunlong county (YL1 and YL2), Bingchuan county (BC), Heqing county (HQ1 and HQ2), and Dali city (DL), were randomly selected from the study area at different latitudes (1,965–2,985 m, Table 1).
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FIGURE 1
 Localization of the sampling sites (the red points represent the collection place: YL, BC, HQ, and DL).




TABLE 1 The detailed description of soil sample collection and characteristics.
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The rhizosphere soil and root samples were collected in September 2020. For each site, rhizosphere soils from the five sampling points were consolidated into a single composite sample, making three replicates (25 cm in diameter, 5–15 cm in depth). Rhizosphere soil was placed into bags by uprooting the plants and shaking loose soil from the root system. Any remaining soil adhering to the roots was considered rhizosphere soil. The fresh and moist rhizosphere soil was passed through a 0.84 mm mesh sieve, homogenized using a hand trowel, and then immediately transported to the laboratory in covered plastic boxes at 4°C. The homogenized soil was divided into two portions, one portion was applied for soil physiochemical properties analysis, and the other was used for DNA extraction at −80°C. The roots of A. carmichaelii were washed with tap water and used to determine the content of chemical components.



Soil physicochemical properties analysis

Rhizosphere soil was air-dried at 25°C for 5 days, grounded, and passed through a 0.84 mm sieve. The air-dried soil was measured to determine the pH, OM, AP, AK, NH4+, Boron (B), Copper (Cu), Iron (Fe), Manganese (Mn), and Zinc (Zn). Soil pH was measured using a pH meter electrode (Affymetrix Inc., Santa Clara, CA, United States). AP, AK, NH4+, and OM were determined using a soil chemical fertilizer fast detector (Shandong Lainde Intelligent Technology Inc., Shandong, China). Five elements, including Zn, Fe, Mn, Cu, and B, were determined by inductively coupled plasma optical emissions spectroscopy (ICP-OES 3800, Perkin Elmer Inc., Waltham, United States).



Ingredients analysis


Chemicals and reagents

Benzoylmesaconine (No. 19032406), benzoylaconine (No. 18110710), benzoylhypaconine (No. 19032807), mesaconitine (No. 19080210), aconitine (No. 18110905), and hypaconitine (No. 18111308; purity > 98%) were purchased from Must Biotechnology Co., Ltd. (Chengdu, China). Acetonitrile and ammonium acetate were obtained from Merck (Darmstadt, Germany, 20171013) and Comio Chemical Reagent Co., Ltd. (Tianjin, China, C11805665), respectively. Other chemicals and solvents used were analytical grades.



Instrumentation and chromatographic conditions

HPLC analysis was performed on an Agilent 1,260 Infinity system (Agilent Technologies, Palo Alto, CA, United States) equipped with a quaternary pump, an autosampler, a degasser, and a diode array detector (DAD, G7115A). The HPLC column was a ZORBAX SB-C18 (5 μm, 4.6 × 250 mm, Agilent, Milford, MA, United States). HPLC analysis was carried out using a mobile gradient phase of acetonitrile (A) and 0.1 mol·L−1 ammonium acetate (B) at 30°C. A linear gradient was run as follows: 0–30 min (10–26%, A), 30–50 min (26–35%, A), 50–65 min (35–48%, A), 65–70 min (48–50%, A). The flow rate was 1 ml·min−1, the DAD detector was set at 235 nm, and the sample injection volume was 10 μl.



Preparation of the sample solution

All root samples were dried at room temperature for 5 days before use, and each dried sample was ground to a fine powder (0.35 mm) using a pulverizer. An accurately weighed sample of 2.0 g powder and extracted by sonication with 50 ml of isopropanol-ethylacetate (1:1) for 60 min, followed by centrifugation for 15 min at 3000 rpm. The supernatant was collected in a volumetric flask and evaporated using a water bath with a temperature of 50°C. The dried extract was dissolved in 2 ml of isopropanol and trichloromethane (1:1), followed by filtration. Subsequently, the filtrate was passed through a 0.22 μm membrane and injected into the HPLC system for analysis. The results of precision and stability tests can be found in our previous study (Liu, 2021).




DNA extraction and Illumina sequencing

The total DNA was extracted from 500 mg of rhizosphere soil samples using an E.Z.N.A.® Soil DNA Plant Kit (Omega Bio-Tek, Norcross, GA, United States). 16S and ITS sequences were amplified with the 515F/907R and ITS1F/2R primer pairs, respectively (Adams et al., 2013). The amplification system contained 4 μl of 5 × FastPfu Buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of each primer (5 μM), 0.4 μl of FastPfu polymerase, 10 ng of template DNA, and was then supplemented with ddH2O to reach 20 μl. The PCR cycling conditions included an initial cycle of 95°C for 5 min, 25 cycles of 95°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 45 s, followed by a final extension at 72°C for 10 min. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States). Finally, amplicons were sequenced by the Illumina MiSeq platform (Shanghai Biozeron Technology Co., Ltd.).



Sequence data processing

The raw reads were demultiplexed, quality filtered, and merged using Quantitative Insights Into Microbial Ecology (QIIME, version 1.9.0) and the fast length adjustment of the short reads (FLASH, version 1.2.11). The clean data were clustered into operational taxonomic units (OTUs) at 97% sequence similarity (Edgar, 2013). The chimerical sequences were identified and deleted using the UCHIME technique. OTUs were aligned to the Silva 16S rRNA and Unite ITS gene reference databases. Taxonomy was assigned using the Ribosomal Database Project classifier (Wang et al., 2007) with GreenGenes 13.8 and UNITE database reference databases for bacteria and fungi, respectively. The relative abundance was observed at the phylum, class, order, family, genus, and species levels.



Statistical analysis

All analyses were performed using the package “vegan” in R version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria) and SPSS 25.0 (SPSS for Windows, United States). Alpha diversities, including Chao, Simpson, and Shannon, were calculated using Mothur software version 8 (Edgar et al., 2011) and tested using Kruskal-Wallis analysis (Liang et al., 2020). Microbial community composition was analyzed using analysis of similarity (ANOSIM) and visualized using principal coordinates analysis (PCoA; Emmert et al., 2021). For bacterial and fungal communities, Bray-Curtis, weighted UniFrac (WU), and unweighted UniFracto (UU) distance matrices were analyzed. The relative abundance of taxa was plotted into a graph using a heatmap. Additionally, LEfSe was used to identify biomarkers (Segata et al., 2011). RDA was conducted to determine the relationship between soil physicochemical variables and the community composition of the soil (Jennifer et al., 2019). Spearman rank correlations were used to test for significant relationships between each pair of OTUs (Barberan et al., 2012). Co-occurrence networks were constructed separately for bacterial and fungal taxa using the 100 most abundant taxa using Spearman correlation matrices (Kelly et al., 2022). The DDR of community similarity across environmental and geographical distances was compared using analysis of covariance (Nekola and White, 2004), and the figures were plotted using ggplot2 (Wickham, 2009). Mantel testing was used to determine significant correlations between Bray-Curtis community dissimilarities, environmental factors, and geographic distances.




Results


Microbial diversity and structure

The alpha diversity (Chao, Shannon, and Simpson) was calculated across all soil samples (Figure 2). For bacterial communities, the results of this assay showed that there were no significant differences among sites for the three indices (p > 0.05). As illustrated in Figures 2A-C, the Chao and Shannon were higher in HQ1 compared to other sites, while the Simpson index was higher in YL2 than in other sites. For fungal communities, there were significant differences among sites for Chao and Shannon. The result showed that the Chao was significantly higher in DL, BC, and HQ1 than that in YL1, YL2, and HQ2 (p < 0.05), and the Shannon ranked in the order of DL > BC > HQ1 > HQ2 > YL1 > YL2 (Figures 2D–F). Notably, although there is no significant difference in Simpson, the values of Simpson were higher in YL2 (0.072) than BC (0.022). Besides, the variation of beta diversity among sites was visualized using Bray-Curtis, WU, and UU distances. The results indicated that the microbial community structures and compositions significantly differed between sample sites. As shown in Figures 2G–L, the YL1, YL2, BC, HQ1, and HQ2 were clustered together, whereas the DL were positioned far from other locations. In parallel, ANOSIM analysis suggested that the bacterial and fungal communities were significantly different in the six sample sites (bacterial: R2 = 0.72, p = 0.01, R2 = 0.75, p = 0.01, R2 = 0.82, p = 0.001; fungi: R2 = 0.92, p = 0.01, R2 = 0.844, p = 0.01, R2 = 0.95, p = 0.001).
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FIGURE 2
 Alpha and beta diversity of microbial communities. (A–F) The alpha diversity index of Chao (A), Shannon (B), and Simpson (C) for the bacterial community; the alpha diversity index of Chao (D), Shannon (E), and Simpson (F) for the fungal community, different letters on the bars indicate significant differences (p < 0.05). (G–L) the beta diversity of the bacterial community based on the Bray-Curtis (G), WU (I), and UU distances (H); the beta diversity of the fungal community based on the Bray-Curtis (J), WU (K), and UU distances (L).




Microbial community composition

A total of 105,756 bacterial and 16,734 fungal OTUs were obtained from the 1,078,669 and 1,107,370 quality-filtered sequences, respectively. For the bacteria, 13 phyla were detected with average relative abundances higher than 1%. Proteobacteria was the predominant phylum in most sample sites, with a relative abundance of 23.7–38.2%. The other most abundant bacterial phyla were Acidobacteriota (16.1–21.5%), Actinobacteriota (9.5–13.3%), and Chloroflexi (6.4–12.9%; Figure 3A). However, the relative abundance of these soil bacterial phyla differed among six sample sites. For instance, the relative abundances of Proteobacteria were consistently higher in DL compared to other sample sites (p = 0.023). In contrast, Acidobacteriota (p = 0.504), Actinobacteriota (p = 0.356), and Chloroflexi (p = 0.010) were higher in HQ1 and HQ2 than in other sample sites. Besides, at the general level, 2,068 taxa were identified across the sampled soils. The top 30 most abundant genera are shown in Figure 3C, and the dominant genera of these sample sites are similar, including Vicinamibacterales_norank, Gemmatimonadaceae_uncultured, Acidobacteriales_norank, Xanthobacteraceae_uncultured, and Gaiellales_norank.
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FIGURE 3
 Relative abundances of the most abundant bacterial (A) and fungal (B) phyla and the top 30 bacterial (C) and fungal (D) genera.


Three fungal phyla have an abundance threshold more significant than 1% compared to bacteria and were included in community analysis. The relative abundances of the fungal phyla are displayed in Figure 3B. The results revealed that the fungal communities were dominated by Ascomycota, which comprised 52.6–75.2% of all identified sequences, followed by Mucoromycota (7.2–31.3%) and Basidiomycota (0.03–10.3%). Nevertheless, the relative abundances of these dominant phyla differed among the six sample sites in rhizosphere soil. In brief, the phylum Ascomycota showed the highest relative abundance in DL soils (p = 0.054), whereas the Mucoromycota (p = 0.015) and Basidiomycota (p = 0.271) were higher in HQ2 and YL2 than in other sample sites, respectively. Besides, 657 taxa were identified at the general level, and the relative abundance of dominant genera, including Mortierella, Fusarium, and Chaetomidium, and the top 30 most abundant genera are shown in Figure 3D.



Identification of microbial biomarkers

The most differentially abundant taxonomic biomarker of bacteria and fungi was identified and compared using LEfSe analysis at the phylum and genus levels. Results indicated that four, seven, six, zero, eight, and seven biomarkers were identified in YL1, YL2, BC, HQ1, HQ2, and DL, respectively. For the bacterial community, eight biomarkers were discovered and classified into two phyla, three classes, and three orders (Figure 4A). At the phylum level, the relative abundance of Proteobacteria was notably enriched in DL, whereas Chloroflexi were more enriched in HQ2. At the class level, Acidobacteriae and Vicinamibacteria were enriched in BC, and Gammaproteobacteria was relatively abundant in YL2. At the order level, the dominant orders were Acidobacteriales and Vicinamibacterales in YL2 and BC, and the relative abundance of Rhizobiales was significantly enriched in DL.
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FIGURE 4
 The LEfSe identifies the significantly different (p < 0.05, Kruskal-Wallis test, linear discriminant analysis values >4.0) bacteria (A) and fungi (B) at multiple taxonomic levels in the six regions. Colored dots represent the taxa with significantly different abundances between sites, and from the center outward, they represent the phylum, class, order, family, and genus levels.


Additionally, the findings of the LEfSe study indicated that 24 biomarkers were detected in the fungal community (Figure 4B). Six of these biomarkers were identified at the genus level. In contrast, the remaining taxa were identified as family (six), order (five), or higher levels (seven). Mucoromycota was the sole dominant biomarker at the phylum level, indicating that the sample sites did not significantly alter the phylum-level composition of fungal communities. At the class level, DL, BC, HQ2, YL2, and YL1 were found to have two, one, one, one, and one biomarker, respectively. It is noteworthy that HQ1 did not exclude any fungal biomarkers. Leotiomycetes and Eurotiomycetes were the most abundant biomarkers in DL, whereas Tremellomycetes, Mortierellomycete, Agaricomycetes, and Sordariomycetes were the respective dominant biomarkers in BC, HQ2, YL2, and YL1. Similar results were also found, showing that the DL was more enriched in fungal biomarkers than other locations at the order level. At the family level, only Herpotrichiellaceae was significantly more abundant in DL than in other sample locations. While Didymellaceae and Microascaceae were the main biomarkers in HQ2 and BC, respectively, the relative abundances of Chaetomiaceae and Nectriaceae were noticeably increased in the YL2. Moreover, six genera were significantly different in these sample sites, of which Trichocladium, Chaetomium, and Fusarium were enriched in YL1, Mortierella, Juxtiphoma were relatively abundant in HQ2, and Chaetomium served as a biomarker in BC. The microbial community structures significantly differed among the six sample sites at class and order levels.



Soil physicochemical properties and bioactive ingredients analysis

The major physicochemical characteristics in the rhizosphere soil of six sample sites were summarized in Table 2. The Mantel test showed that except for NH4+, soil physicochemical properties, including pH, OM, AP, AK, B, Cu, Fe, Mn, and Zn, were significantly altered by sample sites (p < 0.05). In detail, the soil pH ranged from 4.96 to 6.02, indicating that this region is acidic soil. The content of AK and Cu in DL was lower than in other sites, whereas the Mn and NH4+ was the opposite. On average, the content of AK and Cu in DL was reduced by 20 and 1.5 times compared to the BC and HQ2 soil, respectively. In our study, the soil type at all sampling sites was yellow-brown-earth or black soil. The content of Fe was highest in black soil (HQ2) and lowest in yellow-brown-earth (HQ1), in the range of 135.14–224.20 mg·kg−1, indicating that even across the small sampling area, soil physicochemical properties were strongly influenced by soil type. As for soil nutrient properties, the content of OM ranked as HQ1 > HQ2 > DL > YL1 > YL2 > BC. Besides, the content of AP in BC was significantly higher than in other sites, while the content of B in HQ1 was significantly lower than in YL2. Notably, Zn was found in YL1, YL2, HQ2, and DL but was not detected in BC or HQ1.



TABLE 2 Soil physicochemical properties in different sample sites (means ± standard errors).
[image: Table2]

RDA was performed to test and visualize associations between soil properties and microbial community composition (Figure 5). The result showed that the first two axes explained more than 80% of bacterial and fungal community structure; RDA1 explained most of the variation. And altitude was the main factor affecting variance in bacterial and fungal communities as judged by the length of the vector, which has a significant positive relationship with microbial communities in HQ1 and HQ2, and a negative relationship with microbial communities in other sites. As the second important environmental variable, Cu was also a key factor affecting bacterial communities but showed less impact on fungal communities. For instance, Cu was positively correlated with bacterial communities in DL but was negatively correlated with HQ1 and HQ2. In contrast, NH4+, as another significant variable, primarily influenced the fungal community.

[image: Figure 5]

FIGURE 5
 RDA measures the linkage between bacterial (A) and fungal (B) community composition, soil physicochemical properties, and altitude.


Besides, the Kruskal-Wallis test revealed that only benzoylaconine and benzoylhypaconine contents significantly differed among sample sites (Table 3). In brief, benzoylaconine was significantly different between YL1 and YL2 (p = 0.028) but was not significantly different between YL1 and other sites, implying that soil type had a more significant impact on benzoylaconine than sample sites. Moreover, the content of benzoylhypaconine was highest in YL2 (0.026 mg·g−1), and lowest in YL2 (0.0 mg·g−1), and the content of diester alkaloids and total alkaloids decreased in the following order: YL1 > YL2 > DL > BC > HQ1 > HQ2.



TABLE 3 Bioactive ingredients in different sample sites (means ± standard errors).
[image: Table3]



Network analysis

Bacterial and fungal co-occurrence networks were constructed for the different sample sites (Figure 6), and topological properties were used to depict the complex patterns among microorganisms (Table 4). The results indicated that the bacterial and fungal networks significantly differed among these sample sites. Briefly, bacterial co-occurrence networks had fewer edges, lower density, and a lower average degree at YL1, HQ2, HQ1, BC, and DL than fungal networks, creating less complex rhizosphere network topologies. In detail, the nodes of OTUs in the bacterial network belonged mainly to Proteobacteria, Actinobacteria, and Acidobacteria, which was consistent with our results for community composition. In the HQ2 region, the number of edges, density, and average degree of the bacterial network significantly increased compared with the other rhizosphere soils. Co-occurrence networks had fewer negative correlations in YL1, YL2, HQ1, and HQ2 than in BC and DL, which can be interpreted as reduced inter-species competition.
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FIGURE 6
 The co-occurrence network interactions of soil bacteria (A) and fungi (B). Nodes represent OTUs, whereas a connection indicates a strong (Spearman’s |r| > 0.6) and significant positive (p < 0.05) correlation. The color of the nodes indicated the phylum, the size of each node was proportional to the number of connections (i.e., degree); the thickness of each connection between two nodes (i.e., edge) was proportional to the Spearman’s correlation coefficient (red indicates a positive correlation and gray indicates negative correlation).




TABLE 4 Network topological properties of bacterial and fungal communities in different sample sites.
[image: Table4]

For fungi, more than half of the nodes belonged to Ascomycota, Mucoromycot, and Basidiomycota; the rest belonged to Chytridiomy and others. These results were consistent with findings previously discussed and presented in Figure 3C. The relative abundance of Ascomycota was significantly different from the six sample sites, all ranked as DL > YL2 > HQ1 > BC > YL1 > HQ2, while Mucoromycot was the opposite, with 20, 14, 11, 11, 10, and 9% of nodes in HQ2, BC, YL1, HQ1, YL2, and DL, respectively. Besides, the numbers of edges, densities and average degrees of the fungal network in HQ2 were higher than those in other sites, while the modularity and density decreased. In contrast, the proportions of positive and negative connections in the YL1, YL2, HQ1, HQ2, and DL were similar but lower than BC.



Distance decay of microbial community

The DDR characterizes how community similarity changes across increasing geographical distances, and the results suggested that bacterial and fungal communities exhibited strong distance decay of similarity across the entire sampling range (Figure 7). Briefly, as geographic distance increased, bacterial and fungal communities became increasingly dissimilar for all samples. Specifically, fungi (k = −3.16) had a significantly higher turnover than bacteria (k = −0.195), with a steeper distance-decay relationship slope (Figures 7A,B). Besides, the slopes of geographical DDRs were significantly different from zero, and were steeper than those of environmental DDRs. Based on Mantel tests, the microbial community showed significant correlations with geographic distance (r = 0.238, p = 0.0128; r = 0.182, p = 0.036), it was not correlated with environmental variables (r = 0.0824, p = 0.219; r = 0.1887, p = 0.133). This finding suggests that at a geographic scale of 2–102 kilometers (km), geographic distance is more important than environmental variables in shaping the microbial community (Table 5).
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FIGURE 7
 Multiple regression analysis of microbial community DDR across Euclidean distance (A,B), annual precipitation (C,D), average temperature (E,F), and altitude (G,H).




TABLE 5 Spearman rank correlations (r values) of microbial community composition with matrices of environmental variables and geographic distance based on Mantel tests.
[image: Table5]




Discussion


Relationship between bacterial communities and environmental factors

Soil microorganisms play a crucial role in biogeochemical cycling (Zhou et al., 2014) and support the turnover and supply of nutrients for crop growth (Li et al., 2019), and their diversity and community composition can indirectly reflect soil fertility and biotransformation efficiency (Trivedi et al., 2013; Manasa et al., 2020). In this study, the dominant bacterial phyla were Proteobacteria, Actinobacteria, and Acidobacteriota in soil samples, consistent with results obtained from different soil environments (Carmen et al., 2019), which suggested that these bacteria exhibited great versatility in adapting to different environments (Feng et al., 2018; Tu et al., 2018). Similarly, Proteobacteria, Actinobacteria, and Acidobacteria were the most differentially abundant taxonomic biomarkers in LEfSe. Interestingly, recent studies have reported that Proteobacteria and Actinobacteria maintained higher metabolic activity in soil polluted by heavy metals (Margesin et al., 2011; He et al., 2017). For instance, the relative abundance of Proteobacteria was increased in the highly contaminated soil (Hu et al., 2021) and positively correlated with heavy metals Cu, Pb, and Cd (Zhao et al., 2020), whereas Actinobacteria abundance followed the opposite trend. These results demonstrated that the Proteobacteria were the metal-tolerant microorganisms in environments with high heavy metal contamination (Jiang et al., 2019; Li Y. C. et al., 2020). However, our study observed a negative correlation between Proteobacteria and Cu, and a positive correlation between Actinobacteriota and Cu (Supplementary Figure S1; Supplementary Table S1). The inconsistent results may be due to the different environmental conditions, which can influence the metabolic activity of microbial communities; that is, the microbial community structure in the soil varies with plant species and heavy metal pollution degree (Singh et al., 2014; Jayanthi et al., 2016). Besides, NH4+ is the most available form of nitrogen (N) in soil and can be directly taken up by plants. We found that Actinobacteria were weakly correlated with NH4+, yet the result was not consistent with those of Naether et al. (2012) and Ramirez et al. (2012), who found that the application of N consistently decreased the relative abundance of Actinobacteria. Further exploration is warranted to gain a more detailed understanding of the nature of observed relationships.



Relationship between fungal communities and environmental factors

Consistent with previous studies, we found that Ascomycota was the dominant phylum among the sample sites, followed by Mucoromycota and Basidiomycota (Maestre et al., 2015; Prober et al., 2015; Porras Alfaro et al., 2017). Unlike bacteria, these fungal phyla were less responsive to heavy metals (Cu and Zn) in our study. Among them, Ascomycota was primarily positively influenced by OM (Li J. et al., 2022); they are typical “decomposers” that contribute to improving the OM decomposition and nutrient cycling of plants (Clemmensen et al., 2013; Zhou et al., 2016). In contrast, our results showed that Ascomycota was weakly correlated with OM (r = −0.186, p = 0.46), which might be related to the planting years. A. carmichaelii is an annual plant, and the soil generally features low OM content; the condition is less conducive to the growth of Ascomycota. Moreover, Li C. C. (2020) found that the relative abundance of Ascomycota tended to decline with increasing soil N substrate addition and was negatively correlated with available nitrogen, AP, and AK. In another study, Rojas et al. (2016) found a reduction in the phylum Ascomycota in soils with great P availability, and it could be that under P deficiency, there is an endophyte-specific change in fungal diversity and abundance. However, in our study, the abundance of Ascomycota was positively correlated with AP (R2 = 0.457, p = 0.058) and negatively correlated with AK (R2 = −0.416, p = 0.087). The inconsistent results may be related to using different experimental plants, soil types, and indigenous microorganisms. Of course, further study is needed to gain deep insight into potential correlations between Ascomycota, AP, and AK. Besides, AK was negatively correlated with the content of diester alkaloids and total alkaloids (Supplementary Figure S2; Supplementary Table S1), which was consistent with the previous study (Yue et al., 2014). In an experiment, Li Q. J. (2022) demonstrated that altitude had a marked effect on the abundances of Ascomycota, Basidiomycota, and Mucoromycota and that with increasing altitude, the relative abundance of Ascomycota showed a gradually decreasing trend. Our results were broadly consistent with those studies that altitude was positively correlated with Mucoromycota but negatively correlated with Ascomycota. However, not enough is yet understood about the ecological response and functional traits of these phyla.



Co-occurrence network analysis of bacteria and fungi

Co-occurrence networks were influenced by sample sites, which provide insight into ecological interactions among microbial taxa, reveal ecological niches, and indicate keystone species (Berry and Widder, 2014; Zhao et al., 2019). In our study, the bacterial co-occurrence network showed fewer negative links in HQ1, which can be interpreted as reduced inter-species competition (Zelezniak et al., 2015; Fan et al., 2018); this phenomenon may be related to the carbon resource. These additional resources reduce competition in microbial communities, thus allowing more species to maintain free-living populations (Hubbell, 2005; Costello et al., 2012). Moreover, previous studies have shown that negative links may promote network stability as competition could buffer co-oscillation in microbial communities (Coyte et al., 2015; Zhou et al., 2020). Based on the above, we are more likely to believe that the structure of the bacterial network in HQ1 was more stable than in other soil sites, whereas the structure of the fungal network in BC was the opposite.

Modularity is another useful index to investigate the resistance of communities to disturbance (Zhou et al., 2011), which are clusters of densely interconnected nodes (Siles et al., 2021), and has been used to successfully predict the stability of networks of microbiomes (Herren and McMahon, 2017; De Vries et al., 2018). Krause et al. (2003) found that higher modularity was beneficial for increasing the stability of interaction networks and helping microbial communities resist environmental changes. In our study, the values of modularity in bacteria and fungi co-occurrence networks were greater than 0.4 in all sample sites, suggesting that distinct modules were formed in six sites (Newman, 2006; Li et al., 2021). Further, the HQ1 bacteria network showed higher modularity values than YL2, BC, HQ2, and DL, implying the increased stability of the HQ1 network.

The previous study proved that keystone species were critical in maintaining network stability and supporting soil functions (Lu et al., 2013; Fan et al., 2021). Our research confirmed that Proteobacteria, Acidobacteriota, Actinobacteriota, and Gemmatimonadota were keystone species in bacterial networks, whereas Ascomycota and Mucoromycot were keystone species in fungal networks. The relative abundances of these species were high, i.e., higher than 1%, which is inconsistent with previous findings (Li et al., 2021; Cheng et al., 2022), perhaps because of differences in root exudation. As shown in Figure 6, the proportion of nodes belonging to four bacterial phyla was ranked as YL1 > DL > BC > HQ1 > HQ2 > YL2, while both fungal phyla ranked in the order of BC > HQ2 > DL > YL2 > HQ1 > YL1. It’s generally known that more key taxa presented mean higher network stability (Coyte et al., 2015). According to the above discussion, we are more likely to believe that the network structure in the HQ1 soil was less stable than those of YL1, DL, and BC, contrary to the decreased negative links. The same trend was shown in the fungal network, which was more stable in the BC soil. These results suggested that a single parameter is not enough to predict the stability of the network, and a series of long-term experiments should be conducted to test it (Yuan et al., 2021).

In addition, only a few bacterial taxa, such as Proteobacteria, Actinobacteria, and Chloroflexi, have been linked to soil health (Schlatter et al., 2022). Among them, Proteobacteria prefer eutrophic and facultative anaerobic environments (Zhang et al., 2016; Yan et al., 2020), and are involved in disease suppression (Deng et al., 2020), whereas, Acidobacteria was favored in oligotrophic conditions with lower carbon availability and often used as an indicator of nutritional status (Naether et al., 2012; Jiang et al., 2017). Simultaneously, the ratio of Proteobacteria to Acidobacteria is an index of soil nutrients, positively related to increasing soil nutrients (Thomson et al., 2010). In the fungi community, Ascomycota is involved in the nutrient cycle to exploit nutrient-rich environments and can be associated with spreading soil disease (Guo et al., 2019). All this leads us to consider that further research on the specific taxa, microbial interactions, and the keystone taxa should provide a better picture of the function of the microbial network.




Conclusion

Our findings highlight the differences in diversity, composition, keystone species, and DDR pattern of bacterial and fungal communities in rhizosphere soil among six sample regions. This study provides new insight for further understanding rhizosphere ecological function at a fine scale. Our results indicate that the Proteobacteria, Acidobacteriota, Ascomycota, and Mucoromycot OTUs were identified as highly abundant groups in all sample soils and categorized as keystone taxa in biological networks, where they played a critical role in soil health, N cycling, and disease suppression. Although the networks have been interpreted to predict microbial interactions, they remain a conceptual framework that needs further studies to verify the many predictions. From our experimental results, altitude was crucial in determining the composition of fungal and bacterial communities. Besides, bacterial and fungal communities exhibited strong distance decay of similarity at a geographic scale of 2–102 km, and geographic distance is more important than environmental variables in shaping the microbial community. Overall, this study enhances our understanding of the rhizosphere microbial communities and provides a theoretical basis and potential production strategies for planting A. carmichaelii.
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Introduction: Human concerns about fossil fuel depletion, energy security and environmental degradation have driven the rapid development of solar photovoltaic (PV) power generation. Most of the photovoltaic power generation plants are concentrated in desert, grassland and arable land, which means the change of land use type. However, there is still a gap in the research of the PV panel layout on grassland plant species diversity and ecological function.

Methods: In this study, Illumina high-throughput sequencing technology was used to investigate the effects of PV panel arrangement on grassland plant species diversity and soil microbial diversity. In view of the differences in the microclimate at different sites of the PV panels, quadrates were arranged in front edge (FE), beneath the center of each panel (BP), back edge (BE), the uncovered interspace adjacent to each panel (IS) and the undisturbed grassland around the PV panels (Control), respectively.

Results: PV panels (especially FE) significantly increased the total aboveground productivity (total AGB) and plant species diversity in grasslands. FE increased precipitation accumulation and plant species diversity directly and indirectly changed the diversity of soil bacterial and fungal communities. PV panels decreased the relative abundance of Actinobacteriota, while increased the relative abundance of Proteobacteria, Acidobacteriota, and Methylomirabilota. EC, Margalef’ s richness and total AGB were the main factors affecting the composition of bacterial communities, while alkaline hydrolysis nitrogen (AN) and available phosphorus (AP) were the main factors affecting the composition of fungal communities.

Discussion: In conclusion, the arrangement of PV panels increased the plant species diversity and soil microorganisms in grassland. This study provides important information for further understanding the impact of PV panels on grassland ecosystem function and is of great significance for maintaining grassland ecosystem function.

KEYWORDS
 photovoltaic panel, grassland, aboveground biomass, plant community composition, soil microbial diversity


Introduction

Human concerns over fossil fuel depletion, energy security and environmental degradation have led to an increasing demand for clean renewable energy (Ding et al., 2016). The two outstanding characteristics of zero pollution and zero emissions make solar photovoltaic power (PV) a better energy source and an ideal alternative to traditional fossil fuels (Joshi and Arora, 2017). By the end of 2019, the global total installed capacity of PV had reached 505 GW (REN21, 2019), and it is still growing rapidly. PV generation has become an important pillar of national energy development strategies (Wu et al., 2021). However, PV is spatially intensive, large-scale and non-integrated, and PV deployment is estimated to require more land area than coal nuclear or natural gas technologies (Fthenakis and Kim, 2009). At present, the construction of PV plants is mostly concentrated in desert, grassland and arable land, which means the change of land use types (Mac Kay, 2013). Grassland is the world’s largest terrestrial ecosystem and an important part of the global natural ecosystem. They play an important role in the development of animal husbandry, windbreak and sand control, soil and water conservation, biodiversity protection and ecological balance (Li et al., 2006; Wen et al., 2013). Although PV generation has many social functions, such as helping to achieve low emission rate, alleviating energy crisis, improving the efficiency of resource utilization, there is still a gap in the research of PV panel layout on grassland diversity and ecological function.

The physical presence of PV panels will affect solar radiation flux (temperature), wind speed and turbulence (potential evaporation) and precipitation distribution under PV panels (Armstrong et al., 2014). A large number of studies have shown that PV panels reduce the amount of solar radiation received by the local surface and the atmospheric temperature in the growing season (from April to August) by converting part of the solar energy into electric energy (Armstrong et al., 2014; Liu et al., 2019; Yue et al., 2021). The shielding effect of PV panels leads to uneven precipitation distribution (Elamri et al., 2018; Li Y. et al., 2018), the presence of PV panels can concentrate water at its lower edge, which increases the local heterogeneity of soil water distribution and creates more permanent water storage under PV panels (Adeh et al., 2018; Yue et al., 2021). In addition, the lower potential evaporation caused by the reduction of solar radiation directly below the PV panels will lead to a reduction in drought, an increase in soil water availability, and help reduce water loss in arid climates (Marrou et al., 2013; Adeh et al., 2018; Choi et al., 2020).

The linkage changes of species interactions under climate change affect the biodiversity and function of terrestrial ecosystems (Walther et al., 2002; Gottfried et al., 2012; Langley and Hungate, 2014; Rudgers et al., 2014; Crowther et al., 2016). Given that light, temperature and water are the three key factors for plant growth and ecosystem function (Martens et al., 2000; Dupraz et al., 2011; Li W. H. et al., 2018), individual plant species differ in their ability to feedback climate change or survive under changing conditions through adaptation or plasticity (Fernandez-Going et al., 2013; Shi et al., 2015). The interaction between local microclimate changes caused by PV panels may affect plant community structure (Cleland et al., 2004; Adler et al., 2006; Yang et al., 2011), and directly/indirectly affect microbial community structure through changes in the plant community composition (Ren et al., 2018; Toju et al., 2018; Shi et al., 2020). Therefore, it is necessary to better understand the human interference (i.e., the laid of pv panels), climate change and bio-abiotic interactions affect how grassland ecosystem structure and function. This will provide a theoretical reference for the selection and construction of scientific, reasonable and efficient PV power plants, and provide scientific basis for vegetation and soil restoration after PV power plants construction.

Grassland ecosystems are considered to be one of the most sensitive ecosystems to climate change (Piao et al., 2012; Chen et al., 2013). Microclimate change caused by human disturbance will have a profound impact on grassland ecosystem function. Therefore, understanding the impact of PV panels on grassland ecosystem is of great significance for maintaining grassland ecosystem function. In this study, the PV power plant is located in Datong District, Daqing City. In the past, many large areas of grassland were constructed as PV power stations. The objectives of this study were: (1) to investigate the effects of PV panels laying on grassland productivity, plant community composition and species diversity, soil properties, microbial community composition and diversity; (2) to clarify the intrinsic relationship between plant species diversity, soil properties and soil microbial changes.



Materials and methods


Study site

The study area is located in the western Songnen Plain, which belongs to Datong District of Daqing City (46°10 ‘11’ N, 124°53 ‘56’ E; 135 m asl), which has a mid-temperate continental monsoon climate. Light is sufficient, precipitation is less, wind and drought in the same period, rain and heat in the same season. The mean annual temperature is 4.2°C, the mean temperature of the coldest month is-18.5°C, and the extreme minimum temperature is-39.2°C. The average temperature of the hottest month is 23.3°C, and the extreme maximum temperature is 39.8°C. The average annual precipitation is 400-500 mm, and the precipitation period is mostly concentrated in June to September. The average annual frost-free period is 143 days. The average annual wind speed is 3.8 m/s. The annual evaporation is 1,635 mm, the annual dryness is 1.2, the annual sunshine duration is 2,726 h, and the annual total solar radiation is 491.4 kJ/cm2. The main soil types were meadow and marsh soil and the grassland type in the study area is warm meadow grassland, and the main plant types are Puccinellia tenuiflora (Griseb.) Scribn. et Merr., Phragmites australis (Cav.) Trin. ex Steud. and Suaeda glauca (Bunge) Bunge.



Experiment design

The PV power station was randomly divided into three areas, and three PV panels were randomly selected in each area, making a total of nine PV panels as the research object. In addition, an undisturbed grassland around each area was selected as control, and a total of three control grasslands were selected, with a spacing of 20 m between the control grassland and the study areas. In view of the differences in the microclimate at different sites of the PV panel, quadrates were arranged in front edge (FE), beneath the center of each panel (BP), back edge (BE), the uncovered interspace adjacent to each panel (IS) and the undisturbed grassland around the PV panels (Control), respectively (Figure 1). The size of each quadrat is 1 × 1 m, four quadrats are arranged under each PV panel, and one quadrat is arranged in each control area, a total of 39 quadrats.

[image: Figure 1]

FIGURE 1
 Different sites under the PV panels (FE: front edge of each panel, BP: beneath the center of each panel; BE: back edge of each panel; IS: the uncovered interspace adjacent to each panel; Control: the undisturbed grassland around the PV panels).




Plant sampling and analysis

During the study, all plant data were measured at the end of July, when the plants were in full bloom. The plant community was divided into four functional groups:PG (perennial grasses); PS (perennial sedges); PF (perennial forbs); ABH (annual and biennial herbs). After litter removal, we measured total plant community coverage, height, coverage and density of each species, and density of each plant functional group within each quadrat. The height of each plant functional group was obtained by calculating the mean of plants within the group. Each plant was then trimmed to floor level and placed in marked paper bags by species. Then it was dried at 65°C for 48 h and weighed to obtain the aboveground biomass (AGB) of each species, and AGB of each plant functional group and total AGB were calculated. Plant Margalef’s index, Shannon-Wiener index, Simpson index were used to illustrate biodiversity in this study. Margalef’s richness index was calculated as follows:

[image: image]

where N is the total number of individuals of all species, and S is the number of species. Shnnon-Wiener index was calculating as follows:

[image: image]

where Pi is the proportion of individual species i representing the relative density of plant species (species density/total density for all species × 100). Simpson diversity index was calculated as follows:
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Soil Sampling and Analysis

After measuring the AGB parameters, soil was sampled at five points with a soil coring machine. Soil samples were collected at a depth of 0–20 cm. Five samples from the same quadrat at the same depth were thoroughly mixed to remove root and gravels, quickly packed into sterile sealable bags, placed in ice boxes for refrigeration, and promptly shipped to the laboratory. The sample was divided into two parts. Part of the soil was air-dried, ground and sieved to determine the physical and chemical properties of the soil. The remaining parts were stored at-80°C for soil microbial analysis.



Soil nutrient determination

Soil pH and electrical conductivity (EC; an important indicator of salinity) were determined with soil (air-dried)/water (1:5, w/v) suspensions (Bao, 2008), and soil organic matter (SOM) was assessed by K2CrO7 volumetric method (External heating method) (Sparks et al., 1996). Total nitrogen (TN) and alkali-hydrolyzed nitrogen (AN) were measured by Kjeldahl method and alkali-hydrolyzed diffusion method (Lu, 1999). Phosphorus (P) was extracted by HClO4-H2SO4 method, then added the molybdenum-antimony anti-reagent, colorimetric was performed at 880 nm or 700 nm wavelength, and calculated the total phosphorus (TP) content (Bao, 2008). Available phosphorus (AP) was extracted with 0.5 M NaHCO3 (pH 8.5), and was determined using molybdenum blue method (UV-752 Shanghai, China; Bao, 2008). Determination of total potassium and available potassium by flame photometry (Bao, 2008).



Soil DNA extraction, illumina sequencing, and data analysis

Total DNA was extracted from 0.25 g of Soil using the FastDNA® Spin Kit for Soil (MP Biomedicals, USA) isolation kit according to the manufacturer’s requirements. After DNA extraction, the extracted genomic DNA was detected by 1% agarose gel electrophoresis. For MiSeq library construction, bacterial V3 and V4 hypervariable regions were amplified using primers 338F (5′ -ACTCCTACGGGAGGCAGCA-3′) and 806R (5′ -GGACTACHVGGGTWTCTAAT-3′). Primer ITS1F was used (5’-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5’-GCTGCGTTCTTCATCGATGC-3′) were used to amplify the hypervariable region of fungal ITS1. Specific primers with barcode were synthesized according to the specified sequencing region. The amplification process was pre-denaturation at 95°C for 5 min, 25 cycles of 95°C for 30 s, 50°C annealing for 30 s, 72°C for 40 s, and 72°C for 7 min of extension. PCR products of the same sample were mixed and detected by 2% agarose gel electrophoresis. PCR products were recovered by gel cutting using AxyPrepDNA gel recovery kit (AXYGEN Company) and eluted with Tris_HCl. Electrophoresis was performed on 2% agarose. PCR products were quantified with the QuantiFluor™ -ST Blue fluorescence Quantification System (Promega). The PCR products were purified with TruSeqTM DNA Sample Prep Kit to construct the Miseq library. Illumina Miseq platform was used for on-machine sequencing of the constructed library.

The reads of each sample were spliced using FLASH (version 1.2.11) software (Magoc and Salzberg, 2011), primers were removed, and sequences were trimmed to remove low-quality sequences. Sequences were clustered at 97% similarity level (OTU) and screened using USEARCH (version 10.0) with a threshold of 0.005% for all sequences (Edgar, 2013). The RDP software (Version 2.2) was then used for comparison with the Silva and UNITE databases, with confidence intervals of 80% for bacterial and fungal classification (Wang et al., 2007; Quast et al., 2013). Mothur software was used to calculate Chao1, Simpson diversity, Shannon’s evenness, and Good’s coverage to estimate bacterial and fungal diversity and richness.



Statistical analysis

All statistical analyses were performed using R (4.1.2) software. One-way analysis of variance (ANOVA) and TukeyHSD test in “Agricolae” package were used to analyze the significant differences between groups in plant diversity, soil properties, soil bacterial α diversity and relative abundance of dominant phyla, and ANOVA was used to test the effects of PV panels on plants, soil, bacteria and fungi. Spearman rank correlation coefficient was calculated to analyze the correlation between vegetation, soil properties and soil microorganisms. Based on Bray-Curtis distance matrix, the similarity analysis (ANOSIM) of 999 permutations was performed, and the PCoA visualization of plant community composition at different sites was performed. Based on Bray-Curtis distance matrix, NMDS was used to visualize the composition of bacterial and fungal communities at different sites. Linear discriminant analysis (LDA) effect size (LEfSe) method was used to identify significantly different characteristics of bacteria and fungi at different sites by biomarkers, and the impact size of each feature was assessed with a threshold of 3 and a significant α of 0.5. The “vegdist” package was used to conduct RDA analysis of plant diversity, soil properties and bacterial and fungal communities, and 999 permutation similarity analysis (ANOSIM) was performed to infer potential relationships between microbial community composition and measured plant diversity and soil properties. SEM models were constructed using Amos 26 (AMOS IBM, USA) to assess the direct and indirect effects of vegetation and soil properties on bacterial and fungal community diversity.




Results


Effects of PV panels on plant community and soil properties

PV panels had significant effects including the Margalef’s richness index, Shnnon-Wiener index and Simpson diversity index of the plants. From FE to IS, BP, BE and Control, most diversity indices decreased (p < 0.05). For different sites under the PV panel, the diversity of FE plants increased the most significantly, while the diversity of BE plants increased the least. From the perspective of homogeneity, compared with IS, most diversity indices increased in FE and decreased in BP and BP (Table 1; Supplementary Figure S1). PV panels had significant effects on total AGB and community total coverage (p < 0.05) (Table 2), and total AGB decreased from FE to BE, IS, BP, and Control. Compared with Control, total AGB under FE, BE, IS, and BP increased by 80.02, 52.01, 43.04, and 17.10%, respectively (Table 2; Supplementary Figure S2). PV panels significantly increased the total coverage of plant communities, which decreased from FE to BP, IS, BE and Control. Compared with Control, the total plant community coverage under FE increased by 80.02% (Table 2). Compared with IS, total AGB and total coverage increased significantly under FE and decreased significantly under BP, but there was no significant difference under BE. Compared with Control, the total coverage of plant communities increased most significantly under FE, increasing by 80.02%. However, the total coverage of plant communities increased the least under BP, with an increase of 17.10% (Table 2).



TABLE 1 One-way ANOVA analysis of the effects of PV panels on plant species, soil bacterial, and fungal diversity (FE: front edge of each panel, BP: beneath the center of each panel; BE: back edge of each panel; IS: the uncovered interspace adjacent to each panel; Control: the undisturbed grassland around the PV panels).
[image: Table1]



TABLE 2 One-way ANOVA analysis of the effects of PV panels on plant communities and functional groups (PG: perennial grasses; PS: perennial sedges; PF: perennial forbs; ABH: annual and biennial herbs).
[image: Table2]

The results of PCoA based on Bray-Crutis showed that PCo1 and PCo2 explained 68.89 and 20.85% of the variation in plant community composition, respectively. The plant community composition was significantly separated between Control and PV panels, indicating that PV panels changed the plant community composition, and the plant composition at different sites under PV panels was significantly different (F = 26.235; p < 0.001). PV panels promoted the growth of PF, PS and ABH, while inhibited the growth of PG (R2 = 0.755, p = 0.001) (Figure 2; Table 2). PV panels had significant effects on the height and frequency of plant functional groups (p < 0.05). However, there were significant differences in different sites under the PV panels. The PF height under FE increased the most significantly, but there was no significant difference between BE and Control. The PS height increased most significantly under IS and BE, but there was no significant difference between Control under BP. There was no significant difference in PG height between different sites of PV panels. There was no significant difference in the coverage and richness of each functional group at different sites under the PV panels compared with the Control. FE, BP and BE decreased the frequency of PS, but there was no significant difference between IS and Control. The PV panel significantly increased PS AGB, and IS was the most significant, while BP was the least (Table 2).

[image: Figure 2]

FIGURE 2
 Principal coordinate analysis (PCoA) of plant community composition at different sites of PV panels.


Except for TP, PV panel had no significant effect on soil properties (p > 0.05). Although there was no statistical difference in soil properties between different sites under PV panels and Control. However, compared with the Control, the pH, EC, TK and AK contents at different sites under the PV panel were slightly decreased, while AN, TP and AP were slightly increased. For different sites under the PV panel, most soil properties were highest under BP (Table 3).



TABLE 3 One-way ANOVA analysis of the effects of PV panels on soil properties.
[image: Table3]



Effects of PV panels on soil microbial community diversity and composition

A total of 2,751,094 and 4,879,890 effective bacterial and fungal sequences were obtained from 39 samples after Illumina high-throughput sequencing and filtering to remove low-quality sequences. The effective sequence length of bacteria was mainly distributed in the range of 400-440 bp, and that of fungi was mainly distributed in the range of 220-240 bp. There were 23,143 bacterial OTUs and 3,064 fungal OTUs in all samples. The bacterial OTUs of each sample ranged from 43,933 to 119,026, with an average of 70,541, and the fungal OTUs ranged from 104,110 to 148,006, with an average of 125,125, and the homology threshold was 97%. The Good’s coverage of bacteria and fungi of all samples were higher than 98.61 ± 0.48% and 99.97 ± 0.01%, respectively, indicating that the sequencing quality was good.

PV panels had significant effects including bacterial Chao1 richness, Simpson diversity, Shannon’s evenness and Good’s coverage, and fungi Chao1 richness (p < 0.05) (Table 1). As for bacteria, the Chao1 richness and Shannon’s evenness of bacteria increased by PV panels, including the most significant increase in FE, but the least increase in BP, and no significant difference between IS and BE. The Simpson diversity of bacteria was decreased by PV panels, and there was no significant difference among different sites of PV panels (p > 0.05). For fungi, Chao1 richness was significantly improved by PV panels, including FE which was the most significant, but there was no significant difference among IS, BP, and BE. The fungi Simpson diversity and Shannon’s evenness were not significantly affected by PV panels (Table 1; Supplementary Figure S3). Spearman rank correlation analysis showed that bacteria Chao1 richness was positively correlated with Margalef’s richness, Shnnon-Wiener and Simpson diversity. Shannon’s evenness was positively correlated with Margalef’s richness, Shnnon-Wiener and total AGB, and negatively correlated with EC. Simpson diversity was negatively correlated with Margalef’s richness, Shnnon-Wiener and total AGB, and positively correlated with EC. Fungi Chao1 richness was positively correlated with AP, Shnnon-Wiener and Simpson diversity, but negatively correlated with EC (Table 4).



TABLE 4 Spearman rank correlation analysis of soil bacteria and fungi with plant species diversity and soil properties.
[image: Table4]

Based on Bray-Curtis distance matrix, we performed NMDS visualization for bacteria and fungi in different sites. Bacterial and fungal Stress were 0.0906 and 0.1673, respectively. Permanova analysis results showed that the bacterial community composition was significantly different among different sites (R2 = 1.564, p = 0.030), while the fungal community composition was similar among different sites (R2 = 1.020, p = 0.409). However, PV panels did not significantly affect the bacterial and fungal community composition, and bacterial and fungal community composition was similar between Control and different PV panel sites (Supplementary Figure S4).

At the phylum level, the relative abundance of the top 10 dominant bacteria in all sites was higher than 91% (29.77% Actinobacteriota, 18.98% Proteobacteria, 14.88% Chloroflexi and 14.15% Acidobacteriota, 5.01% Firmicutes, 3.27% Gemmatimonadota, 2.86% Myxococcota, 2.15% Methylomirabilota, 1.56% Bacteroidota and 1.23% Desulfobacterota). PV panels had significant effects on the relative abundance of Actinobacteriota, Proteobacteria, Acidobacteriota and Methylomirabilota (p < 0.05), decreased the relative abundance of Actinobacteriota, while increased the relative abundance of Proteobacteria, Acidobacteriota, and Methylomirabilota. There was no significant difference in the relative abundance of Actinobacteriota among different sites of PV panels. The relative abundance of Proteobacteria in BE was the highest, Actinobacteriota in FE was the highest, Methylomirabilota in IS and BP were significantly higher than that of FE and BE (Figure 3; Supplementary Table S1). In addition, LEfSe analysis (threshold of 3) showed that there were differences in bacterial community composition between Control and different sites of PV panels. Specifically, Proteobacteria, Actinobacteriota, Gemmatimonadota, Bacteroidota and Patescibacteria were the most enriched in the Control. Chloroflexi, Gemmatimonadota, Cyanobacteria, Actinobacteriota and Methylomirabilota in IS. Unclassified_k__norank_d__Bacteria, Verrucomicrobiota, Bacteroidota, Actinobacteriota, Planctomycetota, Proteobacteria, Myxococcota and Proteobacteria in FE. Methylomirabilota in BP. Proteobacteria and Actinobacteriota in BE (Supplementary Figure S5).
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FIGURE 3
 Relative abundance of dominant phyla of soil bacteria and fungi at different sites of PV panels.


At the phylum level, the top 10 dominant fungi with relative abundance in all sites accounted for more than 99% (76.16% Ascomycota, 7.80% Basidiomycota, 6.75% Unclassified_k__Fungi, 3.88% Mortierellomycota, 3.06% Chytridiomycota, 1.15% Glomeromycota, 0.56% Rozellomycota, 0.27% Monoblepharomycota, 0.12% Aphelidiomycota and 0.07% Zoopagomycota). PV panels had no significant effect on the relative abundance of fungal dominant phyla, and there was no significant difference between the relative abundance of dominant phyla at different sites of PV panels and Control (Figure 3; Supplementary Table S2). LEfSe analysis showed that Basidiomycota, Ascomycota, Mucoromycota and Glomeromycota were the most enriched in Control. Ascomycota in IS. Basidiomycota, Zoopagomycota, Ascomycota and Aphelidiomycota in FE. Ascomycota and Glomeromycota in BP, BE is Ascomycota (Supplementary Figure S6).



Relationships between biotic and abiotic properties and microbial communities

RDA analysis was performed to illustrate the relationship between bacterial and fungal community composition and soil properties. The first two RDA1 and RDA1 axes explained 61.62 and 12.82% of the variation in overall bacterial community composition, respectively. RDA results showed that EC, Margale and total AGB affected the composition of bacterial community (p = 0.004; p = 0.035; p = 0.025) (Figure 4; Supplementary Table S3). The first two RDA1 and RDA1 axes explained 29.11 and 14.59% of the variation in fungal community composition, respectively. RDA results showed that AN and AP significantly affected the composition of fungal communities (p = 0.034; p = 0.018) (Figure 4; Supplementary Table S3). SEM model was used to describe the effects of PV panels on plant diversity and soil microorganisms, and the interactions among plant diversity, soil properties and soil microorganisms. SEM model was used to describe the interaction between plant communities, soil properties and soil microorganisms (p = 0.003, χ2/df = 1.036, GFI =0.809, RMSEA = 0.031). SEM results showed that plant diversity directly affected soil bacterial diversity or indirectly affected soil bacterial diversity by affecting soil pH (p < 0.05) (Figure 5).
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FIGURE 4
 RDA analysis of soil bacteria and fungi with plant communities and soil properties at different sites of PV panels.


[image: Figure 5]

FIGURE 5
 SEM model of the interaction between plant communities, soil properties and soil microorganisms (p = 0.003, χ2/df = 1.036, GFI =0.809, RMSEA = 0.031).


Spearman rank correlation analysis showed that Actinobacteriota was negatively correlated with TP and total AGB, but positively correlated with EC. Proteobacteria was negatively correlated with AK. Chloroflexi was positively correlated with total AGB. Acidobacteriota was negatively correlated with pH and EC, and positively correlated with TP, AN and Shnnon-Wiener. Firmicutes was positively correlated with Simpson diversity. Gemmatimonadota was positively correlated with pH. Bacteroidota was positively correlated with pH. Desulfobacterota is negatively correlated with pH and the positive correlation total AGB, and negatively correlated with Shnnon-Wiener and Simpson diversity (Figure 6).
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FIGURE 6
 Spearman rank correlation analysis of dominant phyla of soil bacteria and fungi with plant diversity and soil properties.


In the dominant phylum of fungi, Ascomycota was negatively correlated with Shnnon-Wiener. Monoblepharomycota was positively correlated with AP and Shnnon-Wiener. Aphelidiomycota was positively correlated with Shnnon-Wiener and Simpson diversity. Zoopagomycota was negatively correlated with pH and positively correlated with TP (Figure 6).




Discussion


Effects of PV panels on vegetation communities and soil properties

Temperature and precipitation were the main moderators of grassland community composition and richness (Yang et al., 2011; Jonas et al., 2015). PV panels significantly increased the diversity of plant communities for the following reasons: on the one hand, grasses have shallow and fibrous roots, usually distributed in the soil surface (Mackie et al., 2019), while forbs and sedges have deep roots and are resource conservative (Yang et al., 2011). The PV panels reduced water collection and lower potential evaporation, which promoted soil water retention and improved the effective water content of deep soil. By affecting interspecific competition, it inhibited the growth of dominant PG and created ecological niches, and to a certain extent promoted the growth of subdominant PF, PS and ABH. On the other hand, numerous studies have demonstrated that temperature changes have different effects on different plant groups of PF, PS and PG (Peng et al., 2017; Ganjurjav et al., 2018). The absorption of solar radiation by PV panels effectively reduced the soil temperature, and the change of temperature effectively regulated the interspecific relationship and promoted the growth of different species. In addition, the adaptation or plasticity to shading varies greatly among plants (Semchenko et al., 2011). Faster growing and larger hybrid grasses have a disproportionate advantage in increasing their light capture capacity during shading through an increase in stem and leaf elongation and specific leaf area (SLA) (Ballare et al., 1994; Schwinning and Weiner, 1998) and resulted in competitive exclusion of smaller or slower-growing grass individuals (Hautier et al., 2009). In conclusion, PV panels effectively inhibited the growth of dominant PG by changing abiotic factors, promoted the growth of subdominant species, and then increased the diversity of grassland plant communities, and changed the composition and structure of plant communities.

Water availability in semi-arid regions limits plant growth and ecosystem productivity (Niu et al., 2008). Precipitation from January to July was reported to be the main cause of community biomass fluctuation in the same area (Bai et al., 2004). PV panels increased soil available water content, which not only directly promoted community photosynthesis and plant growth (Bai et al., 2010; Li et al., 2016), and indirectly increased aboveground biomass by increasing plant community diversity (Isbell et al., 2013). Numerous studies have demonstrated a positive correlation between biodiversity and biomass production (Isbell et al., 2013; Hautier et al., 2014; Hautier and Van der Plas, 2022). However, there were significant differences in total AGB among different sites of PV panels, and the higher soil water content at FE resulted in the most significant increase in total AGB. Total AGB under BP was lower than that at other sites of the PV panels, which may be attributed to, on the one hand, the shading of the PV panels reduced precipitation; on the other hand, the low light level and thick litter layer under BP inhibited plant growth (Seitz et al., 2016). It is worth noting that from the perspective of homogeneity, IS was least affected by PV panels in different sites under PV panels, compared with IS, the plant species diversity and total AGB of FE were significantly improved, and BP were significantly reduced, which may be that the PV panels were oblique arrangement, so that the soil moisture content of FE was significantly higher than other sites under the PV panels, and BP to precipitation and light inhibited the growth of plants.

Plants and soil are inseparable (Pugnaire et al., 2019), plant species replacement caused by climate change will change material input and decomposition by changing the form of plant litter production and root deposition, thus affecting soil properties (Bardgett et al., 2013: Davidson and Janssens, 2006; Kulmatiski et al., 2008; Glassman et al., 2018). However, our results show that changes in plant community composition did not significantly alter soil properties. The study of Lambert et al. (2021) also showed that the construction of PV panels did not reduce the C and N contents, nor did it reduce the soil chemical properties. The reasons may be that the PV panel laying time in the study site is short, and the soil properties have no obvious difference with the Control due to the hysteresis of the response to plant community changes. In addition, low light levels increased litter production (Seitz et al., 2016), and increased soil material input, resulting in slightly higher soil nutrient content at BP than at other sites under PV panels.



Effects of PV panels on soil microbial diversity and structure

Soil moisture strongly influenced microbial diversity (Orwin et al., 2015; Yang et al., 2019). Different sites under PV panels (especially FE) significantly increased soil available water content, and increased soil water availability promoted microbial growth. PV panels significantly increased the richness and diversity of soil bacterial communities, changed the composition of bacterial communities, and increased the richness of fungal communities. FE bacterial diversity increased significantly compared to IS, while BP decreased significantly, possibly due to the redistribution of precipitation by PV panels. NMDS analysis showed that the composition of bacterial and fungal communities of PV panels was similar to that of controls, which may be due to the delayed response of bacteria and fungi due to the short PV placement time.

Actinobacteriota and Proteobacteria have also been identified as the major bacterial communities in soils (Banerjee et al., 2018). In this study, Actinobacteriota and Proteobacteria were the most dominant phyla in all sites. Consistent with previous studies, Actinobacteriota plays a key role in desert grassland soils, followed by Proteobacteria, a more important phylum in typical grassland soils (Wang et al., 2017). It has been reported that Actinobacteriota is a group of eutrophic bacteria whose relative abundance increases with the size of soil C and N pools (Fierer et al., 2007; Li et al., 2014). Acidobacteria is an oligotrophic bacterium with poor tolerance and low temperature tolerance (Fierer et al., 2007; Yao et al., 2017). The relative abundance of Actinobacteriota at different sites under PV panels decreased significantly, while Acidobacteria increased significantly, possibly because the laying of PV panels reduced soil nutrition. The relative abundance of Proteobacteria increased significantly under the artificial interference of PV panels. Xiao et al. (2021) and Kolton et al. (2011) also reported that the soil disturbed by mining was significantly enriched in Proteobacteria. Proteobacteria is a fast-growing bacterium that can utilize a variety of carbon sources (i.e., syntrophic bacteria) (Yao et al., 2017). This may be related to the extensive biodegradative and metabolic properties of Proteobacteria bacteria and their ability to inhabit a variety of habitats (Sinkko et al., 2013). Proteobacteria may grow rapidly when available substrates are unstable (e.g., soil disturbance) (Zhang et al., 2016). LefSe analysis showed that there were significant differences in dominant phyla at different sites under PV panels, and the significantly different species in FE were significantly higher than those in other sites, which indicated that PV panels, especially FE, significantly changed the diversity and structure of soil bacteria.

The major fungal phyla in soils worldwide are Ascomycota and Basidiomycota (Tedersoo et al., 2014). This is consistent with our results that Ascomycota was the dominant phylum in different fungal communities, followed by Basidiomycota. Ascomycotion is an oligotrophic fungus that can tolerate harsh conditions (Chen et al., 2017), Basidiomycota is a eutrophic bacterium (Sterkenburg et al., 2015), The lack of resources may be the reason why the relative abundance of Ascomycota and Basidiomycota did not change under different sites of PV panels.



Biotic and abiotic characteristics in relation to microbial communities

Changes in precipitation and temperature affect soil microbial communities directly by altering their growth and activity (Bardgett et al., 2008) and also by altering their function on individual plants (e.g., root biomass production) (Orwin et al., 2010), or plant community composition indirectly affects soil microbial populations (Kardol et al., 2007; Luo et al., 2017; Ren et al., 2018). RDA, Spearman rank correlation and SEM showed that plant diversity was significantly correlated with the diversity and composition of bacterial and fungal communities. Plant diversity directly affected soil bacterial diversity or indirectly affected soil bacterial diversity by affecting soil pH. PV panels alter plant community composition, which changes the quality and/or quantity of root exudates and litter entering the soil, which in turn affects microbial community composition and activity (Bardgett and Wardle, 2010). Studies have shown that low-quality, refractory, slow-growing species determine fungus-dominated microbial community composition, while nutrient-rich, fast-growing species (such as miscellaneous grasses) determine bacteria-dominated microbial community composition (Orwin et al., 2010; de Vries et al., 2012; Pugnaire et al., 2019). PV significantly increased fast-growing species such as PF, which provided a good growth substrate for bacteria and drove the growth of bacterial communities. In addition, each plant has unique root exudate characteristics, and a richer plant community may have created a niche for the growth of different microorganisms (Zak et al., 2003; Bartelt-Ryser et al., 2005; Loranger-Merciris et al., 2006). Meanwhile, bacterial diversity and dominant phyla were significantly correlated with total AGB, which was consistent with the conclusion of Bardgett and McAlister (1999), suggesting that productivity may be a mechanism linking plant species richness and soil community structure.

Salinity (EC) was a major factor affecting bacterial community composition (Lozupone and Knight, 2007), which was consistent with our RDA results. Spearman rank correlation analysis showed that Actinobacteriota and Acidobacteriota were significantly correlated with EC. Previous studies have shown that Firmicutes, Bacteroidota and Proteobacteria have high salt tolerance, and their relative abundance is related to EC (Antunes et al., 2011; Geyer et al., 2014). With the increase of soil salinity, only a limited number of bacterial groups can withstand the enormous pressure of high salinity, resulting in changes in the relative abundance of microorganisms and community diversity (Rath et al., 2018). In addition, salinity is often correlated with OM inputs and soil pH (Wong et al., 2008; Rengasamy, 2010). SEM results showed that bacterial diversity was affected by soil pH. The correlation analysis shows that Desulfobacterota is positively correlated with pH. Since most bacterial taxa have relatively narrow growth tolerances, changes in soil pH may directly affect changes in bacterial communities (Lauber et al., 2008; Rousk et al., 2010). Proteobacteria was negatively correlated with AK. K is an essential element that regulates cellular pH in microorganisms and drives uptake of soil nutrients by regulating cellular osmotic pressure (Pan et al., 2020). Soil bacteria have been reported to influence K solubility and availability, which in turn influences the selection of specific bacteria associated with K concentrations (Pereira et al., 2014; Emmert et al., 2021). There is no general consensus on the effect of P on microbial community composition, as P has negative, neutral, or positive effects on soil microorganisms in terrestrial ecosystems (DeForest et al., 2012; Liu et al., 2012; Huang et al., 2016). RDA showed that the fungal community composition was affected by AP content. Correlation analysis showed that the relative abundance of Actinobacteriota, Acidobacteriota, Monoblepharomycota, and Zoopagomycota were significantly correlated with P content. This may be due to the decrease in soil pH by P application, which drives the change in the relative abundance of different bacteria (Jones et al., 2009). In addition, AN also significantly affected fungal community composition. Studies have shown that soil N content can directly affect soil microorganisms, or indirectly affect soil microorganisms by changing soil C availability, C/N ratio and soil pH (Treseder, 2008; Serna-Chavez et al., 2013). Taken together, our study provides further evidence that PV panels drive soil microbial changes by influencing abiotic and biotic conditions, and that soil (microenvironment) heterogeneity is a factor that maintains soil microbial community diversity.




Conclusion

In conclusion, our study found that PV panels significantly increased grassland plant community diversity by driving microclimate change. FE increased precipitation accumulation and plant diversity directly and indirectly changed the diversity of soil bacterial and fungal communities. PV panels decreased the relative abundance of Actinobacteriota, while increased that of Proteobacteria, Acidobacteriota, and Methylomirabilota. EC, Margalef’s richness and total AGB were the main factors affecting the composition of bacterial community, while AN and AP were the main factors affecting the composition of fungal community. Different microorganisms were affected by different soil properties, and the increase of plant diversity driven by abiotic factors was the main factor maintaining the diversity of soil microbial community and ecosystem function. The results provided important information for further understanding the effect of photovoltaic panel laying on grassland ecosystem function, and were of great significance for maintaining grassland ecosystem function.
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Introduction: Soil ammonia oxidation, which acts as the first and rate-limiting step of nitrification, is driven by ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA) and complete ammonia oxidizer (comammox, amoA gene of clade-A and clade-B). Straw returning, widely used ecological technology in China, is an effective measure for promoting straw decomposition and soil nutrient cycling when combined with earthworm addition. However, the effects of straw returning combined with earthworm addition on soil ammonia oxidizers remain poorly understood.

Methods: A 2-year plot experiment was conducted with 5 treatments: no fertilizer (CK); regular fertilization (RT); straw returning (SR); earthworm addition (W); straw returning + earthworm addition (SRW). The AOA, AOB, comammox clade-A and clade-B community microbial diversities and structures were investigated by high-throughput sequencing.

Results: The results showed that (1) compared to RT treatment, W, SR, and SRW treatments all significantly increased the richness of AOA and comammox clade-A and clade-B (p < 0.05), and the richness of AOB was only significantly promoted by SRW treatment (p < 0.05). However, only SRW had a higher comammox clade-B diversity index than RT. (2) The ammonia oxidizer community structures were altered by both straw returning and earthworm addition. Soil NH4+-N was the critical environmental driver for altering the ammonia oxidizer community structure. (3) Compared with RT treatment, the soil potential nitrification rate (PNR) of W and SRW treatments increased by 1.19 and 1.20 times, respectively. The PNR was significantly positively correlated with AOB abundance (path coefficient = 0.712, p < 0.05) and negatively correlated with clade-B abundance (path coefficient = −0.106, p < 0.05).

Discussion: This study provides scientific support for the application of straw returning combined with earthworm addition to improve soil nitrification with respect to soil ammonia-oxidizing microorganisms
.

HIGHLIGHTS

   •  Straw returning combined with earthworm increased the richness of ammonia oxidizers.

   •  NH4+-N was a critical driver for altering the ammonia oxidizer community structure.

   •  Earthworm addition significantly increased soil PNR.

   •  Under the alkaline paddy soil, AOB dominated in soil nitrification.

KEYWORDS
 ammonia-oxidizing microorganisms, straw returning, earthworm addition, soil nitrification, potential nitrification rates


1. Introduction

Soil microbes are an important component of soil ecosystems (Jia et al., 2020). They directly or indirectly change the soil structure and nutrients through their activities and play a crucial role in soil nitrogen cycling (Cai et al., 2021). Nitrification, essential for the soil nitrogen cycling, is completed by the oxidation of ammonia and nitrite (Beeckman et al., 2018; Liu et al., 2019). Ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) drive the oxidation of ammonia, which is the rate-limiting stage of the nitrification process (Könneke et al., 2005). AOA are generally considered to be the most abundant ammonia oxidizers in soil. However, in 2015, complete ammonia oxidizer (comammox) was found in aquaculture systems (Daims et al., 2015; van Kessel et al., 2015). Since then, comammox has been found in various systems, such as agricultural soil, forest soil, freshwater habitat, and sewage treatment plants (Wang Y. et al., 2017; Shi et al., 2020). In a recent study, comammox was the most abundant ammonia-oxidizing microorganism in forest, grassland, and agricultural soils and made a momentous contribution to soil nitrification (Hu et al., 2021). Determining the diversity, composition and contributions to agricultural soil nitrification of AOA, AOB, and comammox is of great significance for understanding the nitrogen cycle and improving agricultural management.

Straw returning is a widely used ecological measure of carbon sequestration and soil fertility enhancement in agroecosystems (Yang et al., 2019). Straw can affect the soil microbial community directly by its own decomposition or indirectly by altering soil physicochemical properties. Studies have revealed that rice straw and fertilization significantly increase AOB abundance and diversity, but AOA are almost unresponsive, possibly due to their mixotrophic character (Zhang et al., 2019). However, Chen et al. (2021) has found that though maize straw had no discernible impact on AOB in alkaline soil (pH = 7.82), it boosted the amoA gene abundance of AOA. The effects of straw returning on the ammonia-oxidizing community might be influenced by soil fertility, crop varieties, and agricultural management.

Recently, straw returning is questioned for the reasons of lack of nitrogen in the seedling stage by slow decay and the aggravation of crop diseases by pathogenicity of straw (Li et al., 2018). Under straw returning conditions, earthworm can promote straw decomposition, refine the soil structure, and improve soil drainage and aeration (Li et al., 2022). In vermicomposting systems, earthworm significantly promoted the net nitrification rate and the amount of AOA and AOB (Huang et al., 2017). In Cd-contaminated soil, earthworm promoted potential ammonia oxidation (PAO) by increasing AOB abundance but had no significant effect on soil net nitrification (Xu et al., 2018). Few researches have reported the influences of straw returning combined with earthworm addition on the variation of ammonia-oxidizing microorganisms. The mechanism of how earthworm and straw regulate soil ammonia-oxidizing microorganisms and thus affect nitrification remains to be elucidated.

In this study, high-throughput sequencing analysis was used to assess the abundance and community composition alterations of AOA, AOB, and comammox (amoA gene of clade-A and clade-B) in soil based on a 2-year plot trial of straw returning coupled with earthworm addition. Under the effects of straw returning and earthworm addition, the aims of this research were (1) to estimate the abundance, diversity, and community composition changes of AOA, AOB, and comammox; (2) to explore the key environmental factors influencing the ammonia-oxidizing microbial community; (3) to determine the relative contribution of ammonia-oxidizing microorganisms to nitrification, providing a scientific basis for the improvement of in-situ straw utilization technology.



2. Materials and methods


2.1. Site description and soil-based experiment design

The 2-year experiment was conducted in the Sanxing Experimental Station of Shanghai Academy of Agricultural Sciences, Chongming, Shanghai (31°41′20″ N, 121°33′47″ E). The annual average temperature of this area was 15.3°C, and the mean annual precipitation was 1003.7 mm. The soil texture was sandy loam. At the beginning of the trial test, the soil physicochemical characteristics were as follows: pH, 8.30 (soil: water = 1:2.5); soil organic carbon (SOC), 15.21 g·kg−1; total nitrogen (TN), 0.94 g·kg−1; total phosphorus (TP), 1.57 g·kg−1.

The cropping regime was rice-fallow rotation. The rice variety was Huayou 14 (Oryza sativa L.), which was artificially transplanted in mid-June and harvested in early November every year. There were five treatments: control with no fertilizer (CK); regular fertilization treatment (RT); straw returning + regular fertilization treatment (SR); earthworm addition + regular fertilization treatment (W); straw returning + earthworm addition + regular fertilization treatment (SRW). The earthworm species was Pheretima guillelmi. Each treatment was performed in three replicates, and all replicates were set by a random block design. Each plot measured 240 m2 and was separated by an impervious membrane. The same pure amounts of nitrogen (N), phosphorous (P), and potassium (K) (225, 112.5, and 255 kg·ha−1, respectively), according to the convention in Chongming area, were used in the four fertilization treatments throughout the rice season. Urea, Ca(H2PO4)2, and K2SO4 were the fertilizers used in the experiment. In the SR and SRW treatments, all straw was cut into small pieces of 7 ~ 10 cm and directly returned to the field. The average N, P, and K contents in the rice straw were 0.33, 0.19, and 1.35%, respectively. In the W and SRW treatments, 375 kg·ha−1 earthworms were applied to the field. Pit was dug (1 × 1 × 0.3 m) in the center of the paddy field, and 25 kg/666.67 m2 earthworms were added before covering the soil. Earthworms of the same size were released into the field after the rice harvest and harvested before the next rice planting season. Trapping method was used to harvest earthworms raised in the field before next rice season.



2.2. Field sampling and laboratory analyses

Soil samples were collected in April 2020. Using the S-type sampling method, five soil samples (0–20 cm) were drawn at random and combined into a single sample. The soil samples were preserved in fresh-keeping bags at a low temperature and brought back to the lab, in which stones, miscellaneous sundries, and animal and plant remains were eliminated. One portion of the samples were kept at −80°C for DNA extraction and high-throughput sequencing, and the remaining samples were air-dried to ascertain the soil physicochemical characteristics.

Potentiometry was used to estimate the soil pH (the water to soil ratio was 2.5:1); dichromate oxidation method was used to determine SOC content; soil TN was determined by the Kjeldahl method; TP was determined by the sulfuric acid-perchloric acid digestion method; available N (AN) was determined by the NaCl extraction method; the sodium hydrogen carbonate solution-Mo-Sb antispectrophotometric technique was used to determine the amount of accessible P (AP); exchangeable NH4+-N was determined by the direct distillation method; exchangeable NO3−-N was determined by a UV spectrophotometer (Persee T6, China).

The potential nitrification rate (PNR) was determined according to ISO Guideline 15685 (2012). The ammonium oxidation rate (μg (NO2−-N) ·g−1·h−1 dry soil) was calculated between the different NO2−-N concentrations at different measuring times.



2.3. Soil DNA analyses


2.3.1. DNA extraction

Soil DNA was extracted using an Omega E.Z.N.A.® Soil DNA Kit (D5625-02) and following the manufacturer’s instructions. A spectrophotometer was used to measure the concentration and purity of the isolated DNA (RS232G, Eppendorf, Germany).



2.3.2. PCR amplification and sequencing

The primer pairs for AOB-amoA, AOA-amoA, comammox Nitrospira clade-A, and comammox Nitrospira clade-B were amoA1F/amoA2R, ArchamoAF /Arch-amoAR, comaA-244F /comaA-659R, and comaB-244F_a/comaB-659R_a, respectively (Wang J. et al., 2019; Jiang et al., 2020). PCR amplifications were performed in a total volume of 25 μl, containing 40 ng of DNA template, 1.0 μl of each primer (10 μM), 0.25 μl Q5 high-fidelity DNA polymerase, 5.0 μl 5× High GC Buffer, 5.0 μl 5× Reaction Buffer, and 0.5 μl deoxyribonucleoside triphosphate (dNTP, 10 mM). The amplifications were conducted with the following thermal conditions: 30 s initial denaturation at 98°C followed by 27 cycles of denaturation at 98°C for 15 s, annealing at 58°C/55°C/52°C/52°C (AOB/AOA/comammox clade-A/clade-B) for 30 s, extension at 72°C for 30/30/45/45 s (AOB/AOA/comammox clade-A/clade-B), and a final extension at 72°C for 7 min. The quantity and quality of PCR products were detected using a NanoDrop ND-1000 UV–Vis spectrophotometer. After successful amplifications, the PCR products were pooled in equimolar concentrations of 10 ng·μL−1 and sent to Personal Biotechnology Co., Ltd. (Shanghai, China) for paired-end 2 × 300 bp sequencing using the Illumina NovaSeq platform.




2.4. Data analysis

To identify significant differences between treatments, one-way analyses of variance (ANOVA) with Tukey’s HSD tests were carried out using SPSS 26.0. The richness and diversity indices (Chao1 and observed species; Simpson and Shannon) of AOA-amoA, AOB-amoA, comammox clade-A, and comammox clade-B were calculated using Mothur (version v.1.30.1). Redundancy analysis (RDA) was used to evaluate the connections between the diversity of the ammonia-oxidizing microbes and soil characteristics by the R ‘vegan’ package. Using the AMOS software (IBM SPSS AMOS 25), structural equation modelling (SEM) was used to evaluate the direct and indirect relationships between the diversity of the ammonia-oxidizing microbial community, agricultural management practices (such as fertilization, straw use, and earthworm), and soil physicochemical characteristics.




3. Results


3.1. Soil physicochemical properties

The impact of rice straw returning and earthworm addition on soil physicochemical properties was showed in Table 1. Compared with CK, the four fertilization treatments (RT, SR, W, and SRW) increased the SOC, AN, AP, NO3−-N, and NH4+-N contents and significantly decreased the soil pH. However, there was no significant difference between SR and RT treatments in each index (p > 0.05). Two earthworm addition treatments, W and SRW, significantly increased NH4+-N and AN contents (p < 0.05), and the AP and NO3−-N contents in SRW soil were also significantly higher than those of RT (p < 0.05).



TABLE 1 Soil physicochemical properties of rice straw returning and earthworm addition.
[image: Table1]



3.2. Alpha diversity of the ammonia-oxidizing microbial community

Chao1 and Observed species indexes were used as the microbial community richness indicators; Simpson and Shannon were employed to calculate the diversity. The results in Figure 1 showed that the ammonia-oxidizing microbial community diversities were significantly affected by earthworm addition and straw returning.

[image: Figure 1]

FIGURE 1
 Richness and diversity indices of AOA (A), AOB (B), comammox clade-A (C), and comammox clade-B (D).


The richness of AOA, AOB, comammox clade-A, and comammox clade-B under all fertilization treatments was significantly higher than that under CK (p < 0.05), except for the richness of comammox clade-B under RT (p > 0.05). The richness of AOA, comammox clade-A, and comammox clade-B under W, SR, and SRW treatments was significantly higher than that under RT (p < 0.05). In SRW treatment, only the richness of AOB was notably higher than that under RT (p < 0.05).

Fertilization enhanced the AOA diversity, and the AOA diversity index value under SRW treatment was the highest. The SR treatment significantly increased the AOB diversity (p < 0.05), while SRW induced the lowest AOB diversity index. All the fertilization treatments decreased the comammox clade-A diversity, and there were no significant differences among them. The comammox clade-B diversity under W and SRW treatments was significantly higher than that under RT and CK treatments (p < 0.05).



3.3. Redundancy analysis of the ammonia-oxidizing microbial communities

The AOA community composition under straw returning treatments (SR and SRW) were separated from the other three treatments by RDA1, which explained 66.48% of the variation (Figure 2A). Moreover, the AOA composition under SR and SRW was positively correlated with the contents of NH4+-N (R2 = 0.783, p = 0.001), AN (R2 = 0.685, p = 0.002), and NO3−-N (R2 = 0.644, p = 0.005) and negatively correlated with pH (R2 = 0.602, p = 0.004). The AOB community composition under W and SRW treatments was separated from the other three treatments by RDA1, which explained 57.65% of the variation (Figure 2B). The AN (R2 = 0.556, p = 0.010), NH4+-N (R2 = 0.493, p = 0.015), and SOC (R2 = 0.471, p = 0.024) were positively correlated with the AOB composition under W and SRW treatments. The comammox clade-A community composition under all fertilization treatments (SR, RT, W, and SRW) was separated from CK by RDA1, which explained 83.50% of the variation. The SR, W, and SRW treatments were separated from RT treatment by RDA2, which explained 10.51% of the variation, but there was no significant separation between them (Figure 2C). The comammox clade-A composition under SR, W, and SRW was positively correlated with the contents of NO3−-N (R2 = 0.727, p = 0.001), NH4+-N (R2 = 0.767, p = 0.001), and AP (R2 = 0.887, p = 0.001) and negatively correlated with pH (R2 = 0.603, p = 0.006). The comammox clade-B community composition under SR, W, and SRW treatments was separated from CK and RT treatments by RDA1, which explained 66.04% of the variation (Figure 2D). The comammox clade-B community composition under SR, W, and SRW was positively correlated with AN (R2 = 0.648, p = 0.004), AP (R2 = 0.626, p = 0.005), and NH4+-N (R2 = 0.564, p = 0.006).

[image: Figure 2]

FIGURE 2
 Redundancy analysis (RDA) of AOA (A), AOB (B), comammox clade-A (C), and comammox clade-B (D) based on soil physicochemical properties.




3.4. Potential nitrification rates and structural equation modelling analysis

The soil PNRs under the five treatments were in the range of 0.535–0.793 μg N·g−1 dry soil·h−1 (Figure 3). The PNR under the fertilization treatments (SR, RT, W, and SRW) was significantly higher than that under CK treatment (p < 0.05). The PNR under W and SRW was significantly higher than that under RT and SR (p < 0.05), while there was no significant difference among RT and SR or W and SRW.

[image: Figure 3]

FIGURE 3
 Potential nitrification rates (PNRs) under different agricultural management modes. Different letters indicate a significant difference (p < 0.05).


To further explore the connections between the abundance of ammonia-oxidizing microorganisms, agricultural management practices (such as fertilization, straw use, and earthworm farming), and soil physicochemical variables, a structural equation model was created (Figure 4). NH4+-N was significantly affected by Fertilization (path coefficient = 0.471), Straw (path coefficient = 0.137), and Earthworm (path coefficient = 0.6). Fertilization (path coefficient = −0.611) and Earthworm (path coefficient = −0.513) both were significantly and negatively related to pH (alkaline soil). The SOC (path coefficient = 0.681) and NO3−-N (path coefficient = 0.145) were significantly and positively related to AOB microbes; while Fertilization (path coefficient = −0.575), Straw (path coefficient = −0.162), and TN (path coefficient = −0.211) were weakly related to AOB microbes. Comammox clade-A was positively related to Straw (path coefficient = −0.362) and negatively related to SOC (path coefficient = 0.277). And the TN (path coefficient = 0.375) was significantly and positively related to AOA microbes. The PNR was significantly positively correlated with AOB (path coefficient = 0.712), significantly negatively correlated with comammox clade-B (path coefficient = −0.106), and insignificantly correlated with neither AOB nor comammox clade-A.

[image: Figure 4]

FIGURE 4
 Structural equation modelling (SEM) showing the potential causal relationships among the AOA, AOB, comammox clade-A, and comammox clade-B abundances, agricultural management mode (including fertilization, straw, and earthworm), soil physicochemical factors (including pH, SOC, TN, NH4+-N, and NO3−-N), and potential nitrification rate (PNR). The arrow’s width indicates the intensity of the causal influence. The positive and negative correlations between the indicators are shown by the red and blue arrows, respectively. The path coefficients are represented by the numbers in the grey boxes above the arrows. Significant (p < 0.05) and insignificant (p > 0.05) routes are shown by solid and dotted lines, respectively.





4. Discussion


4.1. Effects of straw returning and earthworm addition on soil physicochemical properties

As an important agricultural management measure, straw returning can effectively enhance soil fertility and affect nutrients utilization in the soil (Yang et al., 2019). Earthworms are called “ecosystem engineers” (Shi et al., 2017) and can promote straw decomposition and accelerate soil nutrient cycling (Li et al., 2022). In our study, compared with RT treatment, SR did not significantly improve soil fertility (N and P contents; Table 1). This phenomenon might be due to the short duration (less than 2 years) of straw returning, resulting in little impact on the soil physicochemical properties (Cui et al., 2022). However, earthworm addition treatments (W and SRW) significantly increased the contents of available nutrients, such as AN, AP, NH4+-N, and NO3−-N (Table 1), which is in agreement with the results of Cheng et al. (2021) and Gong et al. (2018). Earthworm addition can improve the soil available nutrients owing to burrowing, casting, and feeding (Lemtiri et al., 2014). However, Ferlian et al. (2020) showed that earthworms decreased NH4+-N content and did not affect the NO3−-N content in a clay loam soil. Various soil types might be the reason for such difference (Lemtiri et al., 2014). Earthworms degrade clay loam aggregates through their natural activities, increasing soil porosity, and promoting mineral N leaching (Xu et al., 2018). Sandy loam soil was used in the current research, which had a rather loose soil texture and was less prone to earthworm infestation.



4.2. Effects of straw returning and earthworm addition on the alpha diversity of ammonia oxidizers

In previous studies, comammox microbes were more abundant than AOA and AOB and dominated in both acidic and alkaline soils (Wang J. et al., 2019). Comammox was 2.3 and 44.1 times more abundant than AOA and AOB, respectively, and the abundance of comammox tended to be higher in acidic soil (pH < 6.17; Hu et al., 2021). The results of the present research proved that, according to the alpha diversity, the ratio of AOA: AOB: clade A: clade B was 1: 1.08: 1.41: 1.33, the amount of comammox amoA genes were still dominant in the ammonia-oxidizing microbial community under alkaline soil conditions.

Our study showed that W, SR, and SRW treatments significantly increased the richness of the ammonia oxidizer community compared to CK (Figure 1). The richness of ammonia oxidizers was enhanced by earthworm addition. Wang et al. (2013) reported that the presence of earthworms intensified AOB diversity in soil. Furthermore, Xue et al. (2022) concluded that earthworms increased the gene (amoA) abundance of AOB and AOA by improving soil structure and providing C sources. Ammonia oxidizers were indirectly affected by the improved soil aeration and oxygenation caused by earthworm burrowing and casting activities (Xu et al., 2018). Straw returning similarly increased the richness of the ammonia oxidizer community. Straw returning increased the organic carbon and nitrogen in the soil (Jin et al., 2020), which directly provided a large amount of nutrients to ammonia oxidizers, thus promoting their growth.

In the present study, SRW treatment increased the AOA community diversity, while W and SR did not, since earthworms can promote straw decomposition (Elyamine and Hu, 2020). A great quantity of organic N was increased in the soil through straw returning, while available N was released by the feeding and casting activities of earthworms (Edwards and Arancon, 2022). According to some previous studies, AOA is an oligotrophic microorganism with a high affinity for substrates (NH4+-N; Jung et al., 2021; Liu and Yang, 2021), and its response to increasing substrates is not significant (Taylor et al., 2012). Additionally, Zhalnina et al. (2012) suggested that AOA growth and activity appeared to be encouraged by high NH4+-N concentrations. Tourna et al. (2011) found that AOA thrived on medium with NH4+-N concentrations as high as 15 mM, but experienced growth inhibition at 20 mM. This inhibitory concentration was much higher than that previously reported (2–3 mM; Hatzenpichler et al., 2008; Martens-Habbena et al., 2009). This inconsistency suggested that the response mechanism of AOA to different concentrations of ammonium in soil may be influenced by various factors (such as soil texture or pH). The AOB community diversity indices were the highest under SR treatment and were the lowest under SRW treatment. Straw returning increased the AOB diversity, which is consistent with the earlier research findings (Zhang et al., 2019). The straw overlaid on the soil was beneficial for the ability to retain water and nutrients, increase the sustainability of nutrients delivery (Siedt et al., 2021), which could supply AOB with a large number of nutrients. However, the AOB diversity was decreased by SRW treatment in the present study (Figure 1); this result might be ascribed to the substantially increased NH4+-N and NO3−-N concentrations by SRW treatment compared to SR (Table 1). As opposed to the whole AOB taxon, several specific hosts of AOB amoA were more abundant by the comparatively high NO3−-N and NH4+-N contents (Lv et al., 2020). Fertilization reduced the comammox clade-A community diversity; the reason might be that comammox clade-A can survive in a low-nitrogen niche and excessive nutrients might reduce its diversity (Hu and He, 2017). Comammox clade-B can also grow actively and autotrophically in paddy fields (Wang J. et al., 2019). In this study, both straw returning and earthworm addition improved the comammox clade-B community diversity. He et al. (2022) suggested that NO3−-N was a key factor affecting the comammox clade-B community, which had a higher NO3−-N tolerance. In the present study, W and SRW treatments significantly increased the NO3−-N concentration (p < 0.05; Table 1), stimulating the growth of the comammox clade-B community.



4.3. Response of ammonia oxidants to soil physicochemical properties

Studies have suggested that the AOB community structure was affected by different fertilizers applied and that chemical N fertilizer stimulates AOB growth more than organic fertilizer (Ai et al., 2013); (Zou et al., 2022). The AOB community was altered by chemical N fertilizer and earthworm addition (Figure 2). The mineralization of soil N was accelerated, and the NH4+-N content in the soil was increased, through the burrowing, feeding, and casting activities of earthworms (Lemtiri et al., 2014). The impact of chemical N fertilizer on the AOA community structure was less significant (Strauss et al., 2014). However, the AOA community under the two straw returning treatments was significantly separated from that of the other treatments. This indicates that rice straw was added to soil as a kind of organic matter, resulting in an increased C/N, which affected the AOA community composition (Dai et al., 2021). Genome analysis showed that low-affinity Rh-type ammonium transporters existed merely in the genome of clade-A, while high-affinity AmtB-type transporters were found in clade-B (Palomo et al., 2016). This explained why the comammox clade-B community was more sensitive to straw and earthworms than that of clade-A.

Soil pH is a vital driver of the ammonia oxidizer community composition (Prosser and Nicol, 2012; Stempfhuber et al., 2015). Soil pH directly or indirectly controls the ammonia oxidizer community because it may affect the content and availability of matrix and microorganism growth and activity (Nicol et al., 2008). Studies have suggested that AOA and comammox clade-A could be well adapted to acidic soils (Tripathi et al., 2015); (Shi et al., 2018), while AOB and comammox clade-B were found to grow in alkaline soils (Jiang et al., 2015). In our study, pH (pH = 8.16 ~ 8.36) was negatively correlated with the AOA and comammox clade-A community compositions but not with the AOB and comammox clade-B community compositions. Soil NH4+-N acted as a substrate for ammonia oxidizers and thus influenced their community compositions (Li et al., 2020). A previously report showed that AOA was more abundant in soils with lower AN levels, while AOB became more abundant in soils with higher AN levels (Prosser and Nicol, 2012). The comammox community structure was significantly correlated with the N addition amount, while NO3−-N and AN played key roles in influencing the comammox community structure (Wang J. et al., 2019; Wang Z. et al., 2021). In our study, all ammonia oxidant community compositions were positively correlated with NH4+-N; this is consistent with the results of Gao et al. (2016). However, the most important factor crucial to the AOB and comammox clade-B community structures was AN, while that to the clade-A community structure was NO3−-N.



4.4. Relative contributions of ammonia oxidants to nitrification

The present study showed that the treatments with earthworm addition (W and SRW) significantly increased PNR, while SR treatment did not, compared to RT treatment. The PNR under W and SRW was 1.19 and 1.20 times that under RT, respectively. Earthworm addition significantly increased the agricultural soil PNR. This finding in the present study supports some recent reports which suggested that earthworm addition enhanced soil PNR in agricultural soil (Xu et al., 2018); (Chen et al., 2014). Earthworm addition increased soil aeration through burrowing and other natural activities, thereby increasing NH4+-N and PNR, which was beneficial for nitrification (Xu et al., 2018). The critical environmental factors affecting the soil PNR were soil pH and NH4+-N. The change in pH affected other soil physicochemical properties (SOC; NH4+-N; NO3−-N), which indirectly influenced the PNR. NH4+-N, as the reaction substrate of the ammonia oxidation process, also affected the PNR.

Ammonia oxidants are crucial to the nitrification process, and it is debatable to what extent comammox, AOA, and AOB contribute to nitrification. Zhang et al. (2019) and Wang J. et al., (2017) reported that nitrification was driven by AOB rather than AOA in alkaline and nitrogen-rich agricultural soils. This is basically consistent with our result that AOB dominated the nitrification process. Interestingly, comammox clade-B was negatively correlated with the PNR (path coefficient = −0.106, p < 0.05), whereas comammox clade-A was not (p > 0.05). This might be because comammox clade-B was grown in alkaline soils, whereas comammox clade-A grew well in acidic soils (Tripathi et al., 2015); (Shi et al., 2018); (Jiang et al., 2015). Comammox clade-B used the same substrate (NH4+-N) as AOB for the ammonia oxidation process, and there was a certain overlap between their niches.




5. Conclusion

In this study, Illumina high-throughput sequencing was used to assess how ammonia oxidizers responded to 2-year of sequential straw returning and earthworm addition in an alkaline paddy soil. The results showed that earthworm addition was more conducive to improving soil physicochemical properties and PNR than straw returning, and the effect of straw returning combined with earthworm addition was the most beneficial method. Compared to RT treatment, W and SRW treatments significantly increased the contents of soil available nutrients (p < 0.05), and the PNR under W and SRW treatments increased by 1.19 and 1.20 times, respectively. The richness indices of the ammonia oxidizer community were enhanced by straw returning and earthworm addition. The environmental driving factors of the ammonia oxidation community compositions were soil pH, NH4+-N, and NO3−-N. Under nitrogen-rich and alkaline conditions, AOB microbes played dominant roles in soil nitrification. Straw returning combined with earthworm addition in paddy field directly and indirectly increased soil nutrient content, and improved soil nitrification by changing soil ammonia oxidizers community structure. In subsequent studies, more accurate techniques, such as 13C-DNA stable isotope probing (DNA-SIP), should be applied to determine the nitrification activities and contributions of ammonia oxidizer microorganisms.
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Introduction: Grasslands harbor complex bacterial communities, whose dynamic interactions are considered critical for organic matter and nutrient cycling. However, less is known about how changes in precipitation impact bacterial interactions.

Methods: We conducted precipitation manipulation experiments in the Eastern Eurasian Steppe in China and constructed co-occurrence networks for bacterial communities.

Results: The network topological features of the bacterial communities exhibited considerable differences among increased precipitation, control, and decreased precipitation gradients. The bacterial co-occurrence pattern in the increased precipitation gradient was the most complex and stable, with a large network size, followed by those of the control and decreased precipitation gradients. Soil moisture (SM) was the primary factor influencing the complexity, size, and stability of bacterial networks across different precipitation gradients, followed by total nitrogen (TN), belowground biomass, aboveground biomass, and total carbon (TC).

Discussion: Our results indicate that drought conditions reduce the complexity and stability of the bacterial community, and future changes in precipitation will greatly reshape bacterial interactions in semiarid grasslands. Overall, these findings could enhance our understanding of how microbes respond to changing precipitation patterns by regulating their interactions in water-limited ecosystems and will improve our ability to predict the impacts of precipitation regime change on ecosystem nutrient cycling and feedback between ecosystem processes and global climate change.
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1 Introduction

Climate change refers to any shift in climate over an extended period, either caused by natural variability or human activity (Sun et al., 2013). Global climate change has already significantly affected soil ecosystems through changes in temperature, precipitation patterns, nitrogen fertilization, and CO2 emissions (Wang et al., 2018). Global and local precipitation patterns, as important components of the global water cycle, are changing and will continue to do so (Wang et al., 2021). Soil microorganisms are important components of grassland ecosystems. Due to their important roles in regulating organic matter, nutrient cycling, and promoting energy flow, microorganisms are crucial for maintaining soil fertility and sustainability (Fierer, 2017; Jiang et al., 2021). In addition, microorganisms play a wide range of biochemical roles; they serve as important storage sites and sources of nutrients in the soil. Therefore, microorganisms are highly sensitive to changes in the habitat environment (Nielsen et al., 2002), and the composition of soil microorganisms varies temporally, geographically, and spatially (Chen et al., 2017, 2021).

Microbes are highly sensitive to changes in soil water availability and physicochemical conditions in semiarid grasslands (Chen et al., 2019; Yang et al., 2021). In water-limited ecosystems such as arid and semiarid grasslands, water availability is considered one of the most critical factors affecting soil microbial activity and nutrient cycling (Wang et al., 2018). The response of soil bacterial communities to changes in precipitation has been extensively studied over the recent few decades. Soil moisture (SM) is believed to be one of the major constraints affecting microbial diversity, community structure, and activity in arid ecosystems (Li et al., 2016). The variation in precipitation can affect soil bacterial communities directly by changing soil water availability and indirectly by altering soil nutrient availability and plant community composition and productivity (Wu et al., 2020). When shifts in soil microbial communities occurred in response to variations in precipitation, soil water content, pH, and soil nutrient status, such as total phosphorus (TP) and total nitrogen (TN) concentration, were the most critical drivers (Wu et al., 2020; Yang et al., 2021). Microbes coexist in complex arrangements, and interspecies relationships play a crucial role in community assembly and ecosystem function (Hallam and McCutcheon, 2015; Shi et al., 2016). Therefore, identifying and characterizing the interactions that occur among soil microorganisms are vital for understanding microbial community structure and diversity, as well as ecosystem function (Shi et al., 2016). Although extensive studies have been conducted to examine the influence of soil water availability on microbial community composition, diversity, and activity in semiarid grasslands (Koyama et al., 2018; Qin et al., 2020; Yang et al., 2021), the effects of changes in precipitation on belowground microbial community co-occurrence patterns are still not fully understood.

The formation of a microbial community depends on the relative balance of community assembly processes (Stegen et al., 2015). Therefore, selection is an important ecological process driving the assembly of microbial community structures and interactions between microbial species, as a selective force, contribute to the assembly of microbial communities (Hunt and Ward, 2015) and biogeochemical cycling (Morriën et al., 2017). Currently, an increasing number of microorganism network structures in different environments are being revealed (Wu et al., 2021; Yun et al., 2021; Zhou et al., 2021). Microbial network analysis has been used to explore complex microbial assemblages in the environment (Shi et al., 2016). Compared to the traditional alpha diversity and beta diversity metrics, network analysis provides new insights into the structure of microbial communities (Wang et al., 2018). Mounting evidence indicates that the properties of ecological networks, which reflect interactions among coexisting organisms, affect the reactions of communities to environmental variations, including climate extremes (Wagg et al., 2019). These network investigations offer insights beyond those of simple abundance richness and composition metrics and serve as a new methodological tool for the in-depth analysis of microbial community ecology (Shi et al., 2016). However, interactions among the members of microbial assemblages, microbiome complexity, and stability within different precipitation gradients remain poorly understood. Therefore, understanding the responses of bacterial co-occurrence patterns to variations in precipitation is imperative for predicting the effects of precipitation regime changes on the organization and dynamics of microbial interactions and niches, as well as biogeochemical cycling.

To better understand the effects of variations in precipitation on microbial interactions and community assembly in semiarid grasslands, we conducted a 4-year precipitation manipulation experiment in a semiarid grassland in northern China. We used Gephi 0.9.2 and R to construct integrated co-occurrence networks of bacterial community datasets from 54 samples (collected in 2016, 2018, and 2019) associated with different precipitation levels (increased precipitation, decreased precipitation, and control). We hypothesized that (i) the co-occurrence patterns of bacteria would be more complex and stable when precipitation increased and (ii) soil water availability and soil nutrient status are the main factors that modulate microbial co-occurrence patterns in response to precipitation. Our study provides a novel experimental perspective on drought conditions that reduce the complexity and stability of bacterial communities.



2 Materials and methods


2.1 Study area and experimental design

Precipitation manipulation experiments were performed at the Songnen Grassland Ecological Research Station of Northeast Normal University, Chang Ling County, in Jilin Province, China (44°45′N, 123°45′E), located on the Eastern Eurasian Steppe. The region is characterized by dry, cold winters and relatively humid, warm summers, with a typical mid-temperate monsoon climate. The average annual temperature and annual precipitation range from 4.6 to 6.4°C and 280 to 400 mm, respectively. Approximately 80% of the precipitation events over the past five decades (1961–2010) occurred from June to August.

From 2016 to 2019, rain manipulation experiments were conducted annually from 1 May to 1 October in a topographically uniform area. The following three precipitation treatments were tested: control (0%), 30% decreased precipitation (–30%), and 30% increased precipitation (+30%). A total of six replicates for each treatment [18 plots (3.5 m × 3.5 m) in total] were established. The treatments were randomly distributed across the 18 plots. We installed polyvinyl chloride (PVC) plates at a depth of 50 cm in the soil column surrounding each plot to isolate each plot hydrologically. Each plot included a 0.5 m external buffer to allow access to the plot and to minimize the edge effect associated with the infrastructure.

We conducted vegetation sampling (one 1 m × 0.1 m quadrat in each plot) in mid-September of 2016, 2018, and 2019. The aboveground living plants were harvested to measure plant biomass. Root samples were obtained with a root drill (10 cm diameter, 30 cm depth). Two root cores were collected for each treatment and cleaned on the same day by removing soil particles under running water, and the belowground biomass was subsequently measured. Soil samples were collected simultaneously; five soil cores (0–30 cm depth) were collected from each plot. Subsequently, the samples were transported to the laboratory in a refrigerated box and stored at −20°C. In total, we obtained 54 soil samples (three treatments × six replicates × 3 years). Each sample was divided into three parts. The first part was maintained at −20°C for DNA extraction. The second part was used to measure SM; the soil was dried at 105°C for 48 h and then weighed. The third part was used to test the physical and chemical parameters of soil.



2.2 Physical and chemical analysis of soil

Soil pH and electrical conductivity were determined in a 1:5 (v v–1) soil:water suspension using a pH meter and an electrical conductivity meter (INESA Instrument, Shanghai, China), respectively. Soil total carbon (TC) and TN were determined using an elemental analyzer (vario EL cube, Elementar, Langenselbold, Germany). TP was determined using the molybdenum blue ascorbic acid method after H2SO4–H2O2 digestion.



2.3 DNA extraction and polymerase chain reaction

Genomic DNA was extracted from 0.5 g of soil using the Power Soil DNA Kit (Menlo Park, CA, USA). The V4 region of bacterial 16S was subjected to PCR using the following primer pair: 515F, 5′-GTG CCA GCM GCC GCG GTA A-3′ and 806R, 5′-GGA CTA CHV GGG TWT CTA AT-3′. After quantification, amplicons from the different sites were pooled at equimolar concentrations. Sequencing was performed using Illumina MiSeq, according to the standard protocols of Majorbio BioPharm Technology Co., Ltd., (Shanghai, China). The details of DNA extraction, quality control, and raw data processing were provided by Wang et al. (2015).



2.4 Network analysis

Co-occurrence network analysis was used to explore the interactions among soil bacterial species at different precipitation gradients. Co-occurrence network analysis of bacterial communities was conducted at the operational taxonomic units (OTU) level. The Spearman correlation method was used to assess correlations between bacterial species. Values of r > |0.8| and P < 0.01 were used as thresholds for the construction of the co-occurrence network. Correlation matrix analysis was performed using the “Hmisc” package in R software, and sub-network properties were analyzed using the “igraph” package. Network visualization was performed using Gephi version 0.9.2. Network stability was assessed by removing nodes from the static network to evaluate the rate of robustness degradation, and network robustness was assessed using natural connectivity (Peng and Wu, 2016). Random forest analysis via the “randomForest” function in R was used to analyze the relative importance of the physicochemical parameters and plant aboveground and belowground biomass in the bacterial network structure. The importance of variables was determined by the value of %IncMSE (increase in mean squared error), calculated by the “importance” function.

The nodes of each network were classified into the following four categories: peripherals (Zi < 2.5, Pi < 0.62), network hubs (Zi ≥ 2.5, Pi ≥ 0.62), module hubs (Zi ≥ 2.5, Pi < 0.62), and connectors (Zi < 2.5, Pi ≥ 0.62) by within-module connectivity (Zi) and among-module connectivity (Olesen et al., 2007). Based on their important roles in network topology, network hubs, module hubs, and connectors are considered potential keystone taxa (Banerjee et al., 2016).




3 Results


3.1 Overall sequencing information

After quality control, a total of 3,940,166 sequences ranging from 201 to 540 bp in length (the length of most sequences was 431 bp) were obtained from 54 samples via Illumina MiSeq sequencing. Based on 97% similarity, 1,885 OTUs were detected. These OTUs belonged to 28 phyla, 73 classes, 170 orders, 255 families, 444 genera, and 801 species. The majority of the bacterial sequences belonged to the phyla Actinobacteria (relative abundance of 39.6%), Proteobacteria (21.0%), Chloroflexi (13.5%), Acidobacteria (12.3%), Gemmatimonadota (2.4%), and Firmicutes (2.3%). The species accumulation curves (Supplementary Figure 1) tended to reach a saturation plateau with increasing sample number, which indicated that the number of bacterial sequences obtained represented the bacterial communities well. Our results demonstrated that the alpha diversity and beta diversity of bacterial communities did not vary significantly among the control, increased precipitation, and decreased precipitation gradients in any experimental year (Supplementary Figures 2, 3 and Supplementary Tables 1, 2).



3.2 Topological properties of bacterial networks at different precipitation levels

To determine the general effects of precipitation on bacterial interactions, nine bacterial networks for the control, decreased precipitation, and increased precipitation gradients in 2016, 2018, and 2019 were constructed individually (Figure 1), and their sub-network topological parameters (Figure 2) were measured. In 2016, except for the number of nodes associated with decreased precipitation, the sub-networks for increased and decreased precipitation contained higher links, degrees, and clustering coefficients than the control (Figure 2). However, in 2019, there were significant differences in the number of nodes, and in 2018 and 2019, there were significant differences in the number of edges, average degree, density, and clustering coefficient, in the order of increased precipitation > control > decreased precipitation (Figure 2). These results demonstrate that in the 1-year experiment analyzing the effects of a short-term disturbance, both decreased and increased precipitation resulted in a more compact and aggregated bacterial co-occurrence pattern; the increased precipitation and decreased precipitation networks were larger and contained more nodes and links than the control network. However, in the 3-and 4-years experiments analyzing the effects of a long-term disturbance, the bacterial interaction pattern associated with increased precipitation was more compact and aggregated than those associated with the control and decreased precipitation. Bacteria formed larger networks with more nodes and links in the following order: increased precipitation > control > decreased precipitation.
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FIGURE 1
Co-occurrence network patterns of communities of constructed bacteria in different precipitation gradients. The six largest modules are represented by different colors, and the other modules are represented in gray.



[image: image]

FIGURE 2
Topological properties of the bacterial co-occurrence networks in different precipitation gradients in 2016, 2018, and 2019. CK, control; DP, decreased precipitation; IP, increased precipitation. Different lowercase letters indicate significant differences among the three sites (P < 0.05).


Finally, we conducted a natural connectivity analysis to test the robustness of the bacteria in response to different precipitation gradients in different experimental years. In 2016, the natural connectivity values of the networks in the increased and decreased precipitation gradients were higher than that in the control (Figure 3). In 2018 and 2019, the increased precipitation network had the highest natural connectivity value, followed by the control and decreased precipitation networks (Figure 3). These results indicate that higher precipitation strengthened bacterial stability at our study sites. Subsequently, the natural connectivity was recalculated after the nodes were removed. The natural connectivity of the increased precipitation, control, and decreased precipitation networks dropped sharply when the nodes were removed.
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FIGURE 3
Natural connectivity of bacterial networks in different precipitation gradients in 2016, 2018, and 2019. CK, control; DP, decreased precipitation; IP, increased precipitation.




3.3 Module hubs and connectors as putative keystone taxa

Bacterial co-occurrence patterns differed significantly among the control, decreased precipitation, and increased precipitation networks. The networks became more complex, larger, and more clustered as precipitation increased (Figures 1, 2). Nine phyla, namely, Actinobacteria, Acidobacteria, Chloroflexi, Proteobacteria, Gemmatimonadetes, Myxococcota, Firmicutes, Cyanobacteria, and Planctomycetes, had relative abundances greater than 1%. The relative abundances of different phyla involved in the network (Supplementary Table 3) varied among the different precipitation levels in each experimental year.

Within-module connectivity (Zi) and among-module connectivity (Pi) values were used to determine the roles of each node in the network. Each node was classified as a peripheral, connector, module hub, or network hub. No network hubs were detected. A large proportion of the nodes were classified as peripherals, suggesting that the majority of the nodes had only a few links, mostly to nodes within their own modules. In all nine bacterial networks, peripherals accounted for > 99% of the total nodes; connectors, 0.6%; and module hubs, 0.2%. The taxonomic composition of keystone taxa is shown in Figure 4 and Supplementary Table 4. In 2016, only one node in the three networks was classified as a connector, belonging to Chloroflexi. In 2018, one module hub belonged to Firmicutes in the decreased precipitation network, and three connectors in the control originated from Gemmatimonadota, Chloroflexi, and Actinobacteria, respectively. In 2019, two module hubs in the increased precipitation network belonged to Chloroflexi and Myxococcota. In the control, five connectors belonged to Actinobacteriota, and another five belonged to Actinobacteria (2), Chloroflexi (2), and Proteobacteria (1).
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FIGURE 4
Identification of keystone taxa based on their topological roles in different precipitation gradient networks in 2016, 2018, and 2019. Module hubs are identified as Zi ≥ 2.5, Pi < 0.62; connectors are identified as Zi < 2.5, Pi ≥ 0.62. CK, control; DP, decreased precipitation; IP, increased precipitation.




3.4 Linking network-level topological features to soil and plant properties

In 2016, there were no significant differences in soil pH, electrical conductivity, TN, TC, or TP among precipitation levels, whereas SM and aboveground biomass increased significantly with increased precipitation (Supplementary Table 5). However, TN, TC, SM, and aboveground biomass exhibited remarkable differences in 2018, and almost all the factors exhibited remarkable differences in 2019 (Supplementary Table 5). The TC, TN, and TP associated with increased precipitation were higher than those associated with the control and decreased precipitation.

We further evaluated the relative contribution of soil physicochemical parameters to the topological features of networks for different precipitation gradients. Random forest analysis was performed to identify correlations between the network topological features and soil and plant factors. SM was the primary factor influencing the topological features of the bacterial networks. TC, TN, TP, aboveground biomass, and belowground biomass were also important environmental attributes controlling the soil bacterial network structure (Figure 5). Link number, average degree, and clustering coefficient were positively correlated with SM, belowground biomass, and TN. SM and aboveground biomass were negatively correlated with betweenness (Figure 5).
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FIGURE 5
Potential contributions of the soil properties and plant aboveground and belowground biomass to the dissimilarities of network topological features. Circle (P < 0.05) size represents variable importance (i.e., the proportion of explained variation calculated via multiple regression modeling and variance decomposition analysis). Colors represent Spearman correlations. EC, elecstrical conductivity; TC, soil total carbon; TN, soil total nitrogen; TP, soil total phosphorus; SM, soil moisture; AgB, aboveground biomass; BgB, belowground biomass.





4 Discussion

Changes in precipitation and soil water availability, caused by either anthropogenic simulation experiments or natural precipitation gradients, have significant effects on microbial alpha and beta diversity (Ren et al., 2017; Shi et al., 2020; Yang et al., 2021). Microorganisms in the soil are linked through robust ecological interactions, and changes in these interactions may cause changes in ecosystem function (Zhou et al., 2021). However, few studies have been conducted on the microbial interactions that occur in response to changes in precipitation. Therefore, we investigated the effect of precipitation manipulation on bacterial interactions, to complement the traditional measurements of alpha and beta diversity.

We found that the co-occurrence patterns and topological features of the bacterial network structure varied significantly among the control, increased precipitation, and decreased precipitation treatment groups (Figures 1, 2). This result supported our first hypothesis. Interestingly, in 2016, the first experimental year, both increased and decreased precipitation were associated with larger and more complex networks than the control, whereas in 2018 and 2019, the size and complexity of the networks increased with the increase in precipitation. These results are consistent with those reported by Wang et al. (2018), who found that microbial networks become more complex as precipitation increases in natural precipitation gradients. In the 1-year experiment in 2016, both increased and decreased precipitation increased the complexity and size of bacterial networks, most likely because some bacterial taxa are sensitive to short-term changes in precipitation and water availability (de Vries et al., 2018). This sensitivity produces an increase in bacterial network complexity and size, which increases the resistance of the bacterial communities to adverse environmental conditions (Zhao et al., 2019). However, long-term precipitation changes (3–4 years) produced bacterial adaptations; eventually, the size and complexity of the networks corresponded to changes in precipitation. Altered precipitation influenced not only the bacterial network size and complexity but also the robustness of bacterial co-occurrence relationships. Our results demonstrated that the network of bacteria in increased precipitation gradient had the highest natural connectivity, followed by those in control and decreased precipitation gradient. This is consistent with the trends in network size and complexity. Increased complexity of community interactions leads to increased community stability (Mougi and Kondoh, 2012), and competition can also increase stability (Ghoul and Mitri, 2016).

In this study, we found that the number of key taxa has a consistent trend with the complexity and stability of the network, except for increased precipitation in 2018. Similarly, Liu et al. (2022) also found that the number of keystone taxa had a similar trend with network complexity and stability in lake ecosystems. Keystone species strongly influence other members of the community and play an important role in maintaining ecosystem functions (Banerjee et al., 2018; Li et al., 2020). Networks with more keystone taxa are generally more stable (Liu et al., 2022). Keystone taxa make important contributions to the stability of microbial communities because of their strong and unique biological interactions, and their disappearance may lead to the collapse of modules and networks (Coux et al., 2016; Banerjee et al., 2018; Liu et al., 2022). In addition, keystone taxa are highly connected with a high mean degree, high closeness centrality, and low betweenness centrality scores (Berry and Widder, 2014); these stronger interspecific interactions also play important roles in maintaining the ecological community stability (Mougi and Kondoh, 2012; Qian and Akçay, 2020). In this study, the key taxa were specific to different precipitation levels, due to environmental filtering and associated interspecific interactions, which suggests that the conditions present were not identical over precipitation gradient and supports the context dependency theory that keystone species play critical roles only under certain conditions (Power et al., 1996; Shi et al., 2016). Previous studies have shown that the putative keystone species changed with the changes in the conditions (Lu et al., 2013; Lupatini et al., 2014). Alternatively, functional redundancy may explain the unique keystone taxa detected in the different networks (Shi et al., 2016); that is, different species may play the same functional role over precipitation gradient in different modules.

We found that SM was the most important driver of the bacterial co-occurrence patterns across different precipitation gradients (Figure 5). Previous studies have shown that changes in precipitation can directly affect soil bacterial communities by altering soil water availability (Bagayoko et al., 2000), most likely because some taxa are sensitive to changes in water availability (de Vries et al., 2018). The transformation of bacterial interactions may be due to variations in the ability of different species to adapt to changes in soil water availability. In addition, many studies have shown that drought can lead to greater bacterial isolation, thus reducing competition among bacterial species (Treves et al., 2003; Shi et al., 2020), which in turn decreases the complexity and size of the bacterial network. Higher precipitation can increase SM, soil nutrient availability, and plant productivity, all of which facilitate the formation of more stable network structures, in which microorganisms perform specific ecosystem functions. In addition, a compact, aggregated network structure and strong links between competitors can increase the efficiency of resource transfer, compared to that of isolated competitors (Morriën et al., 2017). Therefore, the small network structure and extremely sparse competitive connections associated with decreased precipitation may have negative effects on biogeochemical functions, and microbial communities may become unstable and vulnerable when disturbances occur. Research has proven that a more compact network structure and stronger interspecific interactions between competitors could increase the efficiency of resource transfer compared with those inhabiting isolated spaces (Morriën et al., 2017). In addition, under drought conditions, the dominant species would outcompete less dominant species, potentially weakening the robustness of soil microbial co-occurrence relationships (Shi et al., 2020).

In addition to SM, we found that TC, TN, and aboveground and belowground biomass also played critical roles in determining the complexity and size of bacterial networks in response to variations in precipitation. This is consistent with previous findings that changes in precipitation can indirectly affect soil bacterial communities by altering soil nutrient availability (Xu et al., 2014) and plant community composition and productivity (Gray et al., 2011; Wu et al., 2020). A decrease in SM can reduce the availability of nutrients in the soil. Under poor nutrient conditions, dominant species become more abundant and outcompete non-dominant species, which may diminish the complexity and size of co-occurring relationships among soil microorganisms (Shi et al., 2020). In contrast, higher levels of precipitation can increase soil nutrient availability, providing favorable conditions for microorganisms to form larger and more complex network structures (Wang et al., 2018). Increased precipitation can also alleviate nutrient diffusion limitations in dry environments, leading to high levels of plant diversity and biomass (Bai et al., 2008). Higher biomass results in more litter decomposition and root exudation, which, in turn, increases soil organic carbon content. Therefore, increasing plant diversity and biomass can increase soil humus concentration, improve nutrient availability, and provide better conditions for microbial growth (Hacker et al., 2015; Lange et al., 2015; Li et al., 2017), ultimately increasing the complexity and scale of microbial networks.

In conclusion, this study demonstrated that the network topological features of bacterial communities exhibited considerable dissimilarities among increased, control, and decreased precipitation gradients. The bacterial co-occurrence pattern associated with increased precipitation was the most complex and stable, with a large network size, followed by those associated with the control and decreased precipitation gradients. SM was the primary factor affecting the complexity, size, and stability of the bacterial networks across different precipitation gradients, followed by TN, TC, and belowground and aboveground biomass. Our results demonstrated that bacterial network structures become more stable and complex in response to increased precipitation, and this phenomenon may affect the ecosystem functions of grassland soils. These findings improve our understanding of how changes in precipitation affect bacterial interactions in semiarid grassland ecosystems and will increase our ability to predict the influence of precipitation changes on the ecosystem nutrient cycling and the ability to feedback between the ecosystem process and global climate change.
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In agroecosystems, different cropping patterns cause changes in soil physicochemical properties and thus in microbial communities, which in turn affect crop yields. In this study, the yields of soybean continuous cropping for 5 years (C5), 10 years (C10), and 20 years (C20) and of soybean-corn rotational cropping (R) treatments were determined, and samples of the tillage layer soil were collected. High-throughput sequencing technology was used to analyze the diversity and composition of the soil bacterial and fungal communities. The factors influencing microbial communities, along with the effects of these communities and those of soil chemical indexes on yield, were further evaluated. The results showed that the community richness index of bacteria was higher in C20 than in R and that of fungi was highest in C5. The differences in the bacterial and fungal communities diversity indexes were not significant among the different continuous cropping treatments, respectively. The soil microbial community composition of all continuous cropping treatments differed significantly from R. The dominant bacterial phylum was Actinobacteriota and the dominant fungal phylum was Ascomycota. The relative abundance of Fusarium did not differ significantly among the continuous cropping treatments, while that of the plant pathogen fungi Lectera sp., Plectosphaerella sp., and Volutella sp. increased with continuous cropping years. Soil pH, SOM, N, and TP had significant effects on both bacterial and fungal communities, and TK and C/N had highly significant effects on fungal communities. The yield of C5 was significantly lower than that of R, and the differences in yield between C10, C20, and R were not significant. TN, TP, and pH had significant effects on yield, and fungal community abundance had a greater negative effect on yield than bacterial community abundance.

KEYWORDS
 black soil, soybean continuous cropping, bacteria, fungi, yield


Introduction

The black soil (Mollisol) region of northeastern China is a major soybean [Glycine max (L.) Merrill] production area, where soybean continuous cropping is common. Soybean is considered a typical crop sensitive to continuous cropping, which leads to lower yields and poorer quality (Liu et al., 2012; Wang et al., 2012). The reason for this is the increase in the number of pathogenic fungi and the decrease in the number of beneficial fungi, as well as the decrease in bacterial density, i.e., the change in the soil microbial community structure from “bacterial type” to “fungal type” (Ma et al., 1997). For example, the increased abundance of the pathogenic fungi Fusarium, Thelebolus and Mortierellales can cause root rot in soybean to increase (Bai et al., 2015). Song et al. (2018) proposed that soil fertility and microbial community stability were improved by changing continuous cropping patterns and using soybean in rotation with corn or wheat and that diversified cropping patterns could increase soil productivity and soybean yield. Later, Song et al. (2022) reported that, compared to fallow plots, soybean continuous cropping caused the relative abundance of Proteobacteria, Bacteroidetes, Chloroflexi, etc., to decrease and that of Actinobacteriota, Gemmatimonadetes, Planctomycetes, etc., to increase. Additionally, Fusarium abundance after 13 years of soybean continuous cropping was significantly higher than that in fallow plots and in corn continuous cropping and increased the incidence of root rot. Liu H. et al. (2019)) and Liu H. et al. (2020) suggested that the reason for the obstacles encountered in soybean continuous cropping is the higher relative abundance and community diversity of potential plant pathogenic fungi (e.g., Fusarium, Cylindrocarpon, Gibberella) in long-term (27 years) continuous cropping soils than in rotational cropping soils, creating a fungal community structure unfavorable to soybean growth.

However, Wei et al. (2015) showed that in the black soil region of northeastern China, long-term (20 years) continuous cropping was able to reduce soybean root diseases, and the population density of pathogenic fungi (Fusarium spp. and Heterodera glycines) was significantly lower than that in soil under soybean in rotation with wheat or with corn. Moreover, higher levels of biological control agents were found under long-term continuous cropping, which can form a soil microbial community that inhibits the occurrence of soybean root diseases. Chen et al. (2018) showed that at 7 years of soybean continuous cropping, the soil bacterial community composition and diversity were significantly lower than those in soil under rotational cropping or under less than 4 years of continuous cropping. Additionally, the fungal community in the long-term continuous cropping treatment had high similarity to that in the rotational cropping treatment, and there was a tendency for disease to diminish in the former, indicating the formation of disease suppressive soils. Liu J. et al. (2019) showed that soybean long-term (17 years) continuous cropping led to an increasing abundance of pathogenic fungi in the soil, along with an increasing abundance of some beneficial fungi, which suggested that suppressive soils might be developed after long-term continuous cropping. Liu Z. et al. (2019) and Liu Z. et al. (2020) similarly concluded that the relative abundance of the pathogenic fungi Fusarium sp. was reduced by soybean long-term (13 years) continuous cropping or soybean-corn rotational cropping (5 years), which could alleviate the obstacle posed by soybean continuous cropping.

Soil microbes, as decomposers in ecosystems, can degrade plant litter, participate in soil nutrient cycling, contribute to soil development, play an important role in maintaining soil ecosystem stability (Toor and Adnan, 2020; Prasad et al., 2021) and can be used as indicators of soil ecosystem health and productivity (Dias et al., 2015; Pervaiz et al., 2020). Soil microbial community composition and diversity are directly or indirectly influenced by chemical indexes such as pH, electrical conductivity, and nutrient content (Wang et al., 2019; Shi et al., 2021). In agroecosystems, soybean continuous cropping increases soil pH, which significantly affects soil bacterial communities, while the ratio of carbon (C) and nitrogen (N) has a significant effect on fungal communities (Liu J. et al., 2019; Liu Z. et al. (2020)). Changes in both soil physicochemical properties and beneficial or harmful microbial abundance can affect crop yields directly, and changes in soil microbial communities caused by changes in physicochemical properties can affect yields indirectly (Liu et al., 2016; Strom et al., 2020).

Some studies have reported on soil microbial communities under different soybean cropping patterns in black soil regions, but the factors influencing them and the relationship between them and soybean yield are still not clear. Therefore, in this study, we collected soil from the tillage layer (0–20 cm) of soybean under different continuous cropping years (5, 10, and 20 years) and of soybean-corn rotational cropping (25 years) in the black soil region of northeastern China with the objectives of (1) revealing the diversity and compositional characteristics of soil bacteria and fungi, (2) determining the key influencing factors of soil bacterial and fungal communities, and (3) evaluating the effects of the key influencing factors on yield.



Materials and methods


Experimental area description

The experiment was conducted in the Modern Agricultural Innovation Park (126°50′ E, 45°49′ N) in Minzhu Township, Harbin City, China. The experimental area was flat and the soil was typical black soil. Long-term continuous cropping of soybean and soybean-corn rotational cropping in the experimental field with an annual monoculture system began in 1995. The variety of soybean was Heinong 48. The annual fertilizer application rates were 45 kg·ha−1 N, 90 kg·ha−1 P2O5, and 45 kg·ha−1 K2O, and all fertilizers were applied at once as a base fertilizer.



Soybean yield determination

Yield determination was conducted in September 2019, during soybean harvest, in 10 small 5 m2 plots within the sample plots of 5 (C5), 10 (C10), and 20 (C20) years of continuous cropping and the sample plot of soybean-corn rotational cropping (R). The yield determination was replicated three times.



Soil sampling and chemical index determination

Three sample plots (2 × 2 m) were set up for each treatment as three replications. Five points (apex and center) were used for sampling, and 200 g of bulk soil was collected from each point in the tillage layer (0–20 cm). In the laboratory, soil pH was determined (water:soil = 2.5:1) using a composite electrode method (INESA PHS–3C, Shanghai, China); soil organic matter (SOM) content was determined by the potassium dichromate oxidation-ferrous sulfate titration method; dissolved organic C (DOC) content was determined using a TOC analyzer (Analytik Jena Multi N/C 2100, Germany); total N (TN) content was determined by the semimicro Kjeldahl method; total P (TP) content was determined by the molybdenum antimony colorimetric method; total K (TK) content was determined by the flame spectrophotometry method; alkali-hydrolyzed N (AN) content was determined by the alkaline diffusion method; available P (AP) content was determined by the sodium bicarbonate extraction-molybdenum antimony anticolorimetric method; available K (AK) content was determined by the ammonium acetate extraction-flame photometric method; and ammonium N (NH4+–N) content and nitrate N (NO3−–N) content were determined by a flow analyzer (Bran Luebbe, Germany) after extraction with 1 mol·L−1 KCl (Lu, 2000; Shi et al., 2021). All index measurements were repeated three times.



Soil sample DNA extraction

Taking 0.5 g of soil sample, the total DNA was extracted using an E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) following the manufacturer’s instructions. A Nano Drop 2000 UV–Vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States) was used to detect the DNA concentration and purity. Then 1% agarose gel electrophoresis was used for DNA quality testing.



PCR amplification and sequencing

PCR amplification was performed using bacterial primer 338F_806R (338F: 5′–ACTCCTACGGGAGGCAGCAG–3′ 806R: 5′–GGACTACHVGGGTWTCTAAT–3′) and fungal primer ITS1F_ITS2R (ITS1F: 5′–CTTGGTCATTTAGAGGAAGTAA–3′ ITS2R: 5′–GCTGCGTTCTTCATCGATGC–3′). Following Liu Z. et al. (2020), the volume of the PCR system was 20 μL, containing 4 μL 5 × FastPfu Buffer; 2 μL 2.5 mM dNTPs; 0.8 μL of each primer for a final concentration of 5 μM; 0.4 μL FastPfu Polymerase; 0.2 μL BSA; 10 ng template DNA; and ddH2O to complete 20 μL. The PCR parameters were as follows: (1) 3 min, 95°C denaturation. (2) 30 s, 95°C; 30 s, 55°C annealing; 45 s, 72°C elongation, 35 cycles. (3) 10 min, 72°C extension. The PCR products were detected by 2% agarose gel electrophoresis and recovered using a DNA gel recovery kit (Axygen Biosciences, Union City, CA, United States). The PCR products were quantified by the Quanti Fluor™–ST Blue Fluorescence Quantification System (Promega, Madison, WI, United States). Samples were sent to Majorbio Biopharmaceutical Technology Co., Ltd. (Shanghai, China) for sequencing using the Illumina MiSeq high-throughput sequencing platform (Illumina, San Diego, CA, United States). Each sample was analyzed in triplicate.



Data processing

MiSeq sequencing obtained paired-end reads, and optimized data were obtained by using Fastp v0.19.6 and FLASH v1.2.11 software (Yang et al., 2019). All data were submitted to the NCBI Sequence Read Archive database (Accession number: bacteria PRJNA887719 and fungi PRJNA887732). Operational taxonomic unit (OTU) clustering of non-repeated sequences was performed at 97% similarity using the UPARSE pipeline1 (Edgar, 2013). The taxonomic analysis of OTUs was performed by applying the Ribosomal Database Project Classifier and the Bayes algorithm with a 0.7 confidence level (Wang et al., 2007), and the taxonomic identification databases were SILVA 138/16s bacteria (Quast et al., 2013) and UNITE 8.0/its fungi 2. The relative abundance of each OTU was counted.

The Chao1 richness index and Shannon diversity index of the microbial community of each sample were analyzed using Mothur v1.39.5 software. Analysis of variance (ANOVA) was performed using SPSS 17.0 (SPSS Inc. Chicago, IL, United States) to analyze the significance of differences in yield, soil chemical indexes, community richness and diversity indexes, and relative abundance of taxa among treatments. Bar plots were drawn using Office Excel 2016 based on the relative abundance of dominant taxa. On the Majorbio Cloud Platform (Ren et al., 2022), non-metric multidimensional scaling (NMDS) analysis was performed based on Bray-cutis distance at the OTU level, and the significance of differences was tested using Adonis (999 permutations). Linear discriminant analysis effect size (LEfSe) was performed using the non-parametric factorial Kruskal-Wallis sum-rank test to detect taxa with significant differences in relative abundance among treatments, and linear discriminant analysis (LDA) was used to estimate the size of the effect of each taxon on the difference in relative abundance. The Mantel test was used to identify chemical indexes with significant effects on soil bacterial and fungal communities. Redundancy analysis (RDA) and variance partitioning analysis (VPA) were used to evaluate the degree of influence. Fungal trophic modes were classified and their functional taxa were predicted using FUNGuild v1.0 (Nguyen et al., 2015). A structural equation model was fitted using IBM SPSS Amos 26 graphics to evaluate the effects of bacterial and fungal communities and chemical indexes on yield.




Results


Soybean yield

Based on the yield determination, using one-way ANOVA and Duncan’s multiple comparison test, the differences in yields among C10, C20 and R were not significant (p > 0.05). However, the yields of C10, C20, and R were significantly (p < 0.05) higher than that of C5 by 9.11, 7.30 and 6.08%, respectively (Table 1). The results indicated that the yields of long-term continuous cropping were significantly higher than those of short-term continuous cropping and were close to those of R.



TABLE 1 Soybean yield.
[image: Table1]



Soil chemical properties

As shown in Table 2, soil pH showed a significant decreasing trend with increasing years of continuous cropping and was significantly higher in R. The SOM content showed an increasing trend with increasing years of continuous cropping and was significantly lower in R. The DOC content was significantly lower in C10 than in C20 and R and was not significantly different from C5. The TN content was not significantly different between C5 and R, it increased significantly with increasing years of continuous cropping, and AN, NH4+–N and NO3−–N contents showed similar trends. The TP and TK contents showed a decreasing trend with increasing years of continuous cropping and were significantly lower in the former treatments than in R. The AP contents were not significantly different among the treatments, while the AK contents were significantly higher in C5 and C10 than in C20 and R. The C/N was not significantly different among the continuous cropping treatments but was significantly lower in the former treatments than in R.



TABLE 2 Soil chemical indexes of soybean continuous and rotational cropping.
[image: Table2]



Microbial community diversity

The microbial raw sequences were quality-controlled and filtered to obtain 542,095 and 848,233 valid sequences for cluster analysis of bacterial and fungal OTUs, respectively. The total number of OTUs obtained by clustering was 4,407 and 1,123, and the core OTUs (the common OTUs to all treatments) accounted for 49.33% (2174) and 19.86% (223) of the total for bacteria and fungi, respectively. The number of soil bacterial species was significantly lower in C5 and C10 than in C20, while the difference between continuous cropping and R was not significant. The number of fungal species was significantly higher in C5 than in C10, C20, and R (Table 3).



TABLE 3 Diversity indexes of soil bacterial and fungal communities.
[image: Table3]

In the soil bacterial community, the Chao1 index was significantly higher in C20 than in C10 and R, and the difference between C5 and each treatment was not significant. The Shannon index tended to increase with increasing years of continuous cropping, but the difference was not significant, with C5 being significantly lower than R. In the soil fungal community, the Chao1 index was significantly higher in C5 than in C10, C20, and R; the Shannon index of R was high, but the differences were not significant among treatments.



Microbial community composition

Based on NMDS analysis at the OTU level for the soil bacterial (Figure 1A) and fungal (Figure 1B) community compositions, R was clearly separated from continuous cropping. The bacterial communities of C10 and C20 were closer than those of C5 on the NMDS 1 and NMDS 2 axes; the fungal communities of C5, C10 and C20 were closer on NMDS 1, and those of C5 and C10 were closer on NMDS 2.

[image: Figure 1]

FIGURE 1
 NMDS analysis among soil bacterial (A) and fungal (B) samples of different treatments based on OTU level. The significance of differences was tested using Adonis (999 permutations). C5, C10, and C20 represent soybean continuous cropping treatments for 5, 10, and 20 years, respectively, and R represents soybean-corn rotational cropping treatment.


A total of 37 phyla, 120 classes, 267 orders, 394 families, 677 genera, and 1,423 species were obtained for the bacterial community, and 14 phyla, 40 classes, 88 orders, 196 families, 356 genera, and 503 species were obtained for the fungal community. Twelve and seven phyla had relative abundances >0.5% in the bacterial and fungal communities, respectively. Based on Supplementary Table S1, the sum of the relative abundances of the first six phyla was >90% in the bacterial community (Figure 2A). The relative abundance of Actinobacteriota, Proteobacteria, and Gemmatimonadota differed among the treatments, but that of Acidobacteriota, Chloroflexi, and Firmicutes did not. The sum of the relative abundances of Ascomycota, Mortierellomycota, and Basidiomycota was close to 95% in the fungal community (Figure 2B). The difference in the relative abundance of Ascomycota between C20 and R was not significant, but both were significantly higher than C5 and C10. The relative abundances of Chytridiomycota, Basidiobolomycota, and Zoopagomycota were all below 1% in the treatments, while no Basidiobolomycota was found in R.

[image: Figure 2]

FIGURE 2
 Relative abundance of dominant phyla and genera (top 10 except unclassified taxa) of soil bacteria and fungi. C5, C10, and C20 represent soybean continuous cropping treatments for 5, 10, and 20 years, respectively, and R represents soybean-corn rotational cropping treatment. (A) Bacterial phyla, (B) Fungal phyla, C Bacterial genera, and D Fungal genera.


At a relative abundance level > 0.5%, the bacterial and fungal communities included 55 and 76 genera, respectively. The bacterial community had a high relative abundance of unclassified taxa in all treatments. The relative abundance of Gaiella was 4.65% in C5, which was significantly higher than that in R. The relative abundances of Bacillus, Microlunatus, and Bradyrhizobium were not significantly different among treatments (Figure 2C). In the fungal community, the relative abundances of Mortierella, Chaetomium, Cephalotrichum, Paracylindrocarpon, and Pseudocoleophoma did not differ significantly among treatments, i.e., the differences in the relative abundance of the dominant fungal genera were similar to the pattern of the dominant phyla among treatments. The relative abundance of Fusarium did not differ significantly among the continuous cropping treatments and was significantly lower in C10 and C20 than in R (Figure 2D).



Significantly different taxa between treatments

The cladogram showed that when the LDA value was 2.0, there were 115 bacterial taxa and 85 fungal taxa that were significantly different among the treatments, including 3 phyla, 9 classes, 20 orders, 35 families and 48 genera (accounting for 7.09% of the total number of bacterial genera) and 5 phyla, 8 classes, 14 orders, 19 families, and 39 genera (accounting for 10.96% of the total number of fungal genera). Among the 48 bacterial genera, 14 genera in C5, 6 genera in C10, 7 genera in C20, and 21 genera in R had significantly higher relative abundance (Figure 3A), for example, Streptomyces (LDA = 3.207), Rubrobacter (LDA = 3.523), Nordella (LDA = 2.828), and Lapillicoccus (LDA = 3.341). Among the 39 fungal genera, 3 genera in C5, 5 genera in C10, 15 genera in C20, and 16 genera in R had significantly higher relative abundance (Figure 3B), for example, Fusicolla (LDA = 3.558), Gymnoascus (LDA = 3.350), Solicoccozyma (LDA = 4.204), and Tausonia (LDA = 4.613).

[image: Figure 3]

FIGURE 3
 LEfSe analysis (LDA > 2) of soil bacterial (A) and fungal (B) communities. The levels of phylum, class, order, family and genus are arranged from the inside to the outside, and the genera are shown in the figure. The yellow circle represents the taxa with no significant difference among the treatments. C5, C10, and C20 represent soybean continuous cropping treatments for 5, 10, and 20 years, respectively, and R represents soybean-corn rotational cropping treatment.




Fungal trophic mode classification and functional prediction

To avoid overinterpretation of the trophic mode classification and functional prediction of fungi by FUNGuild, only the taxa with confidence levels of probable and above and relative abundance >0.5% were retained. A total of 98 OTUs were obtained, of which 84 (85.71%) were affiliated with Ascomycota and seven (7.14%) were affiliated with Basidiomycota. As shown in Supplementary Figure S1, the trophic mode included saprotroph (53 OTUs), pathotroph (19 OTUs), symbiotroph (4 OTUs), saprotroph-pathotroph (10 OTUs), pathotroph-symbiotroph (2 OTUs), saprotroph-symbiotroph (6 OTUs) and saprotroph-pathotroph-symbiotroph (4 OTUs). The number of OTUs contained in different trophic modes did not differ significantly among the treatments, respectively.

Plant-related fungi, such as leaf saprotrophic fungi, plant pathogenic fungi, and arbuscular mycorrhizal fungi, included a total of 40 OTUs belonging to 34 genera, of which 33 OTUs were affiliated with Ascomycota and four with Basidiomycota. Twenty-four OTUs were associated with plant pathogens, including Neonectria candida, Gibberella intricans, and Gibellulopsis nigrescens. The numbers of sequences of 14 OTUs associated with plants were significantly different among treatments (Figure 4), including 9 plant pathogenic OTUs. These results, combined with the information in Supplementary Table S2, indicated that continuous and rotational cropping changed the composition of functional fungi. OTU464, OTU665 and OTU279 contained a high number of sequences in C20, i.e., continuous cropping caused these OTUs to accumulate, while OTU695, OTU1267, and OTU276 were more abundant in R.

[image: Figure 4]

FIGURE 4
 Plant-related OTUs with significant differences among the different cropping treatments. The vertical coordinate is the number of sequences in OTUs. Analysis of variance (Duncan’s multiple comparison test) was used to test the significance of differences. The different lowercase letters represent significant differences (p < 0.05). C5, C10, and C20 represent soybean continuous cropping treatments for 5, 10, and 20 years, respectively, and R represents soybean-corn rotational cropping treatment.




Effect of soil chemical indexes on microbial communities

The Mantel test was performed using the relative abundance matrix of genera in Figure 3. As shown in Figure 5 and Supplementary Table S3, pH, TN, AN, NH4+–N, NO3−–N, and TP had highly significant effects on the bacterial and fungal communities, while DOC, AP, and AK had insignificant effects. SOM had significant effects on fungal communities and highly significant effects on bacterial communities. The effects of TK and C/N on bacterial communities were not significant, but the effects on fungal communities were highly significant.

[image: Figure 5]

FIGURE 5
 Mantel test analysis based on the relative abundance matrix of the genera with LDA value >2.0. SOM, soil organic matter; DOC, dissolved organic C; TN, total N; AN, alkali-hydrolyzed N; NH4+–N, ammonium N; NO3−–N, nitrate N; TP, total P; AP, available P; TK, total K; AK, available K; C/N, ratio of C and N.


RDA was performed based on the LEfSe and Mantel test results, combined with the VPA results. In the bacterial communities (Figure 6A), the genera of R and a few genera of C5 were positively correlated with pH (r2 = 0.182) and TP (r2 = 0.226). The genera of R and most genera of C5 were negatively correlated with TN (r2 = 0.375), AN (r2 = 0.291), NH4+–N (r2 = 0.363), and NO3−–N (r2 = 0.385), while the genera of C10 and C20 showed the opposite relationship with chemical indexes as those of R. SOM (r2 = 0.188) was positively correlated with most genera of C10, C20, and R, while it was negatively correlated with all genera of C5.

[image: Figure 6]

FIGURE 6
 Redundancy analysis of bacterial (A) and fungal (B) communities and soil chemical properties. The generic name is the same as in Figure 3. SOM, soil organic matter; TN, total N; AN, alkali-hydrolyzed N; NH4+–N, ammonium N; NO3−–N, nitrate N; TP, total P; TK, total K; C/N, ratio of C and N.


Similarly, in the fungal communities (Figure 6B), the genera in C5 and C10 were mostly negatively correlated with all chemical indexes. The C20 genera were positively correlated with TN (r2 = 0.504), AN (r2 = 0.557), NH4+–N (r2 = 0.379), and NO3−–N (r2 = 0.399) and were negatively correlated with pH (r2 = 0.638), SOM (r2 = 0.735), TP (r2 = 0.581), TK (r2 = 0.610), and C/N (r2 = 0.554), while the R genera showed the opposite pattern.




Discussion


Changes in microbial community diversity and composition

In this study, we used the Illumina MiSeq high-throughput sequencing method to analyze the diversity and composition of bacterial and fungal communities in tillage layer soil under soybean continuous and rotational cropping and found that the community richness indexes were significantly changed with increasing years of soybean continuous cropping, while the changes in the community diversity indexes were not significant. It was also located in the black soil region of northeastern China, Li et al. (2010) suggested that the differences in the Shannon index of bacterial and fungal communities were not significant under soybean continuous and rotational cropping, respectively, while Zhu et al. (2014) concluded that continuous cropping led to a decrease in the Shannon index of bacterial communities, with bacteria being more abundant under rotational cropping. Zhu et al. (2017) showed that continuous cropping increased both the Chao1 and Shannon indexes of the bacterial community. Liu H. et al. (2019) suggested that long-term continuous cropping did not result in significant differences in the Chao1 and Shannon indexes of fungal communities, while the Shannon index of continuous cropping was significantly higher than that of rotational cropping. Liu Z. et al. (2020) suggested that continuous cropping led to an increase in the bacterial Shannon index, while the difference between long-term continuous and rotational cropping was not significant, and the difference in the fungal Shannon index was not significant. Later, Song et al. (2022) reported that the change in the Shannon index of the bacterial community under continuous cropping was not significant, but that of the fungal community was significantly lower under the former treatment than under rotational cropping. The results of this study supported to some extent the conclusions of Zhu et al. (2017) and Liu Z. et al. (2020) and showed that bacterial community diversity was more susceptible to the influence of cropping patterns.

The dominant taxa of the soil microbial community can differ depending on cropping patterns, fertilizer management, and crop development period (Sugiyama et al., 2014; Hu et al., 2017; Hsiao et al., 2019). In this study, we found that the soil bacterial and fungal community compositions (at the OTU level) in the continuous cropping treatments differed from those in R, while their dominant phyla and genera were basically the same. The dominant bacterial phyla in all treatments were Actinobacteriota, Proteobacteria, and Acidobacteriota, which was close to the results of Liu Z. et al. (2020). However, there were differences in their relative abundance for example, Zhu et al. (2014) concluded that the relative abundance of Actinobacteriota in rotational cropping was much lower than that of Proteobacteria and Acidobacteriota, and Firmicutes had high relative abundance, while Song et al. (2022) concluded that the relative abundance of Proteobacteria and Chloroflexi increased significantly and that of Actinobacteriota and Gemmatimonadetes decreased significantly under soybean long-term continuous cropping. The results of this study differed from these findings.

The dominant fungal phyla in this study were Ascomycota, Mortierellomycota, and Basidiomycota. Liu H. et al. (2019) and Liu Z. et al. (2020) reported that Zygomycota was also a dominant fungal phylum, while the relative abundance of Mortierellomycota was extremely low or absent. However, Zygomycota was not found in this study. Liu Z. et al. (2020) showed that the relative abundance of Ascomycota did not differ significantly among treatments and that of Basidiomycota was high in rotational cropping. Song et al. (2022) found that the relative abundance of Ascomycota and Mortierellomycota increased significantly, while the relative abundance of Basidiomycota decreased significantly because of soybean continuous cropping. In this study, the relative abundance of Ascomycota increased with increasing years of continuous cropping, while that of Mortierellomycota and Basidiomycota did not differ significantly among treatments. Even in the same black soil region of northeastern China, the changes in the dominant bacterial and fungal phyla and their relative abundances differed depending on the soybean cropping patterns and the number of years of continuous cropping, and consequently, the changes in the dominant genera and their relative abundance differed from the results of previous studies.



Beneficial and harmful microbes

In this study, Gaiella, Sphingomonas, and Bacillus had high relative abundance except for the unclassified taxa. It has been shown that the three genera have antagonistic effects on plant pathogenic fungi (White et al., 1996; Cutting, 2011; Cui et al., 2019). The relative abundance of Gaiella in C5 was significantly higher than that in R, and the relative abundance of the three genera tended to decrease from C5 to C20, but there were no significant differences between C20 and R. Rubrobacter, Bradyrhizobium, Arthrobacter, Nitrospira, and Gemmatimonas can participate in soil N cycling (Xu et al., 1995; Daims et al., 2015; Chee-Sanford et al., 2019; Prasad et al., 2021; Zhang et al., 2022), which is beneficial to soybean growth. In this study, only the relative abundance of Arthrobacter was significantly lower than that in R under continuous cropping treatments, while the relative abundances of the remaining four genera in C20 were not significantly different from those in R. It is evident that soybean long-term continuous cropping did not produce significant changes in the relative abundance of beneficial bacteria in a dominant position compared to short-term continuous cropping and rotational cropping.

Neupane et al. (2021) found that Solicoccozyma and Tausonia were enriched in the high-yielding group of soybean rotational cropping. In this study, the relative abundance of Solicoccozyma was significantly higher in C10 and significantly higher than that in R. In contrast, the relative abundance of Tausonia did not differ significantly among the continuous cropping treatments and was significantly lower than that in R. The relative abundance of Trichocladium was significantly increased from C5 to C20 and was significantly higher than that in R. Trichocladium is often considered a plant pathogenic fungus and correlates with soybean cyst nematode density (Carris et al., 1989; Nan et al., 1992). Neocosmospora is also a plant pathogenic fungus (Kamali-Sarvestani et al., 2022), and its relative abundance was not significantly different among C5, C10 and C20, but it was significantly higher in C20 than in R. This suggested that long-term continuous cropping may cause enrichment of Trichocladium and Neocosmospora and lead to soybean disease development.

In the present study, the relative abundance of Fusarium showed a decreasing trend with continuous cropping years, although the difference was not significant, but it was significantly lower in C10 and C20 than in R. Fusarium is considered a plant pathogenic fungus that causes root rot (Bai et al., 2015; Kamali-Sarvestani et al., 2022). Previous studies on changes in the relative abundance of Fusarium in soybean continuous cropping soils in the black soil region of northeastern China have presented different conclusions: Wei et al. (2015) concluded that soybean continuous cropping for 21 years was able to reduce the severity of root rot and that Fusarium population density was significantly lower than in rotational cropping. Liu Z. et al. (2019) and Liu Z. et al. (2020) similarly concluded that the relative abundance of soil Fusarium was reduced in soybean continuous cropping (13 years) and soybean-corn rotational cropping (5 years), which could alleviate the obstacles imposed by soybean continuous cropping. However, Liu H. et al. (2019) and Liu H. et al. (2020) reported that the relative abundance of Fusarium in soil was significantly higher in soybean long-term continuous cropping (27 years). Additionally, Song et al. (2022) suggested that soybean continuous cropping (13 years) resulted in significantly higher relative abundance of Fusarium and increased the incidence of root rot. The results of this study indicate that long-term continuous cropping did not lead to Fusarium accumulation, which to some extent can lead to disease suppressive, as proposed by Chen et al. (2018).

The function of fungi was predicted based on FUNGuild (Nguyen et al., 2015) and further screened for the taxa with significant differences among treatments. The relative abundance of the non-plant pathogenic fungi Bifiguratus sp., Chaetosphaeria vermicularioides, Thelonectria rubrococca, and Phallus rugulosus in this study tended to increase with continuous cropping years. However, Thelonectria rubrococca has been reported to cause plant diseases in a few cases (Salgado-Salazar et al., 2016), and Phallus rugulosus enrichment in soil can cause soybean diseases (Srour et al., 2017). In this study, nine plant pathogenic fungi showed significant differences among treatments. For example, Lectera sp., Plectosphaerella sp., Volutella sp. accumulated with continuous cropping years, while Gibberella intricans, Leptosphaeria sclerotioides, and Paraphoma radicina had significantly higher sequence numbers in R, which may cause soybean diseases and requires further study.



Factors influencing microbial communities

The physicochemical properties of agricultural soils often vary depending on field management practices and cause changes to the structure and diversity of microbial communities. For example, Ma et al. (1997) reported a decrease in soil pH due to soybean continuous cropping, while Strom et al. (2020) and Liu Z. et al. (2020) suggested an increase in pH. In this study, pH was found to decrease significantly with continuous cropping years. Wang et al. (2019) and Liu Z. et al. (2020) concluded that soil pH is more important than nutrients in shaping bacterial communities. This study confirmed that soil pH had a highly significant effect on both bacterial and fungal communities.

The results of this study were consistent with those of Song et al. (2018) who suggested that continuous cropping increased the SOM content; meanwhile, the SOM content of continuous cropping in this study was significantly higher than that of rotational cropping, while Chen et al. (2018) suggested that continuous cropping led to a lower SOM content. In addition, the SOM content in this study had significant effects on both bacterial and fungal communities, and the effects on bacterial communities were higher.

Soybean continuous cropping is beneficial to the accumulation of AN content in soil (Song et al., 2018). In this study, the content of N tended to increase with continuous cropping years, which should be related to symbiotic N fixation by soybean rhizobia, and the effect on bacterial and fungal communities was highly significant. Liu Z. et al. (2020) also showed that TN content and AN content were significantly increased in soybean long-term continuous cropping systems, but they were lower than those in rotational cropping systems. Song et al. (2018) suggested that soybean continuous cropping did not fix AP, while rotational cropping was beneficial to AP content accumulation. Liu Z. et al. (2020) suggested that soybean continuous cropping led to a significant increase in soil TP and AK contents. This study showed that TP, TK, and AK contents decreased with continuous cropping years, which may be related to the depletion of soil P and K due to soybean long-term continuous cropping. In addition, the effects of P and K contents on bacterial and fungal communities in this study were different from the results of Liu Z. et al. (2020). In this study, C/N did not differ significantly among the continuous cropping treatments and was significantly lower in continuous cropping than in rotational cropping. C/N had a highly significant effect on fungi, which is consistent with the results of Liu Z. et al. (2020).



Factors affecting soybean yield

The present study results showed that soybean yield was reduced in short-term continuous cropping compared to R, while the yield in long-term continuous cropping was close to that of R. Soybean continuous cropping increases the abundance of harmful and beneficial soil microorganisms, which in turn affects crop yield (Liu and Herbert, 2002). In contrast to conventional rotational cropping, Xu et al. (1999) suggested that soybean yield decreased by 18.6 and 35.4% in 1 and 2 years of continuous cropping, respectively. Later, Liu and Yu (2000) suggested that the average yield of soybean decreased by 9.9, 13.8, and 19% at different locations for 1, 2, and 3 years of continuous cropping, respectively. This indicates that soybean yield decreases under short-term continuous cropping.

A structural equation model was fitted to analyze the effects on soybean yield using the richness index and chemical indexes with significant correlations with the bacterial and fungal communities. After model correction, the paths with significant effects were shown in Figure 7. The results showed that soybean yield was directly influenced by TN and fungal community richness and indirectly influenced by pH, TP and bacterial community richness, which was similar to the results of Strom et al. (2020). Moreover, both bacterial and fungal community richness showed negative effects on soybean yield, with total effects of-0.323 and-0.791, respectively, i.e., high bacterial and fungal community richness decreased yield, and the negative effect from changes in fungal community richness was greater. Fungal community richness was significantly higher in C5, which correlated with its low yield.

[image: Figure 7]

FIGURE 7
 Effect analysis of bacterial and fungal communities and chemical indexes on yield. χ2/df = 0.662, p > 0.05, goodness-of-fit index >0.90, normed fit index >0.90, comparative fit index >0.90, root square mean errors of approximation <0.05, Akaike information criterion = 39.325, bootstrap = 1,000. The solid line represents positive correlation, the dotted line represents negative correlation, and the wider the line, the stronger the significance. *p < 0.05, **p < 0.01, and ***p < 0.001. TN, total N; TP, total P.





Conclusion

Soybean continuous cropping led to significant changes in the richness indexes of the bacteria and fungi in the tillage layer soil, while the changes in the community diversity indexes were not significant. The composition of the soil bacterial and fungal communities under continuous cropping differed from that under soybean-corn rotational cropping at the OTU level, but their dominant phyla and genera were basically the same. Long-term continuous cropping did not change the relative abundance of dominant beneficial bacteria, but increased the relative abundance of harmful fungi, except Fusarium. Different cropping patterns resulted in changes in soil chemical indexes, where pH, SOM content, and AN content, etc., had significant effects on bacterial and fungal communities. Soybean yield was significantly correlated with TN, TP, and pH, and bacterial and fungal community richness had a negative effect on yield, with the fungal effect being greater. Soybean continuous and rotational cropping changes the soil chemical properties and drives changes in the richness of soil microbial communities, which affects soybean yield.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

YL and CS designed and performed the experiment and prepared this manuscript. DW designed this experiment. SC, YH, and WW helped to collect the soil samples and determine the chemical properties. XG and LJ helped to determine the yield and revised this manuscript. YW and LS revised this manuscript. All coauthors contributed to manuscript editing. All coauthors contributed to manuscript editing. All authors have read and agreed to the published version of the manuscript.



Funding

This work was supported by China Ministry of Science and Technology Basic Resources Investigation Project (2021FY100406), China Agriculture Research System of MOF and MARA (CARS-04-PS17), UNDP Project (cpr/21/401), and Heilongjiang Province Key Laboratory of Cold Region Wetland Ecology and Environment Research Laboratory Open Project (201906).



Acknowledgments

Thanks to the special supports of China Ministry of Science and Technology Basic Resources Investigation Project (2021FY100406), China Agriculture Research System of MOF and MARA (CARS-04-PS17), UNDP Project (cpr/21/401), and Heilongjiang Province Key Laboratory of Cold Region Wetland Ecology and Environment Research Laboratory Open Project (201906).



Conflict 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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1083736/full#supplementary-material



Footnotes

1http://drive5.com/uparse/



References

 Bai, L., Cui, J., Jie, W., and Cai, B. (2015). Analysis of the community compositions of rhizosphere fungi in soybeans continuous cropping fields. Microbiol. Res. 180, 49–56. doi: 10.1016/j.micres.2015.07.007 

 Carris, L. M., Glawe, D. A., Smyth, C. A., and Edwards, D. I. (1989). Fungi associated with populations of Heterodera glycines in two Illinois soybean fields. Mycologia 81, 66–75. doi: 10.1080/00275514.1989.12025627

 Chee-Sanford, J., Tian, D., and Sanford, R. (2019). Consumption of N2O and other N-cycle intermediates by Gemmatimonas aurantiaca strain T-27. Microbiology 165, 1345–1354. doi: 10.1099/mic.0.000847 

 Chen, X., Wang, Y., Li, W., Wang, S., Wang, X., Zhang, L., et al. (2018). Dynamic evolution of microbial community in the rhizosphere of continuous cropping of soybean in black soil. Soybean Sci. 37, 748–755. doi: 10.11861/j.issn.1000-9841.2018.05.0748 In Chinese

 Cui, L., Guo, F., Zhang, J., Yang, S., Wang, J., Meng, J., et al. (2019). Improvement of continuous microbial environment in peanut rhizosphere soil by Funneliformis mosseae. Chinese J. Plant Ecol. 43, 718–728. doi: 10.17521/cjpe.2019.0036 In Chinese

 Cutting, S. M. (2011). Bacillus probiotics. Food Microbiol. 28, 214–220. doi: 10.1016/j.fm.2010.03.007

 Daims, H., Lebedeva, E. V., Pjevac, P., Han, P., Herbold, C., Albertsen, M., et al. (2015). Complete nitrification by Nitrospira bacteria. Nature 528, 504–509. doi: 10.1038/nature16461 

 Dias, T., Dukes, A., and Antunes, P. M. (2015). Accounting for soil biotic effects on soil health and crop productivity in the design of crop rotations. J. Environ. Sci. Health B 95, 447–454. doi: 10.1002/jsfa.6565 

 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604 

 Hsiao, C. J., Sassenrath, G. F., Zeglin, L. H., Hettiarachchi, G. M., and Rice, C. W. (2019). Temporal variation of soil microbial properties in a corn-wheat-soybean system. Soil Sci. Soc. Am. J. 83, 1696–1711. doi: 10.2136/sssaj2019.05.0160

 Hu, X., Liu, J., Wei, D., Zhu, P., Cui, X. A., Zhou, B., et al. (2017). Effects of over 30-year of different fertilization regimes on fungal community compositions in the black soils of Northeast China. Agric. Ecosyst. Environ. 248, 113–122. doi: 10.1016/j.agee.2017.07.031

 Kamali-Sarvestani, S., Mostowfizadeh-Ghalamfarsa, R., Salmaninezhad, F., and Cacciola, S. O. (2022). Fusarium and Neocosmospora species associated with rot of Cactaceae and other succulent plants. J. Fungi 8:364. doi: 10.3390/jof8040364 

 Li, C., Li, X., Kong, W., Wu, Y., and Wang, J. (2010). Effect of monoculture soybean on soil microbial community in the Northeast China. Plant Soil 330, 423–433. doi: 10.1007/s11104-009-0216-6

 Liu, X., and Herbert, S. J. (2002). Fifteen years of research examining cultivation of continuous soybean in Northeast China: a review. Field Crops Res. 79, 1–7. doi: 10.1016/s0378-4290(02)00042-4

 Liu, X., Li, Y., Han, B., Zhang, Q., Zhou, K., Zhang, X., et al. (2012). Yield response of continuous soybean to one-season crop disturbance in a previous continuous soybean field in Northeast China. Field Crop Res. 138, 52–56. doi: 10.1016/j.fcr.2012.09.012

 Liu, Z., Liu, J., Xu, Y., Zhang, W., Mi, G., Yao, Q., et al. (2019). Effects of continuous cropping years of soybean on the bacterial community structure in black soil. Acta Ecol. Sinica 39, 4337–4346. doi: 10.5846/stxb201801270212 (in Chinese).

 Liu, Z., Liu, J., Yu, Z., Yao, Q., Li, Y., Liang, A., et al. (2020). Long-term continuous cropping of soybean is comparable to crop rotation in mediating microbial abundance, diversity and community composition. Soil Till. Res. 197:104503. doi: 10.1016/j.still.2019.104503

 Liu, H., Pan, F., Han, X., Song, F., Zhang, Z., Yan, J., et al. (2019). Response of soil fungal community structure to long-term continuous soybean cropping. Front. Microbiol. 9:3316. doi: 10.3389/fmicb.2018.03316 

 Liu, H., Pan, F., Han, X., Song, F., Zhang, Z., Yan, J., et al. (2020). A comprehensive analysis of the response of the fungal community structure to long-term continuous cropping in three typical upland crops. J. Integr. Agr. 19, 866–880. doi: 10.1016/S2095-3119(19)62630-4

 Liu, B., Shen, W., Wei, H., Smith, H., Louws, F. J., Steadman, J. R., et al. (2016). Rhizoctonia communities in soybean fields and their relation with other microbes and nematode communities. Eur. J. Plant Pathol. 144, 671–686. doi: 10.1007/s10658-015-0805-6

 Liu, J., Yao, Q., Li, Y., Zhang, W., Mi, G., Chen, X., et al. (2019). Continuous cropping of soybean alters the bulk and rhizospheric soil fungal communities in a Mollisol of northeast PR China. Land Degrad. Dev. 30, 1725–1738. doi: 10.1002/ldr.3378

 Liu, Z., and Yu, L. (2000). Study on the influence of successive and alternate cropping on soybean yield and quality. Soybean Sci. 19, 229–237. doi: 10.11861/j.issn.1000-9841.2000.03.0229 In Chinese

 Lu, R. (2000). Methods for Agrochemical Analysis of Soil. China: China Agricultural Science and Technology Press. ISBN: 7-80119-925-1. In Chinese

 Ma, H., Zheng, G., Zhao, J., and Zhao, S. (1997). Obstacles and mechanism of soybean continuous cropping. Soil 1, 46–48. doi: 10.13758/j.cnki.t.1997.01.011 In Chinese

 Nan, Z. B., Long, P. G., Skipp, R. A., and Hopcroft, D. H. (1992). Microscopy of invasion of red clover roots by Trichocladium basicola, and effects of benomyl and prochloraz. Plant Pathol. 41, 449–461. doi: 10.1111/j.1365-3059.1992.tb02440.x

 Neupane, A., Bulbul, I., Wang, Z., Lehman, R. M., Nafziger, E., and Marzano, S. Y. L. (2021). Long term crop rotation effect on subsequent soybean yield explained by soil and root-associated microbiomes and soil health indicators. Sci. Re.s 11, 1–13. doi: 10.21203/rs.2.20351/v1

 Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., et al. (2015). FUNGuild: an open annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecol. 20, 241–248. doi: 10.1016/j.funeco.2015.06.006

 Pervaiz, Z. H., Iqbal, J., Zhang, Q., Chen, D., Wei, H., and Saleem, M. (2020). Continuous cropping alters multiple biotic and abiotic indicators of soil health. Soil Syst. 4:59. doi: 10.3390/soilsystems4040059

 Prasad, S., Malav, L. C., Choudhary, J., Kannojiya, S., Kundu, M., Kumar, S., et al. (2021). “Soil microbiomes for healthy nutrient recycling” in Current Trends in Microbial Biotechnology for Sustainable Agriculture (Singapore: Springer), 1–21. doi: 10.1007/978-981-15-6949-4

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucl. Acids Res. 41, 590–596. doi: 10.1093/nar/gks1219

 Ren, Y., Yu, G., Shi, C., Liu, L., Guo, Q., Han, C., et al. (2022). Majorbio cloud: a one-stop, comprehensive Bioinformatic platform for multiomics analyses. iMeta 1: e12. doi: 10.1002/imt2.12

 Salgado-Salazar, C., Rossman, A. Y., and Chaverri, P. (2016). The genus Thelonectria (Nectriaceae, Hypocreales, Ascomycota) and closely related species with cylindrocarpon-like asexual states. Fungal Divers. 80, 411–455. doi: 10.1007/s13225-016-0365-x

 Shi, C., Li, Y., Yu, S., Hu, B., Guo, H., Jin, L., et al. (2021). Saline-alkali soil bacterial community structure and diversity analysis under different patterns of land use in lake wetland in Songnen plain. China. Appl. Ecol. Env. Res. 19, 1337–1352. doi: 10.15666/aeer/1902_13371352

 Song, X., Tao, B., Guo, J., Li, J., and Chen, G. (2018). Changes in the microbial community structure and soil chemical properties of vertisols under different cropping systems in northern China. Front. Environ. Sci. 6:132. doi: 10.3389/fenvs.2018.00132

 Song, X., Wu, S., Li, J., Yang, X., Zhou, R., Kuang, D., et al. (2022). Response of soil microbial community to continuous cropping system. J. Maize Sci. 30, 172–181. doi: 10.13597/j.cnki.maize.science.20220124 In Chinese

 Srour, A. Y., Gibson, D. J., Leandro, L. F., Malvick, D. K., Bond, J. P., and Fakhoury, A. M. (2017). Unraveling microbial and edaphic factors affecting the development of sudden death syndrome in soybean. Phytobiomes 1, 91–101. doi: 10.1094/PBIOMES-02-17-0009-R

 Strom, N., Hu, W., Haarith, D., Chen, S., and Bushley, K. (2020). Interactions between soil properties, fungal communities, the soybean cyst nematode, and crop yield under continuous corn and soybean monoculture. Appl. Soil Ecol. 147:103388. doi: 10.1016/j.apsoil.2019.103388

 Sugiyama, A., Ueda, Y., Zushi, T., Takase, H., and Yazaki, K. (2014). Changes in the bacterial community of soybean rhizospheres during growth in the field. PLoS One 9:e100709. doi: 10.1371/journal.pone.0100709 

 Toor, M. D., and Adnan, M. (2020). Role of soil microbes in agriculture; a review. Op. Acc. J. Bio. Sci. Res. 4, 1–5. doi: 10.46718/JBGSR.2020.04.000091

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/aem.00062-07

 Wang, J., Li, X., Zhang, J., Yao, T., Wei, D., Wang, Y., et al. (2012). Effect of root exudates on beneficial microorganisms - evidence from a continuous soybean monoculture. Plant Ecol. 213, 1883–1892. doi: 10.1007/s11258-012-0088-3

 Wang, C., Zhou, X., Guo, D., Zhao, J., Yan, L., Feng, G., et al. (2019). Soil pH is the primary factor driving the distribution and function of microorganisms in farmland soils in northeastern China. Ann. Microbiol. 69, 1461–1473. doi: 10.1007/s13213-019-01529-9

 Wei, W., Xu, Y., Li, S., Zhu, L., and Song, J. (2015). Developing suppressive soil for root diseases of soybean with continuous long-term cropping of soybean in black soil of Northeast China. Acta Agri. Scandinavica, Section B - Soil Plant Sci. 65, 279–285. doi: 10.1080/09064710.2014.992941

 White, D. C., Sutton, S. D., and Ringelberg, D. B. (1996). The genus Sphingomonas: physiology and ecology. Curr. Opinion Biotech. 7, 301–306. doi: 10.1016/s0958-1669(96)80034-6

 Xu, L., Ge, C., Cui, Z., Li, J., and Fan, H. (1995). Bradyrhizobium liaoningense sp. nov., isolated from the root nodules of soybeans. Inter. J. Syst. Bacteriol. 45, 706–711. doi: 10.1099/00207713-45-4-706 

 Xu, Y., Liu, X., Han, X., Li, Z., Wang, S., He, X., et al. (1999). Effect of continuous soybean on growth and development and yield. Sci. Agric. Sinica 32, 64–68. doi: 10.3321/j.issn:0578-1752.1999.Z1.011 In Chinese

 Yang, W., Jing, X., Guan, Y., Zhai, C., Wang, T., Shi, D., et al. (2019). Response of fungal communities and co-occurrence network patterns to compost amendment in black soil of Northeast China. Front. Microbiol. 10:1562. doi: 10.3389/fmicb.2019.01562 

 Zhang, H., Shi, Y., Dong, Y., Lapen, D. R., Liu, J., and Chen, W. (2022). Subsoiling and conversion to conservation tillage enriched nitrogen cycling bacterial communities in sandy soils under long-term maize monoculture. Soil Till. Res. 215:105197. doi: 10.1016/j.still.2021.105197

 Zhu, Y., Shi, F., Zhang, R., and Wu, Y. (2014). Comparision of bacterial diversity in rotational and continuous oybean cropping soils in Heilongjiang. Acta Phytophylacica Sinica 41, 403–409. doi: 10.13802/j.cnki.zwbhxb.2014.04.001 In Chinese

 Zhu, L., Zeng, C., Li, Y., Yu, B., Gao, F., Wei, W., et al. (2017). The characteristic of bacterial community diversity in soybean field with continuous cropping based on the high-throughput sequencing. Soybean Sci. 36, 419–424. doi: 10.11861/j.issn.1000-9841.2017.03.0419 In Chinese








 


	
	
TYPE Original Research
PUBLISHED 10 January 2023
DOI 10.3389/fmicb.2022.1098952






Distribution characteristics of soil microbial communities and their responses to environmental factors in the sea buckthorn forest in the water-wind erosion crisscross region

Zhi-Yong Zhang1, Fang-Fang Qiang1, Guang-Quan Liu2, Chang-Hai Liu1 and Ning Ai1,2*


1College of Life Science, Yan'an University, Yan'an, Shaanxi, China

2China Institute of Water Resources and Hydropower Research, Beijing, China

[image: image2]

OPEN ACCESS

EDITED BY
 Bin Huang, Tobacco Research Institute, Chinese Academy of Agricultural Sciences, China

REVIEWED BY
 Yu Shi, Institute of Soil Science (CAS), China
 Xiangchao Cui, Xinyang Normal University, China

*CORRESPONDENCE
 Ning Ai, ✉ aining_office@126.com 

SPECIALTY SECTION
 This article was submitted to Terrestrial Microbiology, a section of the journal Frontiers in Microbiology

RECEIVED 15 November 2022
ACCEPTED 15 December 2022
PUBLISHED 10 January 2023

CITATION
 Zhang Z-Y, Qiang F-F, Liu G-Q, Liu C-H and Ai N (2023) Distribution characteristics of soil microbial communities and their responses to environmental factors in the sea buckthorn forest in the water-wind erosion crisscross region. Front. Microbiol. 13:1098952. doi: 10.3389/fmicb.2022.1098952

COPYRIGHT
 © 2023 Zhang, Qiang, Liu, Liu and Ai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Soil microorganisms are an important part of forest ecosystems, and their community structure and ecological adaptations are important for explaining soil material cycles in the fragile ecological areas. We used high-throughput sequencing technology to examine the species composition and diversity of soil bacterial and fungal communities in sea buckthorn forests at five sites in the water-wind erosion crisscross in northern Shaanxi (about 400 km long). The results are described as follows: (1) The soil bacterial community of the sea buckthorn forest in the study region was mainly dominated by Actinobacteria, Proteobacteria, and Acidobacteria, and the fungi community was mainly dominated by Ascomycota. (2) The coefficient of variation of alpha diversity of microbial communities was higher in the 0–10 cm soil layer than in the 10–20 cm soil layer. (3) Soil electrical conductivity (36.1%), available phosphorous (AP) (21.0%), available potassium (16.2%), total nitrogen (12.7%), and the meteorological factors average annual maximum temperature (33.3%) and average annual temperature (27.1%) were identified as the main drivers of structural changes in the bacterial community. Available potassium (39.4%), soil organic carbon (21.4%), available nitrogen (AN) (13.8%), and the meteorological factors average annual maximum wind speed (38.0%) and average annual temperature (26.8%) were identified as the main drivers of structural changes in the fungal community. The explanation rate of soil factors on changes in bacterial and fungal communities was 26.6 and 12.0%, respectively, whereas that of meteorological factors on changes in bacterial and fungal communities was 1.22 and 1.17%, respectively. The combined explanation rate of environmental factors (soil and meteorological factors) on bacterial and fungal communities was 72.2 and 86.6%, respectively. The results of the study offer valuable insights into the diversity of soil microbial communities in the water-wind erosion crisscross region and the mechanisms underlying their interaction with environmental factors.
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1. Introduction

Soil microorganisms are an important part of the forest ecosystem. Their community structure, biological activity, and physiological and ecological adaptations to environmental changes play an important role in the mineralization, humification, and nutrient cycle of soil; the conversion of soil organic compounds and nutrient release; and regulation of the functional diversity of soil (Dong et al., 2014; Liu et al., 2019; Nkongolo and Narendrula-Kotha, 2020). For example, r-selected microorganisms have high cellulose hydrolase activity and an abundance of simple carbohydrate degradation genes, whereas k-selected microorganisms prefer to utilize hard-to-degrade carbon fractions (Fierer et al., 2007). Microorganisms secrete indoleacetic acid analogs and gibberellins, which activate phosphorus and potassium in the soil and promote the mineralization of SOM (Wang et al., 2013; Zhang et al., 2014). Owing to the diversity of microorganisms, complementary, synergistic, redundant, and selective interactions among species can effectively enhance the ecosystem activity and the buffering capacity of soil against external disturbances (Xia et al., 2016). The adaptation of vegetation in arid and semiarid zones heavily relies on the response of soil microorganisms (Saetre and Stark, 2005; Mengual et al., 2014). Soil microorganisms control many processes in the soil ecosystem; therefore, an in-depth understanding of the composition and functional diversity of soil microorganisms is important for elucidating their important role in regulating key ecosystem processes and developing a healthy ecosystem (Griffiths et al., 2004).

The structure and diversity of soil microbial communities are affected by environmental gradients. Soil microorganisms have significant differential sensitivity to many environmental factors such as climate change, soil properties, and plant growth (Li et al., 2016; Wang et al., 2017; Yang et al., 2017; Zhang et al., 2018). Ecological factors exert additive and interactive effects on soil microorganisms by altering their nutrient requirements, community structure, and energy channels. Garcia-Pichel et al. (2013) reported that the distribution of the cyanobacterium Microcoleus vaginatus is mainly influenced by the temperature at the intercontinental scale. Xia et al. (2016) reported that the diversity of soil bacterial communities in typical forests in China was parabolic along the latitudinal belt and had regional similarities. Yuan et al. (2014) reported that soil bacterial communities at the soil depth of 1–5 cm in the south-facing slope of Nyainqentanglha Mountains, Central Tibetan Plateau, Qinghai-Tibet Plateau, were mainly influenced by precipitation and soil NH4+ concentration, whereas those at the soil depth of 5–20 cm are mainly influenced by pH. Differences among ecosystems and spatial scales are influenced by environmental factors and result in different geographic distribution patterns of soil microorganisms (Bardgett and van der Putten, 2014; Hu et al., 2019). Therefore, important environmental factors that influence the mechanisms underlying microbial diversity and maintenance in an ecosystem should be identified for examining the functions of soil microorganisms in the ecosystem and reducing uncertainties associated with ecosystem models.

The water-wind erosion crisscross region is located in the center of the Loess Plateau. The ecological environment of this region is fragile, and re-vegetation is the main way to restore the local ecosystem (Chen et al., 2021). After years of ecological engineering and vegetation restoration and reconstruction, the sea buckthorn forest has become one of the most widely distributed and used tree species in the ecological construction of the region. To date, studies have extensively reported on sea buckthorn forests in this region, mainly focusing on soil moisture characteristics (Jian et al., 2015; Gou and Zhu, 2021), soil and water conservation (Wu and Zhao, 2000), and soil quality (Cao et al., 2007; Zhang and Chen, 2007). Most studies had focused on small watersheds; however, little is known regarding the spatial heterogeneity of the composition of soil microbial communities in sea buckthorn forests at the scale of this sample zone. The study of the structure and diversity of soil microbial communities in this sample zone is beneficial for understanding the functions of aquatic ecosystems, wind erosion in ecotones, and the interaction between the environment and microorganisms. Therefore, we selected the water-wind erosion crisscross region in northern Shaanxi as the study region and the sea buckthorn forest in the study region as the study object to examine the structure and diversity of soil microbial communities in the forest and elucidate the relationship among soil, meteorological factors, and soil microorganisms. This study provides a theoretical basis for understanding the biodiversity protection in this region and a scientific basis and data support for promoting research into the ecological restoration effects and sustainable management of sea buckthorn plantations.



2. Materials and methods


2.1. Study area

The water-wind erosion crisscross region in northern Shaanxi was selected as the study region. The terrain is high in the northwest and low in the southeast. The basic landform types are loess tableland, ridge, hillock, and gully. The region has a semiarid temperate continental monsoon climate and four seasons and receives plenty of sunshine. The climate is changeable, the temperature difference is large, the precipitation is less, the distribution is not uniform, spring is windy and sandy, summer is rainy, and winter is cold and dry. The main soil types in the study region include loess and eolian sandy soils, which are weakly alkaline (pH ≈ 8.0). At present, vegetation in the study region is dominated by Robinia pseudoacacia L., Populus simonii Carr, Hippophae rhamnoides Linn., Caragana korshinskii Kom., Amorpha fruticosa Linn., Artemisia gmelinii, and other artificial vegetation communities.



2.2. Plot design and soil sampling

Based on preliminary forestry data and field survey, the water-wind erosion crisscross region (sample zone length of approximately 400 km) in Wuqi County (Wangwazi and Changcheng towns), Hengshan District, Yuyang District, and Shenmu City in northern Shaanxi Province was selected as the study region (Figure 1). Sea buckthorn plantations with similar site conditions and the same planting years were selected as study objects at each location. We set up three independent plots of 10 m × 10 m in the sea buckthorn forest area at each site. Plot information was recorded (Table 1), and samples were collected according to the five-point sampling method. The depth of soil sampling section was 20 cm. Surface litter was removed, each soil profile was divided into 2 layers vertically downward from the surface, i.e., 0–10 cm and 10–20 cm. A ring knife was used for sampling, and three samples were collected from each layer of the same section for determining the physical properties of the soil. Soil drills (disinfected with 75.0% alcohol before use) were used to collect soil samples. Soil samples from all sampling points of each plot were merged into one soil sample. Roots and stones were removed, and samples were divided into two parts as follows: one part was naturally air-dried and used for examining the physicochemical properties of soil, whereas the other part was stored at −80°C for microbial DNA analysis.
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FIGURE 1
 Schematic diagram of the study region.




TABLE 1 Basic information of the study region.
[image: Table1]



2.3. Determination of samples


2.3.1. Soil analysis

Bulk density (BD), total soil porosity (TCP), and capillary water-holding capacity (CWHC) were determined using standard methods (Institute of Soil Science; Chinese Academy of Sciences, 1978). The pH and electrical conductivity (EC) of soil were measured using a PHS-320 high-precision intelligent pH meter (soil and water ratio of 2.5:1) and a DDS-608 multifunctional conductivity meter (soil and water ratio of 5:1), respectively. The concentration of soil organic carbon (SOC) was determined using the dichromate oxidation method. The concentration of available nitrogen (AN) was determined using the alkaline hydrolysis-diffusion absorption method. The concentration of ammonium (NH4+) and nitrate (NO3−) was determined using the KCL (2 mol/L) extraction method. The concentration of available potassium (AK) was determined via extraction with NH4OAc and flame photometry. The concentration of available phosphorous (AP) was determined via extraction with 0.5-mol/L NaHCO3 and silica-molybdenum blue colorimetry. The concentration of total nitrogen (TN) and total phosphorus (TP) was determined using an automatic discontinuous chemical analyzer (CleverChem Anna, Germany; Bao, 2000).



2.3.2. Determination of microbial samples

Soil microbial samples were examined by Shanghai Personal Biotechnology Co., Ltd.1  The experimental process mainly included the following six aspects: (1) Total DNA extraction from the microbiome, DNA quantification (NanoDrop), and separation of DNA fragments via agarose gel electrophoresis (1.20% gels). (2) PCR amplification of target fragments using target sequences such as microbial ribosomal RNA or specific gene fragments that can reflect the composition and diversity of the target flora: Primers corresponding to the conserved regions in sequences were designed, sample-specific barcode sequences were added, and variable regions (single or consecutive multiple) of rRNA genes or specific gene fragments were amplified via PCR. (3) Recovery of amplification products via magnetic bead purification: Approximately 25 μl of the PCR product was mixed with 0.8 times the volume of magnetic beads (Vazyme VAHTSTM DNA Clean Beads). The mixture was shaken to suspend the product and allowed to adsorb on magnetic beads on a magnetic rack for 5 min. The supernatant was aspirated with a pipette gun, and 20 μl of 0.8 times the volume of a magnetic bead washing solution was added to the sample. The sample was shaken and allowed to adsorb on magnetic beads on a magnetic rack for 5 min. The supernatant was removed, and 200 μl of 80% ethanol was added. Adsorption was reversed on the magnetic rack, and the sample on the other side of the PCR tube was allowed to adsorb on magnetic beads. The supernatant was removed, and the sample was incubated at room temperature for 5 min to allow the alcohol to evaporate completely. After cracks were observed on the magnetic beads, 25 μl of the elution buffer was added to the sample, and the PCR tube was placed on the adsorption rack for 5 min until the sample was completely adsorbed. The supernatant was collected in a clean 1.5 mL centrifuge tube and stored until further use. (4) Quantification of the recovered amplification products via fluorescence analysis: The Quant-iT PicoGreen dsDNA Assay Kit and a microplate reader (BioTek, FLx800) were used for analysis. Based on the results of fluorescence quantification, each sample was mixed in the corresponding ratio according to the sequencing volume requirement of each sample. (5) Sequencing library preparation: The TruSeq Nano DNA LT Library Prep Kit (Illumina) was used to construct a sequencing library. (6) High-throughput sequencing: Libraries were checked on an Agilent Bioanalyzer using the Agilent High Sensitivity DNA Kit before sequencing. The libraries were quantified on a QuantiFluor fluorescence quantification system, and the qualified libraries (index sequences were not reproducible) were diluted in a gradient, mixed in the appropriate ratio according to the required sequencing volume, and denatured to single strands using NaOH.

The bacterial PCR primers were included 338F (‘ACTCCTACGGGAGGCAGCA’) and 806R (‘GGACTACHVGGGTWTCTAAT’), and the fungal PCR primers included ITS5F (‘GGAAGTAAAAGTCGTAACAAGG’) and ITS1R (‘GCTGCGTTCTTCATCGATGC’).



2.3.3. Meteorological data

The following six meteorological factors were examined: average annual temperature (AAT), average annual maximum temperature (AAMaxT), average annual minimum temperature (AAMinT), average annual precipitation (AAP), average annual sunshine hours (AARSHs), average annual relative humidity (AARH), average annual wind speed (AWS), and average annual maximum wind speed (MAX-WS). The data were extracted from the China Meteorological Data Network2 from 1970 to 2016.




2.4. Data processing and statistical analysis

The Excel 2016 software was used to preprocess data. The SPSS Statistics (version 22.0) software was used for one-way analysis of variance. One-way analysis of variance was used to compare the physical and chemical properties of soil among different groups (significant differences were determined at 95% confidence intervals). When significance was detected (p < 0.05), Duncan’s method was used for multiple comparisons. QIIME 2 (2019.4) was used to process the amplicon sequencing data, and DADA2 (Divisive amplicon denoising algorithm; Callahan et al., 2016) was used to perform quality control, denoising, splicing, and dechimerization of the original sequencing sequence to obtain the amplified sequence variant Amplicon sequence variant (ASV). The classify-sklearn (Bokulich et al., 2018) algorithm in feature-classifier (via q2-feature-classifier) was used to annotate a series of amplified sequence variants, and the unleveled ASV/OTU table was used to calculate the microbial α diversity index by calling the “qiime diversity alpha-rarefaction” command. The Canoco 5.0 software was used to perform redundancy analysis (RDA) between bacterial and fungal communities with a relative abundance of >1% and environmental factors. Variance partitioning analysis (VPA) was performed using the “Vegan” package of the R Software, and the Origin 2018 and ArcGis 10.3 software were used for mapping.




3. Results


3.1. Microecological environmental characteristics of sea buckthorn


3.1.1. Characteristics of soil properties

The soil collected from the study region was weakly alkaline, with pH values ranging from 7.51 to 8.44. pH values were higher in samples A and F. The physical and chemical properties of soil collected from different areas were significantly different (p < 0.05). TCP, CWHC, EC, and OC were highest in sample A, whereas the concentration of AN, AP, AK, and TN was highest in sample F. The soil texture of samples C, G, and D was poor, and most soil index values of various plots decreased with an increase in soil depth (Figure 2).
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FIGURE 2
 Different soil index characteristics. Different capital letters in the figure indicate that soil indices of the same soil layer differ significantly among different sites (p < 0.05).




3.1.2. Characteristics of meteorological factors

In the study region, AAP ranged from 367 to 405 mm; AARH ranged from 52.0 to 56.0%; AARSHs were > 2,500 h; and AAT, AAMaxT, and AAMinT were approximately 8.60°C, 29.0°C, and −14.0°C, respectively. AWS was approximately 2.30 m/s, and Max-WS ranged from 13.7 m/s to 16.8 m/s. Altogether, differences in AAP and Max-WS were significant among different locations (p < 0.05; Figure 3).
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FIGURE 3
 Meteorological distribution map of northern Shaanxi.





3.2. Characteristics of alpha diversity of soil microbial communities


3.2.1. Characteristics of alpha diversity of soil bacterial communities

At a soil depth of 0–10 cm, the Chao1 and Shannon indices of soil bacterial communities at different sites were different (C > D > A > G > F), and the Pielou’s evenness index ranged from 0.613 to 0.638 across different sites. At a soil depth of 10–20 cm, the Chao1 and Shannon indices of soil bacterial communities at different sites ranged from 4184.84 to 4584.65 and 7.82 to 7.95, respectively, with the index values being higher in samples D and G and lower in samples A and F (Figure 4).
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FIGURE 4
 Alpha diversity index of bacterial communities. AY, FY, CY, GY, and DY represent the 0–10 cm soil layer of plots A, F, C, G, and D, respectively; AE, FE, CE, GE, and DE represent the 10–20 cm soil layer of plots A, F, C, G, and D, respectively.


The Simpson index of soil bacterial communities did not change with an increase in soil depth and was approximately 0.699. The Chao1, Shannon, and Pielou’s evenness indices were higher in samples A, C, and D collected at a soil depth of 0–10 cm than in those collected at a soil depth of 10–20 cm. However, an opposite trend was observed for samples F and G. The coefficients of variation of the Chao1, Shannon, and Pielou’s evenness indices were higher among samples collected at a soil depth of 0–10 cm than among those collected at a soil depth of 10–20 cm (Figure 4).



3.2.2. Characteristics of alpha diversity of soil fungal communities

The alpha diversity indices of soil fungal communities were different at the same site. The Chao1, Simpson, Shannon, and Pielou’s evenness indices were highest in sample D and lowest in sample F at a soil depth of 0–10 cm and 10–20 cm. Except the Chao1 index, all index values increased with an increase in depth in samples A and G. However, the alpha diversity indices of samples C, D, and F decreased with an increase in depth. The coefficients of variation of the Chao1, Shannon, and Pielou’s indices were higher in soil samples collected at a depth of 0–10 cm than in those collected at a depth of 10–20 cm (Figure 5).
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FIGURE 5
 Alpha diversity index of fungal communities. AY, FY, CY, GY, and DY represent the 0–10 cm soil layer of plots A, F, C, G, and D, respectively; AE, FE, CE, GE, and DE represent the 10–20 cm soil layer of plots A, F, C, G, and D, respectively.





3.3. Structural composition of soil microbial communities


3.3.1. Structural composition of soil bacterial communities

The bacterial sequences read from each soil sample belonged to 36 phyla (Supplementary Table 2). At the phylum level, soil bacterial taxa in different locations were mainly dominated by Actinobacteria, Proteobacteria, and Acidobacteria, and the relative abundance of these bacterial groups was >10%. The relative abundance of Chloroflexi, Gemmatimonadetes, Bacteroidetes, and Verrucomicrobiota was >1%. The relative abundance of other bacterial groups was <1%, indicating that they were rare. Actinobacteria was the most dominant phylum at each site, and the composition of dominant bacterial communities (phylum level) was similar among different sites (Figure 6).
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FIGURE 6
 Horizontal composition of soil bacterial phyla.




3.3.2. Structural composition of soil fungal communities

The fungal sequences read from each soil sample belonged to 11 phyla (Supplementary Table 3). At the phylum level, the relative abundance of Ascomycota, Mortierellomycota, and Basidiomycota was >1%. Ascomycota was the most dominant phylum, whereas the relative abundance of other fungal groups was <1% (Figure 7).

[image: Figure 7]

FIGURE 7
 Horizontal composition of soil fungal phyla.





3.4. Correlation between soil microbial communities and environmental factors


3.4.1. Correlation between bacterial communities and environmental factors

The results of RDA showed that the soil-related factors EC (36.1%), AP (21.0%), AK (16.2%), and TN (12.7%) and the meteorological factors AAMaxT (33.3%) and AAT (27.1%) had a higher impact on changes in the structure of dominant bacterial communities at the phylum level (Monte Carlo replacement test, p < 0.01; Figures 8A,B). The Actinobacteria phylum was positively correlated with SOC, TN, AARH, and AAP. The Acidobacteria and Verrucomicrobia phyla were positively correlated with NO−3 and Max-WS. The Chloroflexi phylum was positively correlated with TN, EC, and AARH. The Gemmatimonadetes phylum was positively correlated with pH and AAMinT. The Proteobacteria phylum was negatively correlated with CWHC, TCP, pH, and AAMinT. The Bacteroidetes phylum was positively correlated with AARSH and AAMaxT (Figures 8A,B).
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FIGURE 8
 (A) Redundancy analysis of bacterial communities (phylum level) and soil factors. (B) Redundancy analysis of bacterial communities (phylum level) and meteorological factors. (C) Variation partitioning analysis of the distribution of bacterial communities (phylum level) explained by microecological environmental factors.


The results of VPA showed that soil-related and meteorological factors accounted for 26.6 and 1.22% of variations in the structure of soil bacterial communities, respectively. When combined, these factors accounted for 72.2% of variations in the structure of soil bacterial communities (phylum level; Figure 8C).



3.4.2. Correlation between fungal communities and environmental factors

The results of RDA showed that the soil factors AK (39.4%), SOC (21.4%), and AN (13.8%) and the meteorological factors Max-WS (38.0%) and AAT (26.8%) had a higher impact on changes in the structure of dominant fungal communities at the phylum level (Monte Carlo permutation test, p < 0.01; Figures 9A,B). The Mortierellomycota phylum was positively correlated with AK, AN, and AAP. The Basidiomycota phylum was positively correlated with NH4+, AAT, AWS, AAMaxT, and AARSH and negatively correlated with AAP and AARH. The Ascomycota phylum was positively correlated with SOC and negatively correlated with AAMinT (Figures 9A,B).
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FIGURE 9
 (A) Redundancy analysis of fungal communities (phylum level) and soil factors. (B) Redundancy analysis of fungal communities (phylum level) and meteorological factors. (C) Variation partitioning analysis of the distribution of fungal communities (phylum level) explained by microecological environmental factors.


The results of VPA showed that soil and meteorological factors accounted for 12.0 and 1.17% of variations in the fungal community structure, respectively. When combined, these factors accounted for 86.6% of variations in the fungal community structure (phylum level; Figure 9C).





4. Discussion


4.1. Analysis of the structure and diversity of soil microbial communities

Soil bacteria and fungi can rapidly and sensitively respond to environmental changes, and the evolution of their community (composition, quantity, and diversity) is an important indicator of their ecological function and the evolution of soil environmental quality. In this study, a total of 36 bacterial communities and 11 fungal communities (Figures 6, 7) were found in soil collected from different parts of the sea buckthorn forest in the study region. In the study region, dominant microbial communities were the same at different sites. The soil bacterial community was dominated by Actinobacteria, Proteobacteria, and Acidobacteria, whereas the fungal community was dominated by Ascomycota. These results are consistent with those of previous studies. These microbial communities are widely distributed in Qinling Mountains (Zhao et al., 2022), Xinjiang (Liu et al., 2020), the Qinghai-Tibet Plateau (Wang et al., 2020), Karst regions (Hu et al., 2020), South Africa (Gqozo et al., 2020), and the Arctic (Grau et al., 2017).

The ability of dominant microbial communities to tolerate ecological stress and promptly respond to resource pulses helps them to survive in arid ecological environments. Studies have shown that ecological amplitude largely controls the community structure and composition of soil microorganisms. Actinomycetes are highly tolerant and resistant to drought, heat, and radiation, as they produce spores and grow in a filamentous form, with high dispersal capacity. In addition, they are the main functional bacteria for degrading lignin and cellulose (Bhatti et al., 2017). Acidobacteria are involved in various soil ecological processes and play an important role in nitrate, nitrite, carbon monoxide, and iron redox cycling in soil. They can use different carbon substrates and degrade complex substrates such as xylan and hemicellulose (He et al., 2009), and their photosynthetic and oligotrophic characteristics help them to survive in extreme environments such as drought and contaminated environments. Sul et al. (2013) reported that Acidophilus and Actinomycetes can survive in habitats with very low organic carbon content. Proteobacteria are the most abundant phyla in the bacterial domain, and Proteobacteria are the main functional bacteria for the transformation of organic matter. Proteobacteria include α-Proteobacteria, β-Proteobacteria, and δ-Proteobacteria and can decompose organic matter to produce nutrients such as ammonia and methane during nitrogen, phosphorus, and other nutrient cycles. Maintenance of soil fertility is important (Dedysh et al., 2004; Lv et al., 2014). Egidi et al. (2019) reported that fungi such as Ascomycota dominate soil fungal communities in most regions of the world and have a wide ecological niche. Ascomycota can decompose plant and animal residues and release bioavailable nutrient elements to promote soil nutrient cycling; improve soil quality; and enhance the colonization, growth, and development of desert plants (Zhou et al., 2021). Sea buckthorn bushes can effectively aggregate soil microorganisms and provide a living space for microbial survival. In addition, the diverse lifestyles of saprophytic, symbiotic, and parasitic fungi provide good stress resistance for surviving in arid and fragile environments. The arid climate and the high intensity of solar radiation in this study area led to the special ecological environment such as poor soil. In addition, the particularity of activities such as the living and reproductive mode of dominant bacteria makes the microorganisms and the environment show a good relationship.



4.2. Analysis of the relationship between microbial communities and environmental factors

The microbial community niche is defined by the interaction between environmental factors such as soil-related and meteorological factors, which, in turn, affects the structural composition and diversity of the microbial community. In this study, soil-related and meteorological factors were found to have a significant impact on changes in the composition of microbial communities (relative abundance of >1%) to a greater extent. However, compared with soil-related factors, meteorological factors had a lower impact on fungal and bacterial communities, which may be because the climate of the study region was the same throughout the study, and the spatial heterogeneity of meteorological factors among different sites was low. Zeng et al. (2019) reported that soil-related and meteorological factors highly influence the changes in bacterial communities. However, when they analyzed factors driving the changes in bacterial communities along multiple environmental gradients in the east–west 800 km transect of the Loess Plateau, they found that soil-related factors had a higher impact on bacterial communities. Another study revealed that meteorological factors control the geographical and spatial distribution patterns of microorganisms in a large-scale space. Zheng et al. (2020) found that the beta diversity of bacterial communities in China is significantly associated with the climatic zone pattern from 21.6°N to 50.8°N, and the annual average temperature and annual precipitation are important factors affecting the beta diversity of soil bacteria. Yang and Wu (2020) reported that the Shannon and Simpson indices of soil bacteria in subtropical and cold temperate zones were higher than those in warm temperate and mid-temperate zones.

In this study, soil-related factors such as EC, AP, AK, and TN and meteorological factors such as AAMaxT and AAT had a higher impact on changes in the structure of bacterial communities (relative abundance of >1%; Figure 8). In addition, AK, OC, AN, Max-WS, and AAT had a greater impact on changes in the structure of fungal communities (Figure 9). In the water-wind erosion crisscross region, environmental factors such as soil and meteorological characteristics control the structure of microbial communities through selection or determination (Raes and Bork, 2008). The soil in the study region has been in an alkaline environment for a long time. Soil EC reflects the clay, salt content, and mineral content of the soil to a certain extent; characterizes living conditions such as water and air required for the survival of microorganisms (Torsvik and Øvreås, 2002); and affects the distribution and activity of microorganisms in the soil. Negassa et al. (2015) found that cellulolytic bacteria such as Proteobacteria, Actinomycetes, and Firmicutes mainly exist in large pores, whereas Acidobacteria exist in small pores. The activity of microorganisms can be altered by altering the soil pore structure, which affects the microenvironment of their survival (Helliwell et al., 2014). The degree of soil salinization has potential negative effects on the composition and diversity of soil bacterial communities (Uddin et al., 2019). Vegetation provides carbon, nitrogen, and other substances to the soil through litter and root exudates. The spatial distribution of soil carbon, nitrogen, phosphorus, potassium, and other elements in different soil layers is an important reason for variations in microbial diversity. The availability of soil nutrients is an important limiting factor for the activity and composition of microbial communities (Chen et al., 2015; Zhao et al., 2016). Phosphorus can limit the utilization of carbon by microorganisms (Demoling et al., 2007; Esberg et al., 2010) and alter the abundance and structure of soil bacterial communities (Estrada-Bonilla et al., 2017). In addition, phosphorus-solubilizing microbes in the soil can secrete organic acids, phosphatases, and other substances; promote the activation of phosphorus in soil; alter the soil phosphorus form; and improve the availability of phosphorus (Yousefi et al., 2011; Srinivasan et al., 2012; Li et al., 2020). Liu et al. (2020b) and Wei et al. (2016) found that phosphate-solubilizing bacteria can decompose residual phosphorus and HCl-Pi in soil, thus increasing the content of phosphorus (NaOH-Pi and NaOH-Po) in soil. Nitrogen and potassium have significant effects on bacterial and fungal communities. Deng et al. (2020) reported that total carbon, TN, TP, AP, AN, and AK in soil were important factors affecting the microbial community in different types of vegetation in open-pit iron ore mining areas. Liu et al. (2020a) found that BD, soluble carbon, TN, and plant abundance had a greater impact on the microbial community during long-term secondary succession. Liu et al. (2015) reported that the carbon content of soil drives the biogeographical distribution of fungal communities in the black soil region of Northeast China. These results are consistent with those of the present study. In addition, although the impact of SOC on the overall changes in bacterial communities in this study was low, related studies have shown that SOC provides energy and carbon for microbial activity. In this study, SOC was positively correlated with Actinomycetes. Proteobacteria and Actinomycetes are correlated with dissimilatory nitrate reduction, denitrification, and nitrification pathways in soil and act as the main CO2 fixers, thus playing an important role in promoting soil carbon and nitrogen cycling and improving the stability of the ecosystem. You et al. (2014) reported that the relative abundance of Gram-negative bacteria, saprophytic fungi, and Actinomycetes is significantly associated with variations in the specific activity of soil enzymes involved in SOC transformation or turnover.

Owing to global climate change, soil microbial communities may passively respond to climate changes such as global warming, resulting in community succession differentiation (Guo et al., 2018). In this study, wind speed and temperature had significant effects on changes in microbial communities (Figures 8, 9). Wind erosion is the main natural force of soil erosion in the water-wind erosion crisscross region and can affect the living space of microbial communities through weathering. The stronger temperature variability in the study region results in higher physiological stress on microorganisms (Van Gestel et al., 2011), affecting their metabolic rate and diversity (Hendershot et al., 2017). Active organic carbon can be rapidly decomposed by microorganisms under warm conditions (Allison et al., 2010). Exogenous carbon input can increase the abundance of soil microorganisms, and increased temperature can accelerate the respiration rate and accumulation of soil microorganisms. Studies have suggested that global warming may increase nutrient competition between plant roots and microorganisms by promoting crop growth, favoring nutrient uptake by plants, and leading to a scarcity of nutrients required for the survival of soil microbes, thus limiting microbial growth (Hu et al., 2001). Frindte et al. (2019) examined soil microbial communities in the Arctic-alpine region and found that temperature and moisture were the driving factors controlling changes in local microbial communities. In addition, Shi et al. (2020) reported that interannual fluctuations in the mean annual precipitation and temperature were significantly associated with age-related changes in the structure of soil bacterial and fungal communities in the Tibetan Plateau.




5. Conclusion

The bacterial community is dominated by Actinobacteria, Proteobacteria, and Acidobacteria, whereas the fungal community is dominated by Ascomycota in the soil of sea buckthorn forests in the water-wind erosion crisscross region in northern Shaanxi. Soil-related factors such as EC, AP, AK, and TN and meteorological factors such as AAMaxT and AAT were the main drivers of structural changes in the dominant bacterial communities, whereas AK, SOC, AN, Max-WS, and AAT were the main drivers of structural changes in the dominant fungal communities. Compared with meteorological factors, soil-related factors had a greater impact on microbial communities. This study offers valuable insights into the diversity of soil microbial communities in the water-wind erosion crisscross region and the mechanisms underlying the interaction between them and environmental factors.
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Introduction: Soil fumigant dazomet is a broad-spectrum nematicide and fungicide that can kill non-target microbes. Fungicides or organic fertilizers are often added after fumigation to improve the recovery of soil microbes. However, the effect of adding microbial organic fertilizers (MOF) after fumigation on the structure and function of rhizosphere soil microbial communities of crops is unclear.

Methods: Therefore, we investigated the effects of adding Junweinong and Junlisu MOFs after dazomet fumigation on the structure and function of rhizosphere microbial communities and its relationship with soil properties and enzyme activities.

Results and discussion: The results showed that the addition of these two MOFs after dazomet fumigation significantly reduced the rhizosphere soil available phosphorus, available potassium, organic matter content, and urease, alkaline phosphatase, and catalase activities, but increased the soil pH compared with the fumigation treatment. The application of MOFs after fumigation resulted in significant enrichment of bacteria such as Gaiella, norank_f_Vicinamibacteraceae, and Flavisolibacter and fungi such as Peroneutypa, Olpidium, and Microascus in the rhizosphere soil of the crop and increased the relative abundance of functional genes of 13 kinds of amino acids metabolism, pyruvate metabolism, TCA cycle, and pentose phosphate pathway as well as endophytic and epiphytic functional groups in the rhizosphere soil. In particular, NH4+-N, pH, and AK had the greatest effect on rhizosphere microorganisms. Overall, the addition of MOFs after fumigation promoted crop root nutrient uptake, enhanced rhizosphere soil microbial metabolism, allowed more beneficial communities to colonize the roots, and promoted soil microbiological health.
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1. Introduction

With the improvement of agricultural modernization, intensive production, characterized by monoculture planting of crop types and high replanting index, has gradually become the mainstream agricultural production model, which has led to the frequent occurrence of soil-borne diseases, causing serious effects on crop yield and quality, and has now become an important bottleneck limiting sustainable agricultural development (Harrier and Watson, 2004; Haas and Défago, 2005; Piotr et al., 2014). Crop succession leads to continuous accumulation of pathogens in soil; for example, eggplant crop succession leads to severe occurrence of bacterial wilt (Wu et al., 2020) and blight (Bogoescu et al., 2014), watermelon crop succession leads to severe occurrence of wilt (Karki et al., 2021), and ginger crop succession can lead to severe ginger plague (Yan et al., 2021). This not only breaks the soil nutrient balance but also deteriorates the soil biological traits, which eventually results in the collapse of the soil microcosm and causes serious harm to crop yield and environmental safety (Bron et al., 2011; Roeland et al., 2012).

Pesticide spraying to control soil-borne diseases of crops only kills one or a few target pathogens, and the pathogens tend to develop resistance with an increasing number of applications (Fernando, 2006; Massi et al., 2021). Currently, pre-plant application of soil fumigants is one of the most convenient methods to control soil-borne root diseases. Li et al. (2023) found that dazomet (DZ) fumigation was 93.33 and 89.62% effective against Fusarium and Phytophthora, respectively, and the yield of strawberry was twice as high after fumigation. Cheng et al. (2021) found that 1,3-dichloropropene fumigation was effective against Fusarium and Phytophthora, and significantly increased the yield of early harvested tomato by 29.1%. Fang et al. (2022) found that chloropicrin fumigation was effective against Fusarium solani, with 100% inhibition of its mycelial growth at 1.2 and 2.4 μg/L, and significantly inhibited its respiration and reduced CO2 emissions (30 and 50%). However, the commercially available fumigants are broad-spectrum and non-targeted, and they kill soil pathogens while being toxic and inhibitory to beneficial soil microorganisms (Gwenaël and Stéphane, 2012).

The using of biocontrol agent or organic fertilizer after fumigation can eliminate the negative effects of fumigants by promoting soil microcosm recovery and improving soil texture, which has become a hot research topic in this field. The application of chicken manure after chloropicrin fumigation reduced the inhibition time of soil fungi and bacteria by the fumigant (Zhang et al., 2021), and the application of silica fertilizer after DZ fumigation increased the nutrient of soil and promoted the recovery of beneficial microorganisms (Li et al., 2022). Cheng et al. (2021) found that the application of Trichoderma, Bacillus, or potassium humate after 1,3-dichloropropene fumigation could increase the diversity of soil microbes and promote the recovery of microbial communities. The addition of biocontrol agent or organic fertilizer after fumigation promoted the recovery of soil microbial community structure and increased soil fertility, but the effect of microbial organic fertilizer (MOF) application after fumigation on the function of rhizosphere soil bacterial and fungal communities is unclear.

Microbial organic fertilizers is a type of fertilizer with both microbial fertilizer and organic fertilizer effect, which is compounded from specific functional microbes and organic materials mainly from plant and animal wastes (animal and poultry manure, crop straw, and brewing residues) as the source and by harmless treatment and maturation. Because of its complete decomposition, the mortality rate of insect eggs reaches more than 95%. At the same time, MOF functional bacteria are more likely to survive when applied to the soil compared with biocontrol agents. The MOFs Junweinong and Junlisu used in this study contain various strains of biocontrol and growth-promoting strains, and are prepared by solid co-fermentation with seaweed polysaccharides, bacterial bran, and biochar, which can effectively promote the colonization of beneficial microbes in soil. Seaweed polysaccharide is a multi-component mixture of marine origin, which has the function of water retention and moisturization, and can improve the colonization of beneficial microbes. Seaweed polysaccharides can improve the health of intestinal microbes by stimulating the growth of beneficial bacteria and inhibiting the proliferation of pathogenic bacteria, thereby rebuilding the intestinal microorganisms of mice (Zhang et al., 2018; You et al., 2020).

This study was aim to investigate the effects of Junweinong and Junlisu MOFs applied after dazomet fumigation on soil properties, enzyme activities, disease control, and tobacco yield, and analyze the structure and function of soil fungal and bacterial communities, as well as the main factors affecting soil microbial communities. The results of this study are important for addressing the recovery or reestablishment of rhizosphere soil non-target microbes after fumigation and promoting soil microbial health.



2. Materials and methods


2.1. Field experiment design

In July 2021, the test of dazomet fumigation and MOFs application was performed in a tobacco field in Weng’an, Guizhou (27.078472° N, 107.471555° E). The soil was first rototilled to make the soil particles fine and uniform. Subsequently, the recommended dose of dazomet mixed with soil was evenly spread on the field, and the soil was rototilled and watered to raise the soil moisture content to 40%, and then immediately covered with a polyethylene sheet. After 20 days of fumigation, the polyethylene sheet was removed for open air. After 10 days of open air, the tobacco fields were tilled, and Junweinong and Junlisu MOFs were applied to the fumigated soil at the recommended doses (1200 kg hm–1), followed by transplanting of tobacco seedlings. There were four treatments: (1) CK: control or no treatment; (2) DZ: fumigation with 300 kg hm–1 dazomet only; (3) DZF1: 300 kg hm–1 dazomet fumigation followed by 1,200 kg hm–1 Junweinong MOF; and (4) DZF2: 300 kg hm–1 dazomet fumigation followed by 1,200 kg hm–1 Junlisu MOF. These four treatments were set up as randomized group trials. Each treatment was replicated three times, and each treatment plot was 200 m2.



2.2. Soil sample collection

After 2 months of treatment with organic fertilizer application, each treatment area was sampled by the five-point sampling method, and three soil samples were selected near each sample point. The soil surface was first swept to remove debris such as leaves and gravel, and then soil samples were dug at 5–20 cm using a sterile shovel. A total of 45 sample points were taken for each treatment: every nine were combined, with five replicates of soil samples for each treatment. The resulting soil samples were removed gravel and plant residues and divided into two parts, one stored at −80°C for soil microbiological analysis, and the other air-dried for analysis of soil properties and enzyme activity detection.



2.3. Determination of soil physicochemical properties

Soil ammonium and nitrate nitrogen were extracted by KCl solution. Ammonium nitrogen can react with phenol to form blue indophenol dye, and nitrate nitrogen can react with N(1-naphthyl)-ethylenediamine hydrochloride to form red dye, both of which have maximum absorption at 630 and 543 nm, respectively (Page, 1983). Soil available phosphorus (AP) was extracted using sodium bicarbonate leachate and measured by the air fragment continuous flow analysis technique (Olsen, 1954). Soil available potassium (AK) was extracted with a neutral 1 mol/L ammonium acetate solution and determined using a flame photometer (Model 410 Flame Photometer, Sherwood Scientific Ltd., Cambridge, UK). Soil organic matter (SOM) content was determined using the potassium dichromate oxidation-volume method (Franz et al., 1996). Soil pH was measured using a precision pure water pH meter (Shanghai San-Xin Instruments Co., Ltd., Shanghai, China). Electrical conductivity (EC) was measured with an MP513 conductivity meter (Shanghai San-Xin Instruments Co., Ltd., Shanghai, China) using a 1:2.5 soil/water suspension. Soil water content was measured using the dry weight difference method.



2.4. Determination of soil enzyme activities

Soil alkaline phosphatase (ALP) activity was determined by the colorimetric method using the soil ALP activity assay kit and phenylphosphonic acid disodium salt dihydrate (Liang et al., 2017). Soil catalase (CAT) activity was determined by the ultraviolet (UV) absorption method using the CAT activity assay kit (Geng et al., 2017). Soil urease (UE) activity was determined by the Berthelot colorimetric method using the UE activity assay kit (Singh and Kumar, 2008). The absorbance values of ALP, CAT, and UE at 660, 240, and 630 nm, respectively, were measured using an UV-visible spectrophotometer (UV-5100B; Shanghai Yuanxi Instruments Co., Ltd., Shanghai, China) to reflect the respective enzyme activities. All kits were purchased from Beijing Box Biotechnology Co., Ltd., China.



2.5. Soil DNA extraction and PCR amplification

Total gDNA was extracted from each soil sample using the DNeasy PowerSoil Kit (100) Isolation Kit (QIAGEN Co., Ltd., Düsseldorf, Germany), and each sample was extracted three times and combined into one sample to ensure soil representativeness and sufficient DNA amounts for sequencing. The mass and concentration of extracted DNA were determined using 2% agarose gel electrophoresis and NanoPhotometer N50 Touch (Implen GmbH, Munich, Germany).

The V3–V4 region of the bacterial 16S rRNA gene was amplified using the universal primers 338F (5′-ACTCCTACGGGAGCAGCAG-3′) and 806R (5′-GGAC-TACHVGGGTWTCTAAT-3′) (Nan et al., 2016). To amplify the internal transcribed spacer region (ITS) of fungi, universal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) were used (Rachel et al., 2013). The PCR system consisted of the 5 × FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, FastPfu polymerase 0.4 μL, BSA 0.2 μL, template DNA 10 ng, and finally ddH2O was added to reach 20 μL. The procedure for the PCR reaction was as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s; annealing at 55°C for 30 s; extension at 72°C for 45 s; a single extension at 72°C for 10 min; and ending at 4°C. PCR products were extracted from 2% agarose gels according to the manufacturer’s instructions, purified using the AxyPrep DNA Gel Extraction Kit (Axygen Bioscience Inc., Silicon Valley, USA), and quantified using the Quantitative Analyzer Fluorometer (Promega, Madison, WI, USA).



2.6. Sequence processing

The original data were sequence spliced using FLASH (v.1.2.11), and the original sequences were quality controlled using Quantitative Insights into Microbial Ecology (QIIME; v.1.9.1). Chimeric sequences were detected and removed according to the UCHIME algorithm. Using Uparse (v.11), the obtained high-quality sequences were clustered with operational taxonomic units (OTUs) at a similarity threshold of ≥97% (Edgar et al., 2011). The Silva (v.138) database based on the Mothur algorithm was used for bacteria, and the Unite (v.8.0) database based on the BLAST algorithm was used for fungi. Species annotation of bacterial and fungal sequences was performed using representative sequences of bacterial and fungal OTUs, respectively (Wang et al., 2007). The OTU abundance was homogenized in the number of sequences from the sample with the least number of sequences, and subsequent diversity analyses were performed based on the standardized OTU abundance data obtained here.



2.7. Bioinformatics analysis

The α-diversity of fungal communities was analyzed by the Chao and Shannon indices using Mothur (v.1.30.0) software (Schloss et al., 2009). Chao indices were used to characterize microbial community richness, while Shannon indices were used to describe microbial community diversity. Redundancy analysis (RDA) was performed using the “vegan” R (v.3.3.1) package, and principal coordinate analysis (PCoA) was performed using direct mapping based on Euclidean distances. Linear discriminant analysis effect size (LEfSe) analysis (LDA ≥ 2) was performed to discriminate samples linearly according to different classification methods (Segata et al., 2011). Species with significant differences in sample classification were identified using linear discriminant analysis (LDA). The “pheatmap” and “vegan” packages were used to generate heatmaps and statistical correlations (Kolde, 2015). Statistical analyses were performed using SPSS v.25 (SPSS Inc., Chicago, USA). Changes in soil properties and enzyme activities were analyzed by analysis of variance and Duncan’s new multiple range test. Visualization plots for environmental factor correlation analysis were drawn using R software. OriginPro 2018 (OriginLab Corp., Massachusetts, USA), and Adobe Illustrator CC2019 (Adobe Systems Inc., California, USA) software were used for plotting.




3. Results and analysis


3.1. Changes in soil physicochemical properties

Compared with CK, the AP, AK, and SOM contents of each treatment were significantly reduced and differed among the DZ, DZF1, and DZF2 treatments, with the AP, AK, and SOM contents significantly higher after the DZ treatment than after DZF1 and DZF2 treatments. Soil pH of the CK treatment was significantly lower than that of the three treatments, the highest of which was the DZF1, indicating that fumigation could improve soil pH and alleviate soil acidification. Soil ammonium nitrogen content was the highest in the CK and not significantly higher than the DZF2 treatment, but both CK and DZF2 were significantly higher than the DZF1 treatment. Soil nitrate nitrogen content was the highest in the DZ treatment and significantly higher than any other treatment, the lowest of which was the DZF2. Soil EC was the highest in the CK and the lowest in the DZF1 (Table 1).


TABLE 1    Soil physicochemical properties for different treatments.
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3.2. Changes in soil enzyme activities

The DZF2 treatment significantly reduced soil UE activity (14.19%) and increased soil ALP activity (14.05%) compared with the control (Figure 1). Compared with the control, the DZF1 treatment significantly increased soil CAT activity (19.57%) and significantly decreased soil ALP activity (6.97%), although it did not significantly change soil UE activity. Compared with the control, the DZ treatment significantly increased soil UE, ALP, and CAT activities (10.10, 69.57, and 48.99%), which were also significantly higher than the DZF1 and DZF2 treatments.
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FIGURE 1
Activities of three soil enzymes after different treatments. (A) Soil urease activity; (B) Soil alkaline phosphatase activity; (C) Soil catalase activity. CK, no treatment; DZ, fumigation with 300 kg hm–1 dazomet; DZF1, 300 kg hm–1 dazomet fumigation followed by 1,200 kg hm–1 Junweinong MOF; DZF2, 300 kg hm–1 dazomet fumigation followed by 1,200 kg hm–1 Junlisu MOF. The error bars represent the standard errors.




3.3. Changes in diversity of soil microorganisms

Compared with the CK, the Shannon index of the bacterial community was significantly higher in both DZ and DZF1 treatments, among which the DZ reached the highest (Figure 2A), and the Chao1 index of the bacterial community was significantly higher in both DZ and DZF2, among which the DZF2 was the highest and was also significantly higher than the DZ (Figure 2C), indicating that Junlisu MOF could contribute to the increase in bacterial diversity after fumigation. The DZ had the lowest Shannon and Chao1 indices (Figures 2B, D), indicating that fumigation reduced the diversity and abundance of soil fungi. Compared with fumigation alone, DZF2 significantly increased the Shannon and Chao1 indices of the fungal community, indicating that the application of Junlisu MOF after fumigation helped to promote the diversity and abundance of soil fungi after fumigation.
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FIGURE 2
Changes in α-diversity of soil microorganisms. (A) Shannon index of soil bacteria; (B) Shannon index of soil fungi; (C) Chao1 index of soil bacteria; (D) Chao1 index of soil fungi. The error bars represent the standard errors. “*” Represents a significant difference at p < 0.05, “**” represents a significant difference at p < 0.01.


The PCoA results showed that treatments with MOFs (DZF1 and DZF2) applied after fumigation, fumigation alone (DZ), and CK were distributed in different quadrants, and the different treatments were separated by PC1 and PC2 axes. The contribution of PC1 and PC2 to the difference in microbial composition between treatments was 44.23/17.14% (bacteria) and 35.33/28.59% (fungi) (Figures 3A, B). The treatments for bacteria and fungi could be clearly separated from CK by the PC1 axis, and although DZF1 and DZF2 were close to DZ on the PC1 axis, they could be clearly separated by the PC2 axis, indicating that the application of Junweinong and Junlisu MOFs after dazomet fumigation could change the microbial community affected by dazomet fumigation.
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FIGURE 3
Changes in β-diversity of soil microorganisms. (A) Principal coordinate analysis (PCoA) of soil bacteria; (B) PCoA of soil fungi.




3.4. Analysis of soil microbial composition

The Cricos plot results showed that the composition of the dominant species in the different samples was similar. In the CK, DZ, DZF1, and DZF2 treatments, the dominant bacterial phyla were Actinobacteriota (22.67, 26.01, 24.62, and 26.70%) and Proteobacteria (32.36, 20.06, 22.40, and 25.19%), followed by Chloroflexi (10.71, 35.47, 28.47, and 25.34%), Bacteroidota (41.97, 19.87, 20.39, and 17.77%), Acidobacteriota (13.17, 33.15, 31.11, and 22.57%). The dominant fungal phylum was Ascomycota (24.25, 26.20, 24.51, and 25.04%), followed by Basidiomycota (43.18, 7.91, 11.58, and 37.33%), Mortierellomycota (25.02, 5.11, 45.30, and 16.51%), unclassified_k_Fungi (36.05, 3.93, 26.33, and 16.22%), and Olpidiomycota (0.20, 5.22, 93.46, and 1.11%) (Figures 4A, B).
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FIGURE 4
Analysis of soil microbial composition. (A) Circos analysis of soil bacteria; (B) Circos analysis of soil fungi; (C) Heatmap of the soil bacterial community; (D) Heatmap of the soil fungal community.


Figures 4C, D shows the changes in soil microorganisms at the genus level for all treatments. The top five soil bacteria at the genus level were unclassified_f_Micrococcaceae, Streptomycs, Nocardiodes, Stenotrophomonas, and Allorhizobium-Neorhizobium-Parararhizobium-Rhizobium, and the fumigation treatment increased the relative abundance of Gaiella, norank_f_Vicinamibacteraceae, and Flavisolibacter and decreased the relative abundance of Stenotrophomonas compared with CK (Figures 4A, C). The top five soil fungi at the genus level were Haematonectria, Chaetomium, Fusarium, Neocosmospora, and unclassified_f_Nectriaceae, and the fumigation treatment increased the relative abundance of Peroneutypa, Olpidium, and Microascus compared with CK (Figures 4B, D).



3.5. Differences in soil microbial community at genus level in different treatments

Figure 5 shows the differences in microbial communities from the phylum to genus level between different MOFs applied after fumigation and fumigation alone. In the soil bacterial community, Patescibacteria was enriched in the DZ compared with the DZF1 treatment, while Sphingomonadales, Micropepsales, Gaiellales, Gemmatimonadales, C0119, Solibacterales, Acidobacteriales, Ktedonobacterales, and Bryobacterales were significantly enriched in the DZF1 treatment at the class level, and Sphingomonas, Gemmatimonas, Bradyrhizobium, Mucilaginibacter, Jatrophihabitans, Noviherbaspirillum, Tellurimicrobium, Dyella, Kribbella, and Bryobacter were significantly enriched in the DZF1 treatment at the genus level (Figure 5A). Compared with DZF2, Chloroflexi, Acidobacteria, and Gemmatimonadota were enriched in DZ, while Pseudonocardiales, Corynebacteriales, Micropepsales, Ktedonobacterales, and Acidobacteriales were significantly enriched in the DZF2 treatment at the class level. Amycolatopsis, Sphingobium, Chryseobacterium, Sphingomonas, Bradyrhizobium, Mycobacterium, Mesorhizobium, Rhodococcus, Pseudonocardia, and Methylobacterium-Methylorubrum were significantly enriched in the DZF2 treatment at the genus level (Figure 5B). In the soil fungal community, Hypocreales and Pyxidiophorales were enriched in the DZ treatment compared with the DZF1 treatment. Glomerellales, Eurotiales, Microascales, Pleosporales, Mortierellales, Thelebolales, Saccharomycetales, Capnodiales, and Cystofilobasidiales were significantly enriched in the DZF1 treatment at the class level compared with the DZ treatment, and Aspergillus, Fusarium, Plectosphaerella, Gibellulopsis, Microascus, Mortierella, Latorua, Pseudogymnoascus, Paraphoma, Didymella, Cladosporium, Tausonia, Penicillium, and Epicoccum were significantly enriched in the DZF1 treatment at the genus level (Figure 5C). Ascomycota significantly enriched in DZ treatment and Basidiomycota significantly enriched in DZF2, and Xylariales, Eurotiales, Cantharellales, Glomerellales, Pleosporales, Agaricales, Mortierellales, and Thelebolales were significantly enriched in the DZF2 treatment at the class level (Figure 5D).
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FIGURE 5
Linear discriminant analysis effect size (LEfSe) of soil microorganisms. (A) LEfSe of soil bacteria between DZ and DZF1; (B) LEfSe of soil bacteria between DZ and DZF2; (C) LEfSe of soil fungi between DZ and DZF1; (D) LEfSe of soil fungi between DZ and DZF2.




3.6. Correlation analysis of soil properties and enzyme activities with microorganisms

We analyzed the correlation between soil physicochemical properties and enzyme activities with microbial communities by RDA. 52.75/14.90% and 55.64/21.36% were explained by RDA1 and RDA2 axes for soil bacteria and fungi, respectively (Figures 6A, B). In the soil bacterial community, the most and least affected were AK and ALP, respectively. In the soil fungal community, the most and least affected were NH4+-N and ALP, respectively. Overall, there was a positive correlation between NH4+-N, EZ, AK, OC, and AP, and a positive correlation between pH, ALP, CAT, and UE for both soil bacteria and soil fungi, but there was a negative correlation between these two treatments. The soil bacterial community was positively correlated with the CK and negatively correlated with the DZ, DZF1, and DZF2, while the soil fungal community was just the opposite. Therefore, MOF application after fumigation could change soil pH, thereby increasing soil enzyme activities and improving the soil.


[image: image]

FIGURE 6
Correlation analysis of soil physicochemical properties and enzyme activities with microorganisms. (A) Redundancy analysis (RDA) of soil physicochemical properties and enzyme activities with soil bacteria; (B) RDA of soil physicochemical properties and enzyme activities with soil fungi; (C) Heatmap analysis of correlation of soil physicochemical properties and enzyme activities with soil bacteria; (D) Heatmap analysis of correlation of soil physicochemical properties and enzyme activities with soil fungi. ALP, alkaline phosphatase; UE, urease; CAT, catalase; NH4+-N, ammonium nitrogen; NO3–-N, nitrate nitrogen; EC, electrical conductance. “*” Represents a significant difference at p < 0.05; “**” represents a significant difference at p < 0.01; “***” represents a significant difference at p < 0.001.


Correlation heatmaps were used to assess correlations between soil physicochemical properties and enzyme activities with microorganisms at the genus level (Figures 6C, D). AK showed significant positive correlations with Microbacterium, Flavobacterium, Achromobacter, Stenotrophomonas, Pseudomonas, Nectriaceae, and Pyxidiophorales and negative correlations with Gemmatimonas, Microascus, and Sordariales. pH showed significant positive correlations with Gemmatimonadaceae, Lysobacter, Gemmatimonas, Intrasporangiaceae, Vicinamibacterales, Gaiellales, Microascus, Chaetomium, Olpidium, and Mortierellomycota and negative correlations with Microbacterium, Flavobacterium, Stenotrophomonas, Pseudomonas, Amycolatopsis, Streptomyces, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Mycobacterium, Rhodococcus, Acrocalymma, Nectriaceae, Alternaria, Psathyrella, and Pyxidiophorales. On the whole, the correlations of pH, ALP, CAT, and UE with the same soil microorganisms had similarities, unlike other soil physicochemical properties, which were also consistent with the RDA results.



3.7. Prediction analysis of functional genes of microbial metabolic pathways

The functions of soil bacteria were studied using the KEGG database. KEGG functions are classified into six major categories at level 1, of which we studied the top five functions, namely: metabolism (52.26–52.99%), genetic information processing (14.67–15.01%), environmental information processing (14.28–14.74%), cellular processes (3.36–3.48%), and organismal systems (0.84–0.86%) (Figure 7A). The main pathways of KEGG at level 2 in this study were membrane transport (13.94–14.46%), amino acid metabolism (13.05–13.20%), carbohydrate metabolism (12.38–12.65%), replication and repair (7.53–7.68%), and energy metabolism (6.20–6.44%) (Figure 7B). Compared with the control, the correlation abundance of functional genes was significantly higher in each treatment for energy metabolism, amino acid metabolism, carbohydrate metabolism, and membrane transport, as the functional genes with the greatest correlation abundance at level 2 had significantly lower correlation abundance in each treatment than the control.
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FIGURE 7
Prediction analysis of functional genes of soil bacterial metabolic pathways. (A) Prediction of soil bacterial metabolic pathways at level 1; (B) Prediction of soil bacterial metabolic pathways at level 2; (C) Prediction of functions at level 3 of membrane transport; (D) Prediction of functions at level 3 of energy metabolism; (E) Prediction of functions at level 3 of carbohydrate metabolism; (F) Prediction of functions at level 3 of amino acid metabolism.


The abundance of ABC Transports functional genes was the highest in membrane transport, but no significant difference was observed between its four treatments (Figure 7C). The DZ treatment reduced the relative abundance of bacterial secretion system functional genes compared with CK, but this effect was improved by DZF1 and DZF2 treatments and restored to CK levels. In energy metabolism (Figure 7D), the top five metabolic pathways were oxidative phosphorylation, carbon fixation pathways in prokaryotes, methane metabolism, nitrogen metabolism, and carbon fixation in photosynthetic organisms. Among these, oxidative phosphorylation did not differ significantly among all treatments. The abundance of functional genes associated with carbon fixation pathways in prokaryotes, methane metabolism, carbon fixation in photosynthetic organisms and photosynthesis was significantly higher compared with the control. Among the nitrogen metabolic pathways, the lowest abundance was found in the DZ treatment, and the abundance in the DZF1 and DZF2 treatments was significantly higher than that in the DZ treatment and not significantly different from that in the CK treatment. Thus, nitrogen metabolism was impaired after fumigation, and MOF application could promote the recovery of nitrogen metabolism after fumigation. In carbohydrate metabolism (Figure 7E), the top five metabolic pathways were butanoate metabolism, propionate metabolism, pyruvate metabolism, glycolysis/gluconeogenesis, and citrate cycle (TCA cycle). Compared with the control, the DZ treatment significantly increased the abundance of genes associated with C5-branched dibasic acid metabolism, pyruvate metabolism, pentose phosphate pathway, and citrate cycle functions, while significantly decreased the abundance of genes associated with ascorbate and aldarate metabolism, and pentose and glucuronide interconversion functions. Compared with the DZ treatment, the DZF1 and DZF2 treatments showed significantly reduced abundance of functional genes in the C5-branched dibasic acid metabolism and pentose phosphate pathways. The top five amino acid metabolic pathways were arginine and proline metabolism; valine, leucine, and isoleucine degradation; glycine, serine, and threonine metabolism; alanine, aspartate, and glutamate metabolism; and tryptophan metabolism (Figure 7F). The DZ treatment significantly increased the relative abundance of functional genes for phenylalanine, tyrosine, and tryptophan biosynthesis; arginine and proline metabolism; lysine biosynthesis; valine, leucine, and isoleucine biosynthesis; and alanine, aspartate, and glutamate metabolism compared with CK. Compared with the DZ treatment, the DZF1 treatment significantly reduced the relative abundance of functional genes for arginine and proline metabolism, and the DZF2 treatment significantly reduced the relative abundance of functional genes for phenylalanine, tyrosine, and tryptophan biosynthesis; lysine biosynthesis; valine, leucine, and isoleucine biosynthesis; cysteine and methionine metabolism; and alanine, aspartate, and glutamate metabolism. Among these metabolic pathways, the relative abundance of functional genes for cysteine and methionine metabolism was the highest in the CK treatment.

The functions of soil fungi were predicted using FUNGuild (Figure 8). Among these, undefined saprotroph, plant pathogen, animal pathogens-endophyte-lichen parasite-plant pathogen-soil saprotroph-wood saprotroph, animal pathogen-dung saprotroph-endophyte-epiphyte-plant saprotroph-wood saprotroph were the main functional members of the fungal community, with saprotrophs and plant pathogens constituting the majority (50%). The abundance of undefined saprotroph was reduced in the DZ treatment compared with the CK treatment, and this phenomenon was alleviated in the DZF1 and DZF2 treatments, and the abundance of undefined saprotroph was significantly higher in the DZF2 treatment than in the CK treatment, showing that DZF2 had a better effect on the reduction in saprotroph abundance caused by dazomet fumigation. Notably, the category of animal pathogen-dung saprotroph-endophyte-epiphyte-plant saprotroph-wood saprotroph with saprophytic functions was almost absent in the CK treatment, but the abundance was significantly higher in the DZ, DZF1, and DZF2 treatments, indicating that fumigation increased the abundance of most saprophytic bacteria, which was helpful for the restoration of soil functions.
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FIGURE 8
Prediction analysis of functional genes of soil fungal metabolic pathways.





4. Discussion


4.1. Effect of adding MOFs after dazomet fumigation on soil physicochemical properties

Fumigation and post-fumigation application of organic fertilizer can increase soil pH, which is consistent with the findings of Cheng et al. (2021). Soil pH is a key factor affecting soil health, and black shank and black root rot of tobacco have high incidence at pH 4.8–5.8. Rhizoctonia and sclerotinia diseases of cruciferous plants are prone to occur in acidic soils and hardly occur at pH 7.2–7.4 after changing soil acidity. Most plant pathogens are acidic soil lovers, therefore, increasing soil pH is effective in protecting plants against plant pathogens. In addition, the content of AP, AK, and SOM was significantly reduced in each treatment due to the presence of potassium humate in the MOF we used. Potassium humate, a bioactive agent, strongly stimulates microbial metabolism and effectively promotes potassium uptake and utilization by plants, both of which increase nutrient consumption and reduce the content of AP, AK, and SOM (Swify et al., 2022).



4.2. Effect of adding MOFs after dazomet fumigation on soil enzyme activities

The application of organic fertilizer after fumigation can increase the activity of soil peroxidase and sucrase (Li et al., 2022). This is undeniable because organic fertilizers can improve soil structure, insulate and moisturize the soil, decompose organic matter, provide trace elements, etc. However, our results are contrary to the results obtained by Li et al. (2021a), because the soil we collected was rhizosphere soil rather than non-rhizosphere soil. Root exudates of saline plants have a chemotactic, biofilm forming, and colonizing effect on the thermophilic bacterium Halomonas anticariensis FP35T (Inmaculada et al., 2020). We hypothesize that tobacco root secretions recruit beneficial microorganisms from microbial fertilizers, resulting in high microbial metabolism in the root base region, depletion of soil nutrients and vitality, and reduced enzyme activities.



4.3. Effect of adding MOFs after dazomet fumigation on soil microbial diversity

For rhizosphere soil bacteria, both fumigation and post-fumigation addition of MOF increased their Shannon and Chao1 indices. For soil fungi, dazomet fumigation decreased the Shannon and Chao1 indices, which is consistent with the results of Zhu et al. (2020). This is because of the lack of selectivity of fumigants on the inhibitory effect of soil microorganisms. Meanwhile, the Shannon and Chao1 indices of soil fungi were significantly improved after MOF application, which is because MOF contains sufficient nutrients and various beneficial microorganisms that stimulate the growth and reproduction of soil microorganisms and increase the diversity of microbial species in the region. The β-diversity of bacterial and fungal communities in each treatment was significantly different from the control, and the difference between MOF application after fumigation and fumigation alone was also significant. Combined with the α-diversity, we can conclude that the addition of MOF after fumigation significantly changed the community composition of soil microorganisms.



4.4. Effect of adding MOFs after dazomet fumigation on soil microbial composition

Among soil bacteria, the Actinobacteriota and Proteobacteria are the most abundant in soil. Actinobacteriota can promote the decay of plant and animal remains in soil. The use of streptomycin can change the structure of soil microbial communities, reduce the number of harmful soil microorganisms, and exhibit various beneficial functions (Carlos et al., 2013). Proteobacteria is also important in soil ecological safety, and they are involved in the soil nitrogen cycle. The highest abundance of soil fungi is Ascomycota. Eleonora Egidi collected soil samples from 18 countries on six continents and found that Ascomycota is the most dominant species in soils worldwide, and they contribute significantly to soil ecological safety as an important component of soil microbial communities and as pioneer species among decomposers (Eleonora et al., 2019).

Fumigation treatments increased the relative abundance of Gaiella, norank_f_Vicinamibacteraceae, and Flavisolibacter compared with the control. Gaiella-dominated microbial communities can increase systemic resistance and thus suppress Mongolian Astragalus membranaceus root rot (Li et al., 2021b). After continuous application of isooxadiazon fumigation, a bacterial community such as Vicinamibacteraceae, which can degrade complex carbon compounds and bioremediation, became a new community module hub (Du et al., 2018a). Flavisolibacter, as an inter-rhizosphere probiotic, can colonize roots more effectively than other soil microorganisms, and they are able to limit the growth of Fusarium oxysporum (Sohail et al., 2018).

Linear discriminant analysis effect size showed differences between fumigation followed by MOF application and fumigation alone. Our results indicate that fumigation followed by MOF application can increase the relative abundance of beneficial and functional microbial communities in soil. Zhang identified a degrading strain SHPJ-2 belonging to Sphingomonadales that can degrade polycyclic and heterocyclic aromatic hydrocarbons and promote the recovery of soil contaminated with toxic organic matter (Zhang et al., 2022). Solibacterales are important for phosphorus bioaccumulation, solubilization of inorganic phosphorus, and mineralization of organic phosphorus. And as an important component of cellular protoplasm, Solibacterales is very closely related to cell division during crop growth. For significantly different soil fungi, Mortierella, a phosphorus solubilizing fungus, is indispensable for soil carbon and nitrogen cycling (Osorio and Mitiku, 2014).



4.5. Correlation analysis of soil physicochemical properties and enzyme activities with microorganisms

A significant correlation was found between soil physicochemical properties and enzyme activities. In soil bacteria, there was a significant positive correlation between pH and activities of three soil enzymes, which is consistent with previous results (Cheng et al., 2020). Our results clearly divide these factors into two categories: (1) NH4+-N, EC, AK, OC, and AP, and (2) pH, ALP, CAT, and UE, and the correlations between them and soil microorganisms were similar. Our results showed that all treatments increased soil pH. The bacterial group significantly correlated with pH among soil bacteria was Bacillus, and Bacillus aurantiaca plays an important role in N2O reduction in agricultural soils (Oshiki et al., 2022). The fungal group most related to soil pH is Microascus, which is a biologically active microorganism with antibacterial and antitumor activities (National Microbial Rescoure Center, 2013).



4.6. Prediction analysis of functional genes of microbial metabolic pathways

For the functional prediction of soil bacteria, we focused on metabolism, which accounts for more than half of the metabolism at level 1. The abundance of functional genes for energy metabolism, carbohydrate metabolism, and amino acid metabolism was significantly higher in the top three abundances at level 2 for each treatment compared with the control, which is consistent with the findings of Huang et al. (2020), thus, we continued to investigate the specific metabolic pathways at level 3 for these three metabolic pathways. In energy metabolism, dazomet fumigation reduced the relative abundance of functional genes for nitrogen metabolism, but the addition of MOFs after fumigation improved this situation. Previous studies have shown that all five fumigants reduced the number of denitrifying bacteria containing genes encoding napA, narG, nirS, or nirK enzymes and reduced the intensity of nitrogen metabolism by soil bacteria (Fang et al., 2020). In amino acid metabolism, fumigation increased the abundance of functional genes for the metabolism of 13 amino acids and only decreased the abundance of functional genes for the metabolism of cysteine and methionine. Soon after fumigation, microorganisms die and cells lyse, which produce activated carbon and phospholipids, which in turn stimulate the amino acid metabolism of living microorganisms and perform various biochemical reactions to complete microbial life activities (Huang et al., 2020). Carbohydrates are important SOM components, which not only indicate changes in SOM and soil microorganisms but also stabilize soil structure and maintain the stability of the soil environment. In carbohydrate metabolism, pyruvate connects the three major metabolism of glucose, fatty acids, and amino acids through acetyl CoA. Our results showed that pyruvate metabolism was enhanced after fumigation, whereas the TCA cycle and pentose phosphate pathway were enhanced to promote glucose decomposition and soil metabolism was vigorous, which is a proof of soil ecological recovery.

For the functional prediction of soil fungi, we found that the metabolism of saprophytic fungi in soil was significantly enhanced after fumigation. The presence of a large number of saprophytic fungi enhances the ability of the soil to decompose organic matter and dead host cells, thus enhancing soil nutrient cycling, which has an improved effect on plant growth (Du et al., 2018b). In addition, the massive enhancement of metabolism of endophytic and epiphytic fungi is effective in plant disease control. Plant endophytic bacteria have the same ecological niche as pathogenic bacteria and compete for space and nutrients in the plant; thus, pathogenic bacteria do not receive normal nutrient supply and die out, thereby enhancing host resistance (Adeleke et al., 2022). Furthermore, plant endophytes can secrete metabolites such as antibiotics and toxins, which can induce systemic resistance in plants.




5. Conclusion

The addition of Junweinong and Junlisu MOFs after dazomet fumigation significantly reduced the AP, AK, and SOM contents of inter-root soil, whereas UE, ALP, and CAT activities were reduced to varying degrees and increased soil pH, all of which are a sign of vigorous inter-root soil microbial metabolism. High soil pH is detrimental to the survival of soil pathogenic bacteria and contributes to plant health. The addition of both MOFs after fumigation increased the abundance of rhizosphere bacteria without significant effect on microbial diversity. However, it changed the composition of rhizosphere microorganisms, as bacteria such as Gaiella, norank_f_Vicinamibacteraceae, and Flavisolibacter and fungi such as Peroneutypa, Olpidium, and Microascus were significantly enriched. These microorganisms have important roles in enhancing crop system resistance and promoting nutrient uptake. In addition, the addition of MOF after dazomet fumigation increased the relative abundance of functional genes for 13 kinds of amino acid metabolism, pyruvate metabolism, TCA cycle, and pentose phosphate pathway in the rhizosphere soil. Further, the significant increase in the relative abundance of saprophytic bacteria as well as endophytic and epiphytic functional groups may increase the decomposition of SOM and resist pathogen invasion. In conclusion, the addition of MOF after fumigation can enhance rhizosphere soil microbial metabolism, promote crop root nutrient uptake, improve soil acidification, and promote the recovery of soil microbial communities, allowing more beneficial bacteria to colonize, with positive effects on soil microbial health.
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Introduction: Anaerobic ammonium oxidation (anammox) plays a vital role in the global nitrogen cycle by oxidizing ammonium to nitrogen under anaerobic environments. However, the existence, abundance, and diversity of anammox bacteria between different temperatures are less studied, particularly in purple paddy soils.

Methods: 13C-DNA stable-isotope probe combined with Illumina MiSeq high-throughput sequencing was employed to explore soil abundance and diversity of anammox bacteria. In doing so, 40–60 cm depth soils from typical purple paddy soils in Chongqing, southwest China, were cultured under 12CO2-labeled and 13CO2-labeled at 35°C, 25°C, 15°C, and 5°C for 56 days.

Results and Discussion: Anammox bacteria were not labeled at all by 13CO2 at 5°C. The highest abundance of anammox bacteria was found at 25°C (3.52 × 106~3.66 × 106 copies·g−1 dry soil), followed by 35°C and 15°C (2.01 × 106~2.37 × 106 copies·g−1 dry soil) and almost no increase at 5°C. The relative abundance of Candidatus Jettenia sp. was higher at 25°C and 15°C, while Candidatus Brocadia sp. was higher at 35°C and 5°C. Our results revealed differences in anammox bacteria at different temperatures in purple paddy soils, which could provide a better understanding of soil N cycling regulated by anammox bacteria.

KEYWORDS
 anaerobic ammonium oxidation, DNA stable-isotope probing, Illumina MiSeq, temperatures, community


1. Introduction

According to free energy change, the process of NH4+ oxidation with NO2− and NO3− as electron acceptors in nature was predicted four decades ago (Broda, 1977). NH4+ combines with NO3− to form N2, in which 5 moles of NH4+ requires 3 moles of NO3− could be oxidized to 4 moles of N2 (Mulder et al., 1995). Twenty years ago, Strous et al. (1999) proved the existence of oxidizing ammonia to nitrogen using nitrite as an electron acceptor in a denitrification fluidized bed reactor and named this process anaerobic ammonia oxidation or anammox. Anammox bacteria were detected in a permanently flooded fallow ravine paddy field, freshwater, and sludge using 13C or 15N isotope labeling techniques (Zhou et al., 2016; Yang Y. et al., 2017; Yang X.-R. et al., 2017; Zhang et al., 2018; Li et al., 2019). The contribution of anammox to the nitrogen cycle varies significantly in different ecological environments (Zhu, 2020).

Anammox and its microorganisms play a vital role in the nitrogen cycle in farmland ecosystems (Shan et al., 2016). Anammox microorganisms belong to Gram-negative bacteria and have three components: paryphoplasm, riboplasm, and anammoxosome (Li et al., 2011). Anammoxosome, the place for anammox reaction, is a unique organelle of anammox bacteria (Li et al., 2011). Anammox bacteria can use CO2 or carbonate as the only carbon source, oxidize NH4+ by using NO2− to obtain energy, and fix carbon dioxide through acetyl-CoA (Strous et al., 1999; Schouten et al., 2004). Genes encoding hydrazine synthase (hzs) is a critical enzyme in anammox reactions (Ali et al., 2015). Hzs catalyzes the synthesis of hydrazine from ammonium nitrogen and nitric oxide, which is unique to anammox metabolism (Harhangi et al., 2012; Gu et al., 2017). The genes encoding hydrazine synthase B-subunit (hzsB) of anammox bacteria are responsible for compiling a subunit of this enzyme (Gu et al., 2017). Using it as a biomarker of anammox bacteria can more comprehensively show the community diversity of anammox bacteria. A total of 5 anammox bacteria have been detected, including Candidatus Brocadia, Candidatus Kuenenia, Candidatus Jettenia, Candidatus Anammoxoglobus, and Candidatus Scalindua (Li Q. et al., 2018; Li N. et al., 2018). Candidatus Scalindua usually dominates in intertidal and deep-sea surface sediments (Fernandes et al., 2016; Wu et al., 2019), while C. Brocadia and Candidatus Kuenenia are mainly distributed in the environments such as freshwater (Yang Y. et al., 2017; Yang X.-R. et al., 2017). Paddy soils hold similar habitats to freshwater and wetland, and fertilization in paddy soils provides a suitable environment for anammox bacteria (Long et al., 2013). Purple paddy soils are characterized by shallow development, loose structure, low nitrogen content, weak nitrogen retention ability, and substantial nitrate leaching (Wu et al., 2011). Due to the unique water management measures, purple paddy soils’ anammox bacterial community composition showed many differences compared with other cultivated soils. Therefore, exploring the anammox process in purple paddy soils will enhance our further understanding of the nitrogen cycle.

Temperature is a vital factor for anammox bacterial growth and metabolism. The optimal temperature for anammox bacterial growth is 25°C–30°C (Zheng, 2001; Bai et al., 2015). Studies have shown that the specific growth rate of anammox bacteria decreased by 30%–40% with every 5°C decreases (Zheng, 2001). Wang Y. et al. (2012) and Wang S. et al. (2012) observed that the diversity of anammox bacteria was greater in warm than cold in the Pearl River Estuary sediments. Shan et al. (2018) also found that anammox bacteria were distributed in paddy fields under 5°C–35°C. The activity of anammox bacteria showed an apparent upward trend when the soil temperature increased from 15°C to 35°C. Soil oxygen concentration that decreased with the increase in soil depth significantly affected microbial community dynamics (Ratering and Schnell 2000). Both Wang Y. et al. (2012), Wang S. et al. (2012), and Wang et al. (2017) reported that the abundance of anammox bacteria in paddy soil was relatively higher at 40–60 cm than at 0–30 cm depth. Anammox bacteria seemed to prefer to live in particular niches at a particular soil depth (Humbert et al., 2010; Wang et al., 2017).

DNA-based stable-isotope probing (DNA-SIP) has been widely applied to study microbial-driven biogeochemical functioning processes at the molecular level in complex environments (Radajewski et al., 2003), link the specific metabolic function to microbial identification (Pan et al., 2018; Li et al., 2019). For instance, DNA-SIP experiments have proved anammox reactions in paddy soils under different fertilization states but not at different temperatures (Pan et al., 2018).

Hence, we investigated anammox bacterial abundance and diversity in different temperatures (35°C, 25°C, 15°C, and 5°C) of purple paddy soils. In this study, quantitative polymerase chain reaction (qPCR), high-throughput sequencing, and 13C-DNA stable-isotope probing were used to determine differences in the abundance and diversity of anammox bacteria at different temperatures. Community composition and diversity of anammox bacteria were analyzed by Illumina MiSeq high-throughput sequencing targeting anammox bacteria hzsB gene. DNA-SIP technique was used to detect the metabolic process of anammox bacteria in purple paddy soils cultured at different temperatures. Thus, the differences in anammox between these four temperatures were analyzed to potentially link the significance of anammox to nitrogen transformation deviations in the anammox bacteria community.



2. Materials and methods


2.1. Sample collection

Purple paddy soils were collected from Beibei (29°48′36″N, 106°24′33″E) in Chongqing, southwest China. The sample site has a subtropical humid monsoon climate, with a mean annual temperature and rainfall of 18.3°C and 1,086 mm, respectively. The soil’s average temperature was detected to be 25°C–32°C in summer and 10°C–13°C in winter, which were planted with rice from May to August and fallow from September to April. Purple paddy soils at 40–60 cm depth were collected vertically using the ‘YH-70 power (gasoline) soil sampler (Shaoxing, Zhejiang)’. Each soil sample was sampled using the five-point method and repeated three times to avoid pollution. After the removal of debris, air dried and then sieved (1 mm) soils. One part of the soil determined the basic physiochemical properties, and the other was used for culture experiments. The basic physiochemical properties: pH 7.38, soil temperature 26.13°C, NH4+-N 9.87 mg·kg−1, NO3−-N 37.12 mg·kg−1, NO2−-N 2.98 mg·kg−1, soil organic matter 33.28 g·kg−1, redox potential 217.24 mV, total nitrogen 1.01 g·kg−1, total phosphorus 0.51 g·kg−1, total kalium 17.41 g·kg−1.



2.2. DNA extraction, real-time quantitative PCR and DNA-SIP culture

According to the manual procedures, DNA was extracted from the cultivated soils using a FastDNA® Spin Kit for Soil (MP Biomedicals, Cleveland, OH, United States). A NanoDrops 2000 UV–Vis Spectrophotometer instrument (NanoDrop Technologies, Wilmington, DE, United States) was used for detecting the hzsB gene copy numbers. Quantitative PCR was used to detect the anammox bacterial abundances. Using fluorescent dye SYBR-Green, an ABI QuantStudio™ 6 Flex system real-time PCR instrument (Applied Biosystems, CA, United States) detected anammox bacterial abundances. The hzsB gene of anammox bacteria was targeted by HSBeta396F/HSBeta742R primers (5′-ARGGHTGGGGHAGYTGGAAG-3′ and 5′- GTYCCHACRTCATGVGTCTG-3′; Wang Y. et al., 2012; Wang S. et al., 2012). Amplification was performed in 20 μL reaction mixtures, where DNA template 2 μL, TB Green®Premix Ex Taq (Tli RNaseH Plus, Takara, Dalian, China) 10 μL, forward primer 1 μL (10 μM), reverse primer 1 μL (10 μM), filling the rest with ddwater. The reaction temperature and time of hzsB amplification: 95°C with 3 min; the 40 cycles of 95°C with 30 s, 59°C with 30 s, and 72°C with 30 s (Li et al., 2019). Standard curves were obtained with 10-fold serial dilutions of the plasmid DNAs. Our results’ correlation coefficient and efficiency are above 0.99% and 98%, respectively (Table 1).



TABLE 1 The DNA concentration of purple paddy soils in different treatments.
[image: Table1]

Purple paddy soil slurries were made with 10 g fresh soils and helium (He)-purged water in 100-mL glass bottles, adjusting to 60% of the maximum field water holding capacity of the purple paddy soils (Shan et al., 2018; Liu et al., 2019). A pre-culture experiment was performed before conducting soil DNA-SIP micro-universe culture to study anammox. Before pre-culture, 5 min N2 was injected into each bottle, kept the bottle in anaerobic. Pre-culture for 2 weeks at different temperatures to reduce soil CO2 emission, NH4+, NO3−, NO2−, and dissolved oxygen (Xiong et al., 2022). After pre-culture, the accumulated CO2 in the bottle will be discharged, and the weekly emission of CO2 in the glass bottles (cumulative amount of 7 days) will be less than 0.5% (Xiong et al., 2022). The DNA-SIP micro-universe culture consisted of different treatments:12CO2-labeled and 13CO2-labeled at 35°C, at 25°C, at 15°C, and at 5°C (CO2 purity ≥ 99%, CO2 abundance ≥ 99%, 5 L gas, Wuhan Isotope Technology Co., Ltd), respectively. 5 mL CO2 was added into the glass bottles using a syringe regularly every week, and the volume fraction of CO2 was adjusted to 5%. Destructive sampling was performed at 0-day and 56-day, with 3 replicates per treatment. For DNA-SIP analysis, about 3 μg of soil total DNA was mixed with 1.725 g·mL−1 CsCl in a 5.1 mL ultra-high speed centrifuge tube (Jia and Conrad 2009). The Beckman vertical centrifugal rotor Vti65.2 was centrifuged at 20°C for 44 h at 45,000 r·min−1 (190,000g, Beckman Coulter, Palo Alto, CA, United States). After the ultra-high speed separation, the stratified DNA recovery began. Replacement liquid (sterilized water) was injected at a constant flow rate in the upper part of the centrifuge tube, and 15 layered samples of equal volume and different densities were collected in the lower part of the sterilized centrifuge tube. The buoyancy density and the refractive index of each layer solution were calculated (ρ = −75.9318 + 99.2031x-31.2551x2, ρ denotes the buoyant density, x denotes the refractive index).



2.3. PCR and high-throughput sequencing analysis

PCR analysis of hzsB gene was performed using modified primers HSBeta396F/HSBeta742R with some modifications (Wang Y. et al., 2012; Wang S. et al., 2012). 20 μL reaction system was used in the PCR analysis (TransStart Fastpfu DNA Polymerase), including 5 × FastPfu Buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, FastPfu Polymerase 0.4 μL, BSA 0.2 μL, template DNA 10 ng, and ddwater. PCR reaction parameters: a. 1× (3 min at 95°C); b. 40 of cycles × (30 s at 95°C; 30 s at 59°C; 45 s at 72°C); c. 10 min at 72°C, 10°C. All PCR reactions were amplified in triplicate. PCR products were extracted from 2% agarose gel. The AxyPrep DNA gel extraction kit (Axygen Biosciences, Union City, CA, United States) was purified according to the manufacturer’s instructions and quantified using a Quantus™ Fluorometer (Promega, United States). According to the standard protocol of Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China), the purified amplicons were mixed in equimolar amounts and paired for sequencing on the Illumina MiSeq PE300 platform (Illumina, San Diego, United States). The sequence data were submitted to the NCBI Sequence Read Archive (SRA) database with the accession numbers SRP407824.



2.4. Statistical analysis

The sequencing data were analyzed using the Majorbio Platform, Shanghai. Using Chromas, NCBI Blast,1 and Mega v11.0 to analyze gene sequences. All the high-quality recovered sequences were blasted in the NCBI database. Mothur software was used to group sequences with 97% similarity into the same operational classification unit (OTU). The phylogenetic tree of hzsB gene sequence was constructed with the NJ (neighbor-joining) method through Mega v11.0. An Origin 2022 (OriginLab Corp., Northampton. MA, United States) were used to plot the contents of ammonium, nitrate nitrogen and the abundance of anammox bacteria. One-way analysis of variance (ANOVA) was used to analyze soil samples in SPSS25.0.




3. Results


3.1. Soil ammonium nitrogen and nitrate nitrogen in different treatments

The content of soil ammonium nitrogen and nitrate nitrogen changed under different temperatures after 56 days cultured in Figure 1. The content of soil ammonium nitrogen decreased significantly at 35°C, 25°C, and 15°C, but not at 5°C (p < 0.05). The decrease was most significant at 25°C, with the consumption rates of soil ammonium nitrogen in 12CO2-labeled and 13CO2-labeled, reaching 49.46% and 48.49%, respectively. At 35°C, soil ammonium consumption rates were 31.56% and 30.11%, respectively, slightly higher than 15°C (20.07% and 27.33%). The soil nitrate nitrogen trend was opposite to soil ammonium nitrogen. After 56 days cultured, the soil nitrate nitrogen content increased, and the most significant growth rates were 64.74% and 58.90% at 25°C, followed by 44.72% and 42.24% at 35°C, and finally, 29.63% and 26.09% at 15°C, while there was no significant change at 5°C.

[image: Figure 1]

FIGURE 1
 Variations in soil ammonium nitrogen (A) and nitrate nitrogen (B) after 56 days cultured in different treatments. Different letters mean significantly differences among the treatments (p ≤ 0.05, n = 3).




3.2. Labeled determination of anammox bacteria in different treatments

According to the buoyancy density of DNA, 13C-DNA was separated from 12C-DNA in purple paddy soils in different treatments, and the hzsB gene of anammox bacteria was quantified by fluorescence quantitative PCR. In Figures 2A–C, the anammox bacteria treated with 12CO2-labeled were all in a single peak, all in lighter densities (1.70–1.72 g·mL−1). In comparison, the anammox bacteria treated with 13CO2-labeled had a peak in the heavier densities (1.74–1.76 g·mL−1), indicating that the functional gene of hzsB was successfully labeled in the culture process. The results indicated that anammox reaction processes existed in 35°C, 25°C, and 15°C of purple paddy soils. While in Figure 2D, 12CO2-labeled and 13CO2-labeled were all in the lighter densities, indicating that anammox bacteria may not be involved in metabolism.

[image: Figure 2]

FIGURE 2
 Quantitative distribution of the anammox bacteria hzsB genes across the entire buoyant density gradient of the DNA fractions in different treatments. (A) is 35°C; (B) is 25°C; (C) is 15°C; (D) is 5°C. Different letters mean significant differences among the treatments (p ≤ 0.05, n = 3).




3.3. Abundance of anammox bacteria in different treatments

The hzsB gene of samples cultured for 0-day and 56-day was analyzed by qPCR to determine the abundance of anammox bacteria in Figure 3. In the culture at different temperatures, the abundance of anammox bacteria showed significant differences. On 0-day, the abundance of anammox bacteria was 9.6 × 105 copies·g−1 dry soil. After 56 days of cultured, the abundance of anammox bacteria increased significantly at 25°C, a maximum of 3.52–3.66 × 106 copies·g−1 dry soil (p ≤ 0.05). Anammox bacteria increased significantly at 35°C and 15°C, and their abundance reached 2.01–2.37 × 106 copies·g−1 dry soil. In soil cultured at 5°C, there was no significant change in the abundance of bacteria labeled with 12CO2 and 13CO2.

[image: Figure 3]

FIGURE 3
 The copy number of hzsB genes of anammox bacteria in different treatments. Different letters mean significantly differences among the treatments (p ≤ 0.05, n = 3).




3.4. Community structure of anammox microorganisms after culture

After 56 days of culture, the purple paddy soils were stratified with 12CO2-labeled and 13CO2-labeled in different treatments. Illumina MiSeq high-throughput sequencing based on hzsB functional genes of anammox bacteria was performed on the obtained labeled heavy-layer DNA (13CO2-labeled). Phylogenetically analyzed the anammox bacterial hzsB genes at 0-day and 56-day in different treatments of purple paddy soils. In 0-day, a total of 18 OTUs were phylogenetically affiliated to C. Brocadia sp. and C. Jettenia sp., with the relative abundance of C. Brocadia sp. accounting for 56% and C. Jettenia sp. accounting for 41% (Figure 4). After 56 days of culture at different treatments, 8, 11, 9, and 6 OTUs were detected at 35°C, 25°C, 15°C, and 5°C, respectively. At 25°C and 15°C, the relative abundance of C. Brocadia sp. decreased to 38% and 37%, and C. Jettenia sp. increased to 62% and 63%. While at 35°C and 5°C, the relative abundance of C. Brocadia sp. increased to 64% and 61% (Figure 5).
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FIGURE 4
 Phylogenetic analysis of the anammox bacterial hzsB genes at 0-day of culture in purple paddy soils.
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FIGURE 5
 Phylogenetic analysis of the anammox bacterial hzsB genes from the 13CO2-labeled microcosms at 56 days of culture in purple paddy soils. “56d-15 OTU3 (6%)” means OTU3 accounted for 6% at 15°C for 56 days.





4. Discussion

In this study, the variation of anammox bacterial community abundance and diversity with different temperatures in purple paddy soils were presented by hzsB gene. 13C-labeled presenting in the anammox bacteria indicated that anammox bacteria were involved in the anammox reaction at 35°C, 25°C, and 15°C (Figure 2). The results provide evidence for anammox reaction in purple paddy soils at different temperatures. After 56 days cultured, soil ammonium nitrogen decreased, while nitrate nitrogen and the abundance of anammox bacteria increased at different temperatures. The essential factors affecting anammox bacterial activity in waterlogged ecosystems may have NO2−, NO3−, and soil oxygen content (Shen et al., 2013). Anoxic and waterlogged conditions in cultured soil at different treatments could provide a more suitable environment for anammox bacteria than upland soils. Under in situ conditions, oxygen differs between the topsoil (411 mV–484 mV) and lower depth (234 mV–383 mV) in paddy soil, which adversely affects anammox activity (Bai et al., 2015), so the deeper soils were used in this study. Shan et al. (2016) found that the relatively higher soil total nitrogen content (1.87–2.47 g·kg−1) could promote anammox bacterial growth at a detectable level. Similarly, Zhu et al. (2011) detected anammox bacteria in fertilized rice fields. These results may indicate that the widespread distribution of anammox bacteria in terrestrial ecosystems is mainly related to soil nitrogen content.

The abundance and proportion of anammox bacteria in purple paddy soils under different temperatures were different (Figures 3–5). The results found that after culturing the soil internal detected C. Brocadia sp. and C. Jettenia sp., speculated that, one reason, some heterotrophic and simple organic compounds produced by microbial metabolism accumulated in the late time, such as formic acid, acetic acid, propionic acid (Ali et al., 2015; Oshiki et al., 2016). Different anammox bacteria absorb these simple organic acids for their growth (Wang et al., 2018). For example, the growth competitiveness was enhanced by formic acid or acetic acid for C. Brocadia sp. (Oshiki et al., 2016), while by propionic acid for C. Jettenia sp. (Ali et al., 2015). Another reason is that anammox diversity is affected by inorganic nitrogen fertilization in agricultural fields (Yang et al., 2015). For instance, the application of ammonium and nitrate nitrogen based fertilizers, not changing temperatures, can alter the composition of anammox bacterial community structures (Yang Y. et al., 2017; Yang X.-R. et al., 2017). A continuous N-fertilization may have allowed C. Brocadia sp. and C. Jettenia sp. to be adapted and predominate in such nitrogen-rich agricultural soils (Long et al., 2013).

Changes in external temperature could directly or indirectly affect the community composition of anammox bacteria (Shan et al., 2018). In a study of anammox bacteria in the sediments of the Pearl River Estuary, Wang Y. et al. (2012) and Wang S. et al. (2012) found that the abundance of anammox bacteria in the sediments of river ports was greater in cold temperatures, while the opposite was true for the diversity of anammox bacteria. Anammox showed the highest activities at 15°C and was undetectable at 37°C (Shan et al., 2018). These results implying different anammox bacterial species have different sensitivity to temperature changes in the environment, showing that temperature is a principal environmental factor to shape the diversity, abundance, and distribution of anammox bacteria (Yang Y. et al., 2017; Yang X.-R. et al., 2017; Wu et al., 2020; Chen et al., 2022). The temperature may also exhibit the significance of the biogeographic distribution of anammox bacterial community structure and diversity (Shan et al., 2018). Our study’s results also show that different temperatures affected the abundance and diversity of anammox bacteria (Figure 2). The abundance was higher in warm temperatures (i.e., 35°C and 25°C) and lower in cold temperatures (i.e., 5°C; Figure 3). Shan et al. (2018) found that a noticeable trend of anammox bacterial activity, first rising and then falling, when the ambient temperature increased from 15°C to 35°C, reaching the highest at 25°C in paddy soil, consistent with our results (Figures 2, 3). As a novel biomarker for the molecular detection of anammox bacteria, the hzsB genes of anammox bacteria were abundant in 30–60 cm deep layers than at 0–30 cm layer, with the higher abundance of 2.79 × 106 copies·g−1 dry soil at 40–50 cm (Wang Y. et al., 2012; Wang S. et al., 2012), about 5.42 × 104 copies·g−1 dry soil at the surface layer (Xu et al., 2017). In our purple paddy soils, the abundance of hzsB genes was 9.6 × 105 copies·g−1 dry soil at 40–60 cm depth. After 56 days cultured, the abundance of anammox bacteria increased at 35°C, 25°C, and 15°C, reaching 2.01 × 106–3.66 × 106 copies·g−1 dry soil (Figure 3), while not in 5°C, which were similar to the results of Wang Y. et al. (2012) and Wang S. et al. (2012), lower than that in the Pearl River Estuary sediment (Wu et al., 2020) and coastal wetland (Hou et al., 2015). The reason may be that the nutrient (e.g., NH4+, NO2−/NO3− and SOM) content of purple paddy soils was lower than that of sediment and wetland, and low temperature was also not conducive to microbial growth and metabolism (Wang Y. et al., 2012; Wang S. et al., 2012; Bai et al., 2015). The optimal temperature of anammox depends not only on the ambient temperature, but also on the adaptive capacity of anammox bacteria (Shen et al., 2017; Tomaszewski et al., 2017), which are less adaptable at lower temperatures (5°C).

High-throughput sequencing has a higher coverage of microbial diversity and could detect abundant and rare microorganisms in the environments. Moreover, it can create a more extensive data set and provide a more comprehensive insight into the analysis of anammox bacteria community structure while more widely used than the clone libraries (Shen et al., 2017; Hong et al., 2019; Yang et al., 2020). The hzsB gene was phylogenetically affiliated to C. Brocadia sp. and C. Jettenia sp. (Figures 4, 5). The relative abundance of anammox bacteria varied in different temperatures (Figure 5). This anammox genus (i.e., C. Brocadia) can obtain energy from short-chain organic acids and use alternative electron donors to adapt better to different environments (Long et al., 2013; Yang et al., 2015). Studies have also shown that C. Brocadia may have good adaptability in paddy soils, and the detection frequency of C. Brocadia and C. Kuenenia is significantly higher than C. Jettenia (Zhu et al., 2011; Shan et al., 2016). In contrast, Long et al. (2013) found C. Jettenia was a higher abundance in agricultural soils, which is consistent with our results. The soils collected by Long et al. (2013) were deeper, compared with Shan et al. (2016) and Zhu et al. (2011), and fertilized in the last 5 years, so there may have been more C. Jettenia. Compared with freshwater ecosystems (Yang Y. et al., 2017; Yang X.-R. et al., 2017; Zhu, 2020), the diversity and abundance of anammox bacteria in paddy soil were higher. Anammox bacteria have the specific characteristics of metabolic diversification when growing in heterogeneous soil that can provide a favorable habitat for their growth and function (Sonthiphand et al., 2014). Various anammox bacteria can be detected in agricultural soils, with the most common categories being C. Brocadia, C. Jettenia, and C. Kuenenia. In our study, C. Brocadia sp. and C. Jettenia sp. were detected, but C. Kuenenia was not, which may be related to soil parent material (Long et al., 2013). However, our study was inconsistent with the results of anammox bacteria identified by Kwok-Ho Lee et al. (2014) as Candidatus Scalindula in 6 m depth under soil fertilization reduces the community diversity of anammox bacteria in purple paddy soil. Candidatus Scalindula is often detected in places with high salinity (Fernandes et al., 2016; Wu et al., 2019).



5. Conclusion

We revealed the feasibility of using 13C-DNA stable-isotope probe combined with the Illumina MiSeq high-throughput sequencing technique for analyzing anammox in different temperatures of purple paddy soils. Anammox bacteria grew more suitable at 25°C. Phylogenetic tree analysis showed that the dominant anammox bacteria were C. Brocadia sp. and C. Jettenia sp., which abundance and community structures were different in different temperatures.
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Introduction: Long-term continuous cropping may result in the outbreak and proliferation of soil-borne diseases, as well as reduction in annual crop production. Overcoming the obstacles of continuous cropping is critical for the long-term growth of modern agriculture. Soil microbes are essential for plant health, but the consequences of continuous cropping on soil microbiome are still poorly understood.

Methods: This study analyzed changes in soil bacterial community composition of Aksu (AKS) and Shihezi (SHZ) in Xinjiang Province during 1–20  years of continuous cropping by 16S amplicon sequencing. The results showed that the incidence of cotton Verticillium wilt rose with the number of cropping years. The bacterial alpha diversity in the AKS soil grew as the number of continuous cropping years increased, however it declined in the SHZ soil.

Results: The results of beta diversity analysis showed that there were significant differences in soil bacterial communities between different continuous cropping years and between different soils. The results of community composition changes at the level of main phyla and genus showed that the relative abundance of Actinobacteria, Bacteroidetes and Streptomyces decreased with the increase of continuous cropping years in the AKS and the SHZ soils. In addition, Actinobacteria, Propionibacteriales, and Nocardioidaceae were significantly enriched during the early stages of continuous cropping. Network analysis showed that long-term (≥8  years) continuous cropping interfered with the complexity of soil bacterial co-occurrence networks and reduced collaboration between OTUs.

Discussion: These findings suggested that continuous cropping and soil origin jointly affected the diversity and structural of bacterial communities, and the loss of Nocardioidaceae and Streptomyces in Actinobacteria might be one of the reasons of continuous cropping obstacles.

KEYWORDS
 cotton, continuous cropping obstacle, Verticillium wilt, soil microbe, amplicon sequencing


Introduction

The region of Xinjiang is China’s most significant cotton-growing site (Appiah et al., 2014; Feng et al., 2017), owing to a combination of climatic characteristics such as long hours of sunlight, dry air, and low annual precipitation that are ideal for cotton cultivation (Wei and Yu, 2018, 2019). In Xinjiang, 60–70% of the cultivated land is planted with cotton, of which more than 95% are in some major producing areas (Yang et al., 2018). As a result, continuous cropping is prevalent in the region, and cotton has been continuously planted in some cultivated lands for more than 20 years. However, long-term continuous cropping can lead to a decline in cotton yield and quality, and an increase in the incidence of Verticillium wilt, which seriously hampers the development of the cotton industry (Feng et al., 2003; Han et al., 2017; Xi et al., 2019).

Overcoming continuous cropping obstacles is an urgent task for the sustainable development of modern agriculture. According to research, changes in soil microbial populations are one of the primary drivers of continuous cropping obstacles (Van Elsas et al., 2002; Zhang et al., 2013). The soil microbiome is essential for soil health, since it participates in the biogeochemical cycle, regulates nutrients and soil-borne diseases, and improves soil functioning (Van Der Heijden et al., 2008; Dai et al., 2020). These microbial community functions can maintain the sustainability of soil health and in turn enhance crop productivity (Ashworth et al., 2017). Therefore, a diverse soil microbial community is essential for soil health. Soil microbial community composition has been shown to be influenced by various factors, such as agricultural management, soil type, organic amendments, and plant species (Van Elsas et al., 2002; Garbeva et al., 2004; Qiu et al., 2012).

Recently, increasing numbers of studies have indicated that continuous cropping resulted in the disruption of soil microbial community and structure. For example, Xiong et al. (2015b) evaluated the soil bacterial community in vanilla continuous cropping time-series fields, and found that the relative abundance of Firmicutes, Actinobacteria, and Bacteroidetes declined as the number of continuous cropping years increased. Wei and Yu (2018) investigated the composition of the soil bacterial community under long-term continuous cotton planting, and found that continuous cotton cropping increased the alpha diversity of bacterial communities, with Firmicutes, Actinobacteria, and Acidobacteria populations changing significantly. Although previous studies provided some information on the effects of continuous cropping on soil microbes, there are few studies comparing the effects of continuous cropping on soil microbial communities in different soils. Therefore, it is necessary to systematically study the impact of continuous cotton cropping on soil microecology.

Cotton Verticillium wilt, caused by the soil-borne plant pathogenic fungus Verticillium dahliae, is one of the worst plant diseases. V. dahliae can survive as microsclerotia in soil without host plants for more than 14 years. V. dahliae is exceedingly difficult to control due to its long survival time in soil, strong variability, and complex infection process of cotton (Klosterman et al., 2009). Soil fumigation using chemical agents is effective in controlling soil-borne pathogens, but some fumigants have been banned by legislation (Martin, 2003). The use of beneficial microbes to prevent and control plant diseases is friendly to the ecological environment and has broad application prospects. Therefore, studying the impact of continuous cropping on soil microbiome is helpful to seek biological control strategies for plant diseases.

In this study, 16S amplicon sequencing technology was used to analyze and compare the changes of soil bacterial communities in cotton fields in the Aksu (AKS) region of southern Xinjiang and the Shihezi (SHZ) region of northern Xinjiang over a period of 1–20 years. This study aimed to investigate the response of soil microbial community to continuous cropping, which would provide useful guidance for improving continuous cropping obstacles using microbial techniques in the future.



Materials and methods


Site description and soil sampling

The two study sites are located in Aksu and Shihezi, Xinjiang, China. Aksu belongs to the temperate continental arid climate; the annual average temperature is between 9.2 and 11.5°C, the annual average total sunshine hours are between 2,571 and 2,967 h, and the annual frost-free period is between 183 and 250 days; the annual average rainfall is only 64 mm, while the annual evaporation amounted to 1,890 mm; the distribution of rainfall within the year was extremely uneven, with the main rainfall distributed in summer and almost no rainfall in winter (Yang et al., 2021). Shihezi has a continental arid climate with annual average temperature range between 7.5 and 8.2°C, sunshine duration between 2,318 and 2,732 h, frostless period of 147–191 days; the annual evaporation (range between 1,000 and 1,500 mm) is about 6 times of annual precipitation (range between 180 and 270 mm) (Zhu et al., 2022).

A total of 14 treatments were conducted in this experiment: the farmland with continuous planting of cotton for 1, 3, 5, 8, 10, 15, and 20 years in two sites (Aksu and Shihezi), named AKS1, AKS3, AKS5, AKS8, AKS10, AKS15, AKS20, SHZ1, SHZ3, SHZ5, SHZ8, SHZ10, SHZ15, and SHZ20, respectively. Two cotton fields were selected in each continuous cropping year at each location. There were three blocks in each cotton field and six blocks in each treatment. At the boll formation stage (late August 2020), the incidence of cotton Verticillium wilt was investigated and the incidence rate was calculated (incidence rate = number of diseased plants/total number of investigated plants × 100%). Soil samples were collected with a sampler (2.5 cm in diameter, 0–20 cm deep) using the five-point sampling method, and five soil cores collected in each block were pooled into one sample, with 6 mixed samples per treatment. A total of 84 soil samples were collected. Prior to DNA extraction, the obtained soil was sieved (2 mm) and stored in a refrigerator at −80°C.



Soil DNA extraction and amplicon sequencing

Soil samples (250 mg) were resuspended in 500 μL of MoBio PowerSoil bead solution, and total genomic DNA was extracted from all 84 soil samples using the MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, United States) following the manufacturer’s instructions. Successful DNA extraction was checked on a 1% agarose gel and DNA concentration was assessed using a spectrophotometer NanoDrop ND-2000 (NanoDrop Technologies, Wilmington, DE, United States). Barcode primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) were used to amplify the V3-V4 hypervariable region of 16S rRNA. PCR reactions were performed in a 30 μL reaction mix containing 15 μL Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM forward primer, 0.2 μM reverse primer, and 10 ng template DNA (Wei et al., 2019). PCR conditions were as follows: 98°C for 1 min; 30 cycles of 98°C for 10 s, 50°C for 30 s, 72°C for 30 s; and a final 72°C extension for 5 min. The PCR products were confirmed by electrophoresis on a 2% agarose gel and purified using the GeneJET Gel Extraction Kit (Thermo Scientific, Fermentas, United States). The TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, United States) was used to generate sequencing libraries, and the quality of each library was assessed using Qubit 2.0 Fluorometer (Life Technologies, United States). Finally, the library was sequenced using an Illumina HiSeq 2500 and 250 nucleotide paired-end reads were generated.



Sequencing data analysis

Paired-end reads were assembled using FLASH (v1.2.7) (Magoč and Salzberg, 2011). Quality filtering was performed according to the QIIME (v1.7.0) quality control process (Caporaso et al., 2010; Bokulich et al., 2013). After removal of chimeras, the remaining high-quality sequences were clustered into operational taxonomic units (OTUs) with 97% sequence similarity using Uparse software (v7.0.1001) (Edgar, 2013). Each representative sequence was analyzed for species annotation using the bacterial database SILVA 138 (Quast et al., 2013).



Bioinformatics and statistical analysis

Community alpha diversity was evaluated by Chao1 estimator and Shannon diversity index calculated by QIIME, and visualized using R software (v3.5.0). The alpha diversity index among the groups was statistically analyzed using one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test (p < 0.05 was considered significant) in SPSS 22.0. Beta diversity analysis was performed based on the Bray–Curtis dissimilarity distance matrix and visualized by principal coordinate analysis (PCoA). Analyzes of similarity (ANOSIM) were performed using the vegan package in R to identify significant differences in beta diversity across groups. The effects of continuous cropping years, soil origin and their interactions on bacterial alpha diversity and beta diversity were evaluated through the two-way ANOVA using SPSS 20.0. Linear discriminant analysis (LDA) effect size (LEfSe) was performed on the Galaxy platform1 to identify the most differentially abundant taxa biomarker between continuous cropping years (LDA score > 4.0). Co-occurrence network analysis was performed using the iNAP platform2 (Feng et al., 2022). The OTUs were used to construct networks across the entire soil for 1, 3, 5, and 8 years of continuous cropping (short-term continuous cropping, ST), and for 8, 10, 15, and 20 years of continuous cropping (long-term continuous cropping, LT), respectively. Spearman correlation analysis was performed on OTUs with mean relative abundance >0.05%, all pairwise associations with |r| > 0.8 and p < 0.05 were retained and visualized using ChiPlot.3




Results


Field disease development

Overall, the incidence of cotton Verticillium wilt in AKS and SHZ cotton fields rose as the number of continuous cropping years increased. Incidence of cotton Verticillium wilt was 2.55% in the AKS cotton field with continuous cropping for 1 year and 66.41% in the AKS cotton field with continuous cropping for 20 years (Supplementary Figure 1). Cotton Verticillium wilt incidence was 0% in the SHZ cotton field with continuous cropping for 1 year and 63.27% in the SHZ cotton field with continuous cropping for 20 years. Two-way ANOVA showed that the incidence of cotton Verticillium wilt was significantly affected by the continuous cropping years and soil origin as well as their interactions (Table 1).



TABLE 1 Two-way ANOVA for Verticillium wilt incidence and soil bacterial community properties as affected by continuous cropping years (year), soil origin (soil) and the interaction (year  ×  soil).
[image: Table1]



Sequence data and alpha diversity

The raw sequence count for the 84 samples varied from 73,459 to 109,958, with an average of 99,760. The effective tags acquired following quality control and the elimination of chimeras varied between 33,145 and 77,792, with an average of 57,116. The sequences were clustered into OTUs with 97% concordance, yielding 13,657 OTUs in total. The annotation results showed that a total of 3,839 OTUs (28.11%) were annotated to the genus level. The dilution curves demonstrated that the sequencing data accurately represented the diversity present in the samples from each treatment group (Supplementary Figure 2). Alpha diversity analysis revealed significant differences in the Chao1 and Shannon indices between cotton field samples with different continuous cropping years in AKS and SHZ soils (p < 0.05) (Figure 1). In the AKS soil, the Shannon index of 1 and 3 years of continuous cropping was significantly lower than that of 5, 8, 15, and 20 years of continuous cropping (p < 0.05) (Figure 1B). However, in the SHZ soil, the Chao1 index of 1, 3, 5, and 8 years of continuous cropping were significantly higher than those of 15 and 20 years of continuous cropping (p < 0.001) (Figure 1C); the Shannon index of 1, 3, 5, and 8 years of continuous cropping were significantly higher than those of 10, 15, and 20 years of continuous cropping (p < 0.01) (Figure 1D); the Shannon index of 10 and 15 years of continuous cropping was significantly higher than that of 20 years (p < 0.001). Two-way ANOVA showed that alpha diversity indexes (Chao1 and Shannon) were significantly affected by the continuous cropping years and soil origin as well as their interactions (Table 1).
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FIGURE 1
 Chao1 index (A,C) and Shannon index (B,D) of cotton field soil samples bacterial community with different continuous cropping years in AKS and SHZ soils. AKS1, AKS3, AKS5, AKS8, AKS10, AKS15, and AKS20: AKS soils of continuous cropping 1, 3, 5, 8, 10, 15, and 20 years; SHZ1, SHZ3, SHZ5, SHZ8, SHZ10, SHZ15, and SHZ20: SHZ soils of continuous cropping 1, 3, 5, 8, 10, 15, and 20  years. The letters ‘a’, ‘b,’ and ‘c’ represent statistically significant differences between different treatments (p < 0.05, Tukey test).




Beta diversity: PCoA

PCoA analyses using Bray-Curtis distances demonstrated that rhizosphere samples from the same treatment grouped together (Figure 2). The analysis of similarities (ANOSIM) showed that there were significant differences in community structure between different treatments (R = 0.6621, p = 0.001), and there were also significant differences in community structure between AKS and SHZ soils (R = 0.4545, p = 0.001). In both soils, the distance between samples of continuous cropping for 1 and 3 years was closer, and the distance between the samples of continuous cropping for 5 and 8 years was closer. In particular, the samples of continuous cropping for 15 and 20 years clustered together and separated from the samples of other continuous cropping years. Two-way ANOVA showed that beta diversity indexes (PCo1 and PCo2) were significantly affected by the continuous cropping years and soil origin as well as their interactions (Table 1).

[image: Figure 2]

FIGURE 2
 Principal coordinate analysis (PCoA) based on Bray-Curtis distance for the bacterial community structure of cotton field soil samples with different continuous cropping years in AKS and SHZ soils.




Overview of species composition at the phylum level

Bacterial sequences from all samples were classified into 44 phyla. Proteobacteria, Actinobacteria, Planctomycetes, Acidobacteria, Gemmatimonadetes, and Chloroflexi were the dominating bacterial phyla in the AKS soil samples, accounting for more than 80% of all sequences (Figure 3A). On the other hand, Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes, Planctomycetes, and Gemmatimonadetes were the predominant bacterial phyla in the SHZ soil samples, accounting for more than 75% of all sequences (Figure 3B). In the top 10 phyla of AKS soil, with the increase of continuous cropping years, the relative abundance of Planctomycetes, Acidobacteria, Gemmatimonadetes and Nitrospirae gradually increased, while the relative abundance of Actinobacteria and Firmicutes gradually decreased; the relative abundance of Bacteroidetes increased gradually in the first 5 years of continuous cropping and then decreased gradually. In the top 10 phyla of SHZ soil, the relative abundance of Proteobacteria and Firmicutes increased significantly after 10 years of continuous cropping, while the relative abundance of other phyla decreased significantly.

[image: Figure 3]

FIGURE 3
 The relative abundance of the top 10 bacterial phyla in cotton field soil samples with different continuous cropping years in AKS (A) and SHZ (B) soils.




Overview of species composition at the genus level

The bacterial sequences of all samples were categorized into 781 different genera. Bacterial genera having a relative abundance larger than 0.5% in both soil datasets were further evaluated (Figure 4). The clustering tree showed that the abundance of bacterial genera with continuous cropping for 5 and 8 years had high similarity, and they also clustered in the same cluster with continuous cropping for 15 and 20 years. In the AKS soil, the relative abundance of Sphingomonas and Pirellula increased with the continuous cropping years, while the relative abundance of Arthrobacter, Streptomyces and Bacillus decreased; the relative abundance of Pseudomonas gradually increased in the first 5 years of continuous cropping, and then gradually decreased. In the SHZ soil, with the increase of continuous cropping years, the relative abundance of Sphingomonas, Shewanella, and Methylobacterium gradually increased, while the relative abundance of Planctomyces and Streptomyces decreased gradually; the relative abundances of Bacillus, Pseudomonas, Halomonas, Microvirga, and Porphyrobacter gradually decreased in the first 8 years of continuous cropping, and then gradually increased; the relative abundances of Pirellula and Steroidobacter gradually increased in the first 8 years of continuous cropping, and then gradually decreased.

[image: Figure 4]

FIGURE 4
 Composition of high-abundance bacterial genera (relative abundance >0.5%) in cotton field soil samples with different continuous cropping years in AKS (A) and SHZ (B) soils.




Variation in bacterial taxa abundances

The linear discriminant analysis (LDA) effect size (LEfSe) method was used to analyze the bacterial taxa with significant abundance difference between different continuous cropping years in two soils. A total of 28 taxa were found to be significantly different in relative abundance among continuous cropping years in the AKS soils (Figure 5A and Supplementary Figure 3), and the corresponding value was 81 in the SHZ soils (Figure 5B and Supplementary Figure 4). Propionibacteriales, Nocardioidaceae, and Actinobacteria were significantly enriched in both soils with continuous cropping for 1–3 years. Firmicutes, Bacilli and Bacillales were significantly enriched in the AKS soil of 1 year of continuous cropping and the SHZ soil of 15 years of continuous cropping, respectively. Micrococcales, Micrococcaceae, and Arthrobacter were significantly enriched in the AKS soil of 3 years of continuous cropping and the SHZ soil of 15 years of continuous cropping, respectively. Pseudomonadales, Pseudomonadaceae, and Pseudomonas were significantly enriched in the AKS soil of 5 years of continuous cropping and the SHZ soil of 15 years of continuous cropping, respectively. Proteobacteria and Gammaproteobacteria were significantly enriched in the AKS soil of 5 years of continuous cropping and the SHZ soil of 20 years of continuous cropping, respectively. Planctomycetes, Planctomycetales, Planctomycetaceae, and Planctomycetacia were significantly enriched in the AKS soil of 15 years of continuous cropping and the SHZ soil of 5 years of continuous cropping, respectively.

[image: Figure 5]

FIGURE 5
 Cladograms of cotton field soil samples bacterial taxa with different continuous cropping years in AKS (A) and SHZ (B) soils based on linear discriminant analysis effect size (LEfSe).




Co-occurrence network

Co-occurrence networks were constructed to evaluate the co-occurrence patterns of bacterial communities in short-term and long-term continuous cropping in the two soils. In the AKS soil, compared with short-term (≤8 years) continuous cropping, long-term (≥8 years) continuous cropping decreased the network total nodes, total links, average degree, average clustering coefficient and density, while the average path distance increased (Figure 6 and Table 2). In the SHZ soil, compared with short-term continuous cropping, long-term continuous cropping decreased network total nodes, total links and average path distance, but increased average degree, average clustering coefficient and density (Figure 6 and Table 2). Interestingly, the ratio of positive and negative connections in the network of long-term continuous cropping was less than that of short-term continuous cropping in both soils (Table 2).
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FIGURE 6
 Co-occurrence networks of bacterial communities in cotton field soil samples under short-term continuous cropping (ST) and long-term continuous cropping (LT) in AKS and SHZ soils. ST is the sample summary of 1, 3, 5, and 8 years of continuous cropping. LT is the sample summary of 8, 10, 15, and 20 years of continuous cropping.




TABLE 2 Topological properties of the four co-occurrence networks in Figure 6.
[image: Table2]




Discussion

In this study, the incidence of Verticillium wilt in cotton field soil with different continuous cropping years was assessed in AKS and SHZ, and it was found that the incidence of Verticillium wilt rose with the continuous cropping years, especially after 5 years of continuous cropping. Similar phenomena have been observed in many crops, including cucumber, potato, tomato and vanilla, with an increased incidence of soil-borne diseases and severely stunted growth after years of continuous cropping (Zhou and Wu, 2012; Lu et al., 2013; Li et al., 2014; Xiong et al., 2015b).

Microbial diversity and community structure are important indicators affecting soil health, and many microbes have the potential to improve crop yield and disease suppression (Ferris and Tuomisto, 2015; Pereg and McMillan, 2015). This study systematically evaluated the composition of soil bacterial communities in the AKS and the SHZ soil of cotton fields continuously cropping for many years, and revealed the mechanism of continuous cropping obstacles from the soil microbial level. The results showed that alpha diversity of bacterial communities with different continuous cropping years had different changing trends in two soils. In the AKS soil, bacterial alpha diversity rose with increasing cropping years, except for a decrease at 10 years of continuous cropping. Previous studies have also reported that continuous cotton cultivation leads to increased soil bacterial diversity (Wei and Yu, 2018). However, in the SHZ soil, alpha diversity of bacteria declined as the number of cropping years increased, especially after 10 years of continuous cropping. Previous studies showed that soil bacterial diversity decreased with continuous cropping time under continuous planting of cotton, potato, and black pepper (Liu et al., 2014; Xiong et al., 2015a; Yang et al., 2018). The results of beta diversity analysis showed that there were significant differences in soil bacterial communities of different continuous cropping years, especially the samples of 15 and 20 years continuous cropping were far from those of other years; meanwhile, the samples between the two soils were separated from each other. These results indicated that continuous cropping altered soil bacterial diversity and community structure. Although the agricultural management measures of cotton fields in the aforementioned two regions were similar, the alpha diversity and structural composition of soil bacterial communities exhibited different changing trends under continuous cropping, which might be mainly attributable to soil properties. Two-way ANOVA confirmed that the alpha diversity and beta diversity of bacteria were affected by continuous cropping years, soil origin and their interaction. The effects of soil types with a range of factors including structure, texture, pH, water content, salinity, mineral content, and organic content on soil microbial communities have been widely demonstrated (Berg and Smalla, 2009; Bach et al., 2010; O’Brien et al., 2019).

At the phylum level of soil bacteria, Proteobacteria, Actinobacteria, Acidobacteria, Planctomycetes, and Firmicutes were the predominant bacterial phyla in the soil of continuous cropping cotton, with Proteobacteria being the phylum with the highest proportion, which was consistent with previous findings (Tian and Gao, 2014; Tian et al., 2020). Proteobacteria are involved in the global carbon, nitrogen, sulfur, and iron cycles and are therefore important for maintaining soil microbial community homeostasis (Spain et al., 2009; Shin et al., 2015). We found that the relative abundance of Actinobacteria and Bacteroidetes in the AKS and the SHZ soils decreased with the increase of continuous cropping years. It has been reported that Actinobacteria inhibit plant soil-borne diseases by producing antibiotics, secreting cell wall degrading enzymes, parasitism and inducing host resistance; meanwhile, Actinobacteria can also promote plant growth through production of plant growth regulators, nitrogen fixation, production of ferric carriers and dissolved mineral phosphates (Palaniyandi et al., 2013; Ling et al., 2022). There are abundant pathogen suppressor members in the Bacteroidetes that contribute prominently to plant health as well as soil organophosphate mineralization (Lidbury et al., 2021). Among the bacterial genera with the average abundance >0.5%, the relative abundance of Streptomyces belonging to Actinobacteria decreased with the continuous cropping year in both the AKS and the SHZ soils. Streptomyces are the most abundant and important Actinomycetes, which contribute to the maintenance of soil fertility and homeostasis to promote plant growth and to help plants resist biotic and abiotic stresses (Pang et al., 2022). The decrease in the relative abundance of these phyla and genera might be an important cause of continuous cropping obstacles. Interestingly, the relative abundance of Sphingomonas increased with continuous cropping years in both soils. Previous studies have shown that Sphingomonas can help environmental remediation, plant growth and resistance to abiotic stresses (Asaf et al., 2020), but our results indicate that it appears to promote continuous cropping obstacles, and its specific role in continuous cropping soil needs further investigation.

LEfSe analysis was used to find robust differential species, i.e., biomarkers, between continuous cropping years in the two soils. This study revealed that Propionibacterium, Nocardioidaceae, and Actinobacteria were simultaneously biomarkers of two types of soil in the early stage (1–3 years) of continuous cropping, suggesting that these groups may be important species to maintain soil health in the early stage of continuous cropping. At the same time, we found that some taxa were enriched in the AKS soil with 1–5 years of continuous cropping and also in the SHZ soil with 15–20 years of continuous cropping, which might be due to the differences in the two soils origin and the composition of the native microbial communities.

Network analysis has been widely applied to explore the complex inter relationships and co-occurrence patterns of soil microbial communities (Faust and Raes, 2012). Previous studies have shown that agricultural measures and environmental changes affect the complexity of the soil microbial co-occurrence network; for example, agricultural intensification reduces the complexity of the soil fungal microbial co-occurrence network (Banerjee et al., 2019); soil erosion also leads to a reduced complexity of the microbial network (Qiu et al., 2021). This study was the first to explore the effects of continuous cropping on the co-occurrence network of soil bacterial communities. The results showed that long-term continuous cropping decreased the complexity of bacterial community co-occurrence network in the AKS soil, but increased the complexity of bacterial community co-occurrence network in the SHZ soil. The different responses of the co-occurrence networks of two soil communities to long-term continuous cropping might be due to the different complexities of the initial network (short-term continuous cropping). In addition, a lower proportion of positive links in soil bacterial communities with long-term continuous cropping might mean less collaboration between OTUs.



Conclusion

The results of this study indicated that continuous cropping and soil origin jointly affected the diversity and structural of the soil bacterial population. The relative abundance of some beneficial bacterial taxa in both soils decreased with increasing years of continuous cropping, such as: Actinobacteria, Bacteroidetes, Streptomyces, Propionibacteriales, and Nocardioidaceae, and these taxa that were lost due to the continuous cropping might be one of the causes for continuous cropping obstacles. These findings extend our understanding of the mechanisms by which continuous cropping of cotton affects soil microbes and provide useful guidance for overcoming continuous cropping obstacles through the application of beneficial microbes in the future.
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Introduction: Soil fungal network composition and stability are important for soil functions, but there is less understanding of the impact of clomazone on network complexity and stability.

Methods: In this work, two agricultural soils were used to investigate the impact of clomazone on fungal network complexity, composition, and stability. The two soils were treated with clomazone solution (0, 0.8, 8, and 80  mg kg−1) and kept in an incubator.

Results and Discussion: Under the influence of clomazone, the fungal network nodes were decreased by 12–42; however, the average degree was increased by 0.169–1.468 and fungal network density was increased by 0.003–0.054. The keystone nodes were significantly changed after clomazone treatment. Network composition was also impacted. Specifically, compared with control and clomazone treatments in both soils, the shared edges were fewer than 54 in all comparisons, and network dissimilarity was 0.97–0.98. These results suggested that fungal network composition was significantly impacted. The network robustness was increased by 0.0018–0.0209, and vulnerability was decreased by 0.00018–0.00059 in both soils, which indicated that fungal network stability was increased by clomazone. In addition, the functions of network communities were also changed in both soils. These results indicated that clomazone could significantly impact soil fungal networks.

KEYWORDS
 clomazone, fungi, network, dissimilarity, stability


1. Introduction

Soil fungi are important for earth element cycling, and they are important participants, decomposers, mediators, and undertakers in ecosystems (Tedersoo et al., 2014). Complicated microorganism relationships occur in soil fungi, such as mutualism, commensalism, parasitism, neutralism predation, competition, and amenalism (Faust and Raes, 2012; Coyte et al., 2015). Through these diverse relationships, an organic entity is formed. Therefore, interactions between microbes are vital for maintaining homeostasis in soil processes.

In modern agricultural practice, pesticides are necessary and a widespread interference factor in soil fungal community structures (Du et al., 2021). Previous work reported that pesticides could impact soil microbial abundance, microbial community, and functions (Lerner et al., 2020; Li et al., 2020; Liu et al., 2020; Qiao et al., 2020; Yang et al., 2021). Microbial connections are important for soil function preservation. Altered microbial communities will change the connections of species (Du et al., 2021). Network analysis has been increasingly used in microbial ecology to evaluate these complicated relationships (Berry and Widder, 2014; Przulj and Malod-Dognin, 2016). In the process of environmental change, analysis of the impact of microbial networks could evaluate the stability of their composition and functions. For example, Wu M. H. et al. (2021) reported that permafrost degradation reduced microbial network stability and increased carbon loss, and Shen et al. (2022) analyzed the impact of plant diversity on soil fungal network stability and functions. Previous researchers have focused on the impact of pesticide on topological indexes (Gao et al., 2018; Xun et al., 2021; Su et al., 2022), but this limited researchers from exploring the impact on microbial networks. Slight changes to topological indexes may due to the same number of changed individuals. Analysis of persistent species and changes in network composition in response to stresses has important implications for soil community functions. For example, the genes related to nitrogen and phosphorus metabolism are the main genes for soil microbial community stability (Xun et al., 2021). In addition, network stability is important in evaluating the resistance of microbial networks to interference. However, no research has been carried out concerning microbial network node persistence, composition, and stability in pesticide-polluted soils.

Clomazone is an isoxazolidinone compound commonly used as a selective herbicide for many crops, and it has a half-life of >195 days in the field (PPDB, 2023). Previous studies have reported that clomazone could negatively impact soil fungal communities, indicating that network structures can be damaged (Du et al., 2018). However, no research about fungal networks has been conducted. Therefore, to evaluate the influence of clomazone on fungal networks, we carried out a microcosmic experiment indoors over a period of 3 months. For this purpose, fungal network complexity, stability, dissimilarity, and the related functions were evaluated. Network complexity was evaluated by the number of nodes and links, the average degree of nodes, network density, and clustering coefficient. Mo et al. (2021) studied the impact of salinity shifts on microeukaryotic plankton communities through networks. Yuan et al. (2021) researched the influence of warming on bacterial network complexity, stability, preserved modules, network nodes, and community functions. Network stability is important for resistance to stresses and performing functions, and it is evaluated via robustness and vulnerability in this study (Deng et al., 2012; Yuan et al., 2021). de Vries et al. (2018) evaluated soil fungal and bacterial network stability, and found fungal networks were more stable than bacterial networks. Fungal network dissimilarity was also evaluated using the shared nodes and edges between two microbial networks (Poisot et al., 2012; Mo et al., 2021). Our aims were to clarify whether clomazone could influence fungal network composition and stability.



2. Materials and methods


2.1. Experimental design

Two soil textures were used for experimentation. Samples of silty clay soil (classified based on soil particle diameters) were obtained from the Jiansanjiang reclamation area, Heilongjiang province (JSJ), and samples of silty loam soil were obtained from Langfang research base, Hebei province (LF). For JSJ soil, organic matter was 18.0 g kg−1, available P was 74.9 mg kg−1, available K was 289.8 mg kg−1, and pH was 7.07; for LF soil, organic matter was 25.8 g kg−1, available P was 51.7 mg kg−1, available K was 28 mg kg−1, and pH was 7.24. The soils were sieved through a 2-mm mesh and preincubated for 2 weeks (Trabue et al., 2006). Three concentrations of clomazone were used to treat the soils: 0.8 mg kg−1 [active ingredients (a.i.) per soil dry weight (dw)], 8 mg kg−1, and 80 mg kg−1, here referred as L, M, and H and corresponding to 1, 10, and 100 times the recommended application rate, respectively. The M level represents excessive use in the field, and the H level represents extreme contamination in soil (e.g., soil near a pesticide factory). These concentrations have also been carried out in other studies (Crouzet et al., 2010; Muñoz-Leoz et al., 2011; Wu C. et al., 2021). The concentration was based on a soil depth of 10 cm with a bulk density of 1.5 g cm−3 (Cheng et al., 2014). The purity of clomazone was 98% having been dissolved in acetone (analytical grade, Beijing Chemical Company). 100 μL of clomazone solution was added to bottles with 50 g of soil and thoroughly mixed for 15 min. After that, 200 g of soil was added to each bottle and mixed for 15 min at 3,000 rpm. For the control group, soil samples were treated with carrier solution lacking clomazone. Each treatment was carried out in triplicate. Soil moisture was adjusted continuously by adding deionized water to 50% of the water holding capacity during the whole period. A weighing method was used to determine the loss of water every 2 days, and the soil moisture was kept according to the lost weight. The brown bottles containing the treated soils were stored in an artificial climate box for 90 days at 25°C. Soil samples (about 15 g) were taken at 7, 15, 30, 60, and 90 days, and stored at −80°C until analysis.



2.2. Characterization of soil fungal communities

A PowerSoil Isolation kit (Mo Bio Laboratories, Carlsbad, CA, United States) was used on 0.5 g of soil to extract microbial DNA. Microbial DNA quality was evaluated with a ND-1000 spectrophotometer (NanoDrop Technologies) based on the ratios of absorbance measured as follows: 260/230 nm and 260/280 nm. The forward primer was ITS3_KYO2 (5′-GATGAAGAACGYAGYRAA-3′) and the reverse primer was ITS4 (5′-TCCTCCGCTTATTGATATGC-3′; Tian et al., 2017). Microbial DNA was amplified via PCR reactions, and each PCR solution contained 100–300 ng of DNA template, 1.5 μL of each 10 μM primer, 1 μL of KOD-Plus-Neo enzyme (Toyobo, Shanghai, China), 5 μL of 2 mM dNTPs, 5 μL of 10× PCR Buffer for KOD-Plus-Neo, 3 μL of 25 mM MgSO4, and water to make 50 μL. The PCR cycling program was as follows: an initial step at 94°C for 2 min, followed by 35 cycles of 98°C for 10 s, 62°C for 30 s, and 68°C for 30 s, with a final extension at 68°C for 10 min. A negative control without DNA templates was also settled. The PCR products were purified with a PCR Purification kit from Qiagen (Hilden, Germany) after analysis using 1.5% agarose gel electrophoresis. The concentration of PCR products was determined using a Qubit 3.0 fluorometer (Life Technologies, Waltham, MA, United States). Purified PCR products were sequenced with the Illumina platform (Santiago, CA, United States) and a 2 × 250 bp kit. Amplicon sequencing data were processed with USEARCH (Edgar, 2010, 2013), and clean data were clustered into operational taxonomic units (OTUs) with similarity set at 97%.



2.3. Network construction and characterization

All co-occurrence networks were constructed on the basis of Pearson correlations of fungal OTUs abundance, and performed on Cytoscape software by CoNet plugin (Faust and Raes, 2016). A Pearson’s correlation coefficient (r) of ≥0.7 or ≤−0.7 was used to evaluate the associations of pairwise fungal OTUs. The following network topological indexes were calculated with the Gephi platform: total nodes, total links, average degrees, network density, modularity, clustering coefficient, and path lengths. Network nodes were the OTUs in the network. Network density was the ratio of actual edges and capable edges in the network. Degree represents the connections of a node to other nodes, and modularity is based on the connections between nodes and represents the degree to which a network is divided into different modules (Strogatz, 2001). The networks were established using the Gephi platform.

The topological role of each node was based on its within-module connectivity (Zi) and among-module connectivity (Pi; Guimerà and Nunes Amaral, 2005). According to previous studies (Olesen et al., 2007; Chen et al., 2019), the nodes were classified as module hubs (Zi ≥ 2.5, Pi < 0.62), connectors (Zi < 2.5, Pi ≥ 0.62), and network hubs (Zi ≥ 2.5, Pi ≥ 0.62), and they were referred to as keystone nodes (Banerjee et al., 2019; Röttjers and Faust, 2019).



2.4. Network stability

Normally, network stability is evaluated via robustness and vulnerability (Wu M. H. et al., 2021; Yuan et al., 2021). Robustness is defined as the remaining proportion of species of the network after random removal of some nodes (Montesinos-Navarro et al., 2017). In this study, each 0.05% of nodes randomly removed simulated random species removal. Vulnerability is also an index used to evaluate network stability based on node removal (Yuan et al., 2021).



2.5. Network composition dissimilarity

In this study, we used several indexes to evaluate the dissimilarity of fungal networks between different treatments. Shared nodes and edges between two networks were used to evaluate coexisting elements of different networks. Network dissimilarity based on network nodes and edges has been used to evaluate network differences (Poisot et al., 2012; Mo et al., 2021).



2.6. Fungal functions

FUNGuild was used to predict the functions of fungi from the amplicon sequencing data (Nguyen et al., 2016). According to trophic modes, there were three categories for fungi, namely, pathotroph, saprotroph, and symbiotroph. In order to take advantage of fungal functions, these three categories were further divided. Pathotroph was divided into animal pathogen, plant pathogen, fungal parasite, lichen parasite, bryophyte parasite, and endophyte; saprotroph was divided into dung saprotroph, leaf saprotroph, plant saprotroph, soil saprotroph, and wood saprotroph; symbiotroph was divided into ectomycorrhizal, ericoid mycorrhizal, and endophyte. The relative abundance of sub-groups of the fungal functions was used to evaluate the networked fungal OTUs community. The Mantel test was used to evaluate the relationships of fungal communities to fungal functions (Duan et al., 2020).




3. Results


3.1. Network indexes and composition

There were 2,387 fungal OTUs that were identified and used in this study. Eight fungal networks were established for each treatment based on Pearson’s correlation coefficients of fungal OTUs (Figure 1), and Table 1 lists each network’s topological indexes. Compared with the control group, the total nodes decreased by 42, 12, and 15 in L, M, and H treatment in JSJ soils, and 14, 27, and 17 in L, M, and H treatment in LF soils, respectively. These network nodes were assigned to nine dominant fungal orders in both soils, which were Hypocreales, Sordariales, Pleosporales, Eurotiales, Microascales, Pelotiales, Helotiales, Incertae sedis, and Agaricales. However, the average degree was increased by 0.834, 1.251, and 3.202 in L, M, and H treatment in JSJ soils, and 0.319, 9.553, and 1.041 in L, M, and H treatment in LF soils, respectively. Network density was increased by 0.005, 0.005, and 0.012 in L, M, and H treatment in JSJ soils, and by 0.003, 0.054, and 0.007 in L, M, and H treatment in LF soils, respectively. In addition, the percentage of positive edges increased by 0.54%–0.99% in all clomazone-treated JSJ soil, and increased by 0.19%–0.69% in all clomazone-treated LF soil.

[image: Figure 1]

FIGURE 1
 Visualization of fungal networks for each treatment in two soils. (A–D) are control, L, M, and H treatments in JSJ soil, respectively; and (E–H) are control, L, M, and H treatments in LF soil, respectively.




TABLE 1 Topological indexes for each network in JSJ and LF soils.
[image: Table1]



3.2. Network keystone nodes

On the basis of nodes’ Zi and Pi, the number of keystone nodes decreased by 19–27 in JSJ soil treated with clomazone. In LF soil, it increased by 1 in L treatment, but decreased by 4 and 17 in M and H treatments. The shared keystone nodes between the control and clomazone treatments were 31, 34, and 26 in JSJ soil, and 17, 27, and 22 in LF soils, respectively (Figure 2).

[image: Figure 2]

FIGURE 2
 Venn diagram of keystone nodes in each network in JSJ (A) and LF (B) soils.




3.3. Network dissimilarity

The network dissimilarity, shared nodes and edges are shown in Table 2. In JSJ soil, there were 260, 269, and 271 shared nodes in comparison to control-L, control-M, and control-H in JSJ soil, respectively. There were 210, 208, and 211 shared nodes in comparison to control-L, control-M, and control-H in LF soil, respectively. Compared with the nodes in each network, the shared nodes accounted for significant percentages of the nodes in each network. However, the shared edges between the control and clomazone-treated soil were significantly low. There were 23, 27, and 24 shared edges in comparison to control-L, control-M, and control-H in JSJ soil, respectively; and there were 17, 54, and 27 shared nodes in comparison to control-L, control-M, and control-H in LF soil, respectively. The dissimilarity between different networks in the two soils were both high, in the range of 0.97–0.98.



TABLE 2 Numbers of shared nodes and edges and their dissimilarity between control and each clomazone treatment in JSJ and LF soils.
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3.4. Network stability

On the basis of random species loss, network robustness was increased by clomazone in the two soils. In JSJ soil, it was increased by 0.0018, 0.0067, and 0.0125 in L, M, and H, respectively. In LF soil, it was increased by 0.0209 and 0.0103 in M and H, respectively (Figure 3). Vulnerability was decreased by clomazone in both soils. In JSJ soil, it was decreased by 0.00029, 0.00035, and 0.00057 in L, M, and H, respectively. In LF soil, it was decreased by 0.000047, 0.00059, and 0.00018 in L, M, and H, respectively (Figure 3).

[image: Figure 3]

FIGURE 3
 Robustness and vulnerability of each network in JSJ (A) and LF (B) soils.




3.5. Connection of fungal network patterns to functions

There were 10 guilds that were identified in this study: ectomycorrhizal, wood saprotroph, plant saprotroph, soil saprotroph, dung saprotroph, endophyte, lichen parasite, plant pathogen, fungal parasite, and animal pathogen. The correlation of network communities between these 10 functions are shown in Figure 4. In JSJ soil, the correlation profiles of fungal communities to functions were the same for control and L treatments, and were correlated to wood saprotroph, soil saprotroph, plant pathogen, animal pathogen, lichen parasite, and endophyte; M treatment was correlated to dung saprotroph and endophyte; H treatment was correlated to dung saprotroph. In LF soil, fungal communities were significantly correlated to dung saprotroph in the control treatment, and also significantly correlated to dung saprotroph and endophyte in L treatment; M and H treatments were significantly correlated to wood saprotroph, lichen parasite, plant pathogen, and animal pathogen.

[image: Figure 4]

FIGURE 4
 Relationships between fungal network communities and functions for each treatment in two soils. (A–D) are control, L, M, and H treatments in JSJ soil, respectively; and (E–H) are control, L, M, and H treatments in LF soil, respectively.





4. Discussion

Soil environments are ecological systems. Soil fungi are important and play key roles as decomposers, mutualists, plant pathogens, C cycling mediators, and nutrient moderators (Tedersoo et al., 2014). Complicated relationships exist among fungi, including mutualism, competition, parasitism, and inhibition/amenalism. Microorganism networks have been used to analyze these complicated relationships and evaluate the influence on microorganism connections (Mo et al., 2021). These works have suggested that networks are an effective way to research the relationships of microorganisms (Ze et al., 2013; Przulj and Malod-Dognin, 2016).

In this work, influenced network complexities indicated that the relationships of fungal species were impacted. Specifically, the decreased total nodes in clomazone networks suggested that clomazone disconnected more species from others in fungal communities. This was mostly due to the fact that more connections among species were impacted by clomazone. In the study by Zhang et al., heavy Cu also decreased fungal interactions (Zhang et al., 2022). However, the increased average degree and network density suggested that network nodes were more connected with others in one network. It also suggested that species in the network more frequently communicated with others using clomazone. Mesosulfuron-methyl also increased microorganisms’ communication among species and induced an increase in average degrees and network density in different soils (Du et al., 2021). The different profiles of keystone nodes suggested that network nodes’ topological roles were also significantly changed by clomazone. In addition, the increased positive edges suggested that clomazone induced increased relationships of mutualism, commensalism, parasitism, and neutralism predation (Faust and Raes, 2012; Coyte et al., 2015).

Influenced network complexities indicated that soil fungal network composition was impacted. The results of network dissimilarity and shared nodes confirmed this inference. Network dissimilarity was first published by Poisot et al. (2012), and has also been used by other researchers (Mo et al., 2021; Liao et al., 2023). For example, Liao et al. (2023) analyzed the differences between marine medaka gut and gill microbial networks using network dissimilarity; in the study by Mo et al. (2021), shared nodes, edges, and network dissimilarity were used to evaluate the differences of microeukaryotic plankton networks in different salinities in subtropical urban reservoirs. These results suggested that network dissimilarity is a valuable method to evaluate the differences of two networks. The significantly high dissimilarity suggested that fungal network composition has been significantly changed by clomazone in the two soils.

Influenced network complexities and composition indicated that soil fungal network stability and functions were impacted. Soil fungal network stability is important in performing functions, maintaining ecosystem sustainability, and for environmental protection (Coyte et al., 2015; Pan et al., 2023). Microorganism network stability is always evaluated using robustness and vulnerability. In this work, the increased network robustness and decreased vulnerability indicated that fungal networks were more stable in the two clomazone-treated soils. These results suggested that fungal networks were more resistant to disturbances after clomazone treatment (McCann, 2000). This was obviously due to clomazone increasing edges in the networks (Yuan et al., 2021), and it also suggested that fewer species were lost from the more connected networks. In addition, this result also suggested that it is hard for fungal networks to return to their original state.

The impacts above were also shown on network-related functions. In JSJ soil, the network community was significantly related to 6, 2, and 1 function in control, M, and H treatments, respectively. These results suggested that large amounts of clomazone impacted fungal network community functions, and function diversity also decreased in JSJ soil. However, function diversities related to the network community were increased in LF soil by clomazone, mostly due to different fungal compositions. Soil fungal functions sensitive to herbicide has been proven in other studies (Flores et al., 2014; Chen et al., 2022). In the study by Chen et al. (2022), oxathiapiprolin significantly impacted soil fungal community functions in an indoor experiment. Clothianidin, imazalil, and diazinon also showed negative effects on stream fungi, and they also influenced organic matter processing and energy cycling (Flores et al., 2014; Huang et al., 2021).



5. Conclusion

In this study, the impact of clomazone on soil fungal networks was evaluated via network complexities, composition, keystone nodes, and stability. Clomazone decreased fungal network nodes, but increased the average degree and network density. Fungal network composition and keystone nodes were also impacted by clomazone. Increased robustness and decreased vulnerability suggested that network stability was increased by clomazone. Fungal network community functions were also impacted in both soils. Overall, clomazone could significantly influence fungal networks.
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The newly identified complete ammonia oxidizer (comammox) that converts ammonia directly into nitrate has redefined the long-held paradigm of two-step nitrification mediated by two distinct groups of nitrifiers. However, exploration of the niche differentiation of canonical nitrifiers and comammox Nitrospira and their ecological importance in agroecosystems is still limited. Here, we adopted quantitative PCR (qPCR) and Illumina MiSeq sequencing to investigate the effects of five long-term fertilization regimes in the variations of ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), nitrite-oxidizing bacteria (NOB), and comammox Nitrospira abundances and comammox community composition in two soil layers (0–20 cm, topsoil; 20–40 cm, subsoil) in an Alfisol in Northeast China. The fertilization treatments included no fertilizer (CK); chemical nitrogen (N) fertilizer; chemical N; phosphorus (P) and potassium (K) fertilizers (NPK); recycled organic manure (M) and chemical N, P, K plus recycled manure (MNPK). Compared with CK, manure and/or chemical fertilizer significantly increased the AOB amoA gene abundance. Long-term recycled manure increased soil organic matter (SOM) contents and maintained the soil pH, but decreased the NH4+-N concentrations, which markedly promoted the nxrA and nxrB gene abundances of NOB and the amoA gene abundances of comammox Nitrospira clade A and AOA. Although the comammox Nitrospira clade B abundance tended to decrease after fertilization, the structural equation modeling analysis showed that comammox clade B had direct positive impacts on soil potential ammonia oxidation (PAO; λ = 0.59, p < 0.001). The long-term fertilization regime altered the community composition of comammox Nitrospira. Additionally, comammox Nitrospira clades A and B had individual response patterns to the soil layer. The relative abundance of clade A was predominant in the topsoil in the N (86.5%) and MNPK (76.4%) treatments, while clade B appeared to be dominant in the subsoil (from 78.7 to 88.1%) with lower ammonium contents, implying niche separation between these clades. Soil pH, NH4+-N and SOM content were crucial factors shaping the soil nitrifying microbial abundances and the comammox Nitrospira community. Together, these findings expand the current understanding of the niche specialization and the important role of comammox Nitrospira in terrestrial ecosystems.
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1. Introduction

In nature, microbial-mediated nitrification processes play a crucial role in the transformation of nitrogen (N), resulting in nitrogen flux from terrestrial ecosystems and water eutrophication resulting from nitrate leaching (Hu et al., 2014; Kuypers et al., 2018). The biological oxidation of ammonia (NH3) to nitrate (NO3−) via nitrite (NO2−), known as classical two-step nitrification, is an important process in the global nitrogen cycle. The first step of nitrification, namely ammonia oxidation, is catalyzed by ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA; Könneke et al., 2005). The second step, namely, nitrite oxidation, is performed by nitrite-oxidizing bacteria (NOB). In 2015, the complete ammonia oxidation (comammox) process was reported to oxidize ammonia to nitrate in a single cell, which fundamentally challenged the long-held perspective of the nitrification process (Daims et al., 2015; van Kessel et al., 2015).

To date, all of the comammox Nitrospira identified belong to Nitrospira sublineage II, harboring an entire set of nitrifying genes including ammonia monooxygenase (AMO), hydroxylamine dehydrogenase (HAO) and nitrite oxidoreductase (NXR; van Kessel et al., 2015; Poghosyan et al., 2019). Metagenomic evidence suggests that the comammox Nitrospira amoA gene is phylogenetically different from that of canonical ammonia-oxidizing microorganisms (AOA and AOB). Subsequently, based on the phylogeny of the amoA gene, comammox Nitrospira has been classified into two separate clades including clade A and clade B (Daims et al., 2015), and the average nucleotide identity values between the genomes of clade A and clade B are in the range of 70 to 72% (Poghosyan et al., 2019). Moreover, clade A can be split into clades A1, A2, and A3 (Xia et al., 2018; Li et al., 2020).

Since the discovery of comammox Nitrospira as a novel ammonia-oxidizing member, the significant importance of different ammonia oxidizers to nitrification has become more complicated and diversified under various soil conditions. Theoretical calculations indicated that comammox Nitrospira prefer to exist in a low-substrate-concentration environment, and kinetic results confirmed that comammox Nitrospira had high affinity for the substrates ammonia and oxygen, demonstrating competitive advantages over canonical nitrifiers in oligotrophic habitats (Kits et al., 2017). However, Li et al. (2019) demonstrated that the addition of (NH4)2SO4 significantly stimulated the amoA gene abundance of Nitrospira clade A in a pasture soil based on a microcosm experiment. Gonzalez et al. (2016) and Palomo et al. (2016) analyzed comammox Nitrospira bacterial genome data and predicted that comammox Nitrospira might have versatile metabolization capability. Numerous metagenomic findings further verified that comammox Nitrospira could competently utilize urea, formate, hydrogen, cyanate, methane, and agmatine as well as degrade organic carbon, highlighting their metabolic flexibility beyond the forms of nitrogen (Palomo et al., 2018; Koch et al., 2019; Vijayan et al., 2020; Yang et al., 2020). In addition to ammonia oxidation, comammox Nitrospira are also capable of oxidizing nitrite, because nitrite oxidoreductase is conserved and highly similar in all Nitrospira genomes (Palomo et al., 2018). It is speculated that the nitrite affinity of Nitrospira inopinata is approximately 50 times higher than that of canonical Nitrospira (Kits et al., 2017). The unique feature of comammox Nitrospira genome seems to be the apparent absence of genes for assimilatory nitrite reduction, resulting in the loss of the potential to use external nitrite nitrogen sources (Palomo et al., 2018). Overall, it is essential to bridge our knowledge gap concerning the ecological characteristics of comammox Nitrospira and re-evaluate the niche specialization of different soil nitrifying groups in terrestrial ecosystems.

Chemical and manure fertilizers have been extensively applied in agricultural soils to maintain soil fertility and improve crop productivity. Long-term experiments with different fertilization regimes are crucial for examining the variations in soil properties and nutrient supply capacity, and they can be used to explore the mechanisms of numerous ecological processes in detail. Many previous studies pointed out that long-term application of different fertilization regimes can significantly impact the abundances and community compositions of nitrogen-related microorganisms, influencing the contributions and predominance of diverse nitrifier and denitrifier communities involved in nitrogen cycling in soils (Zhang et al., 2012; Gao et al., 2018; Hou et al., 2018). Wang et al. (2019) demonstrated that long-term N and phosphorus (P) fertilizer inputs significantly enhanced AOB amoA gene abundances, while AOA amoA gene abundances were not as sensitive as those of AOB. AOA and AOB exhibited higher amoA gene transcriptional abundances than comammox Nitrospira under long-term chemical nitrogen fertilizer treatment (Wang et al., 2021). In comparison, long-term manure fertilization dramatically increased comammox Nitrospira abundances and influenced their community compositions (Li et al., 2020). Manure fertilizer was also shown to improve the composition and diversity of Nitrospira and Nitrobacter NOB in an acidic red soil (Han et al., 2018). Nevertheless, to our knowledge, although various studies have been conducted to illustrate the changes in nitrifying microbial communities in response to manure application, most of these manure fertilizers were commercial manure or were from external sources, not from within the farmland ecosystem. In fact, manure fertilizers from different sources vary greatly in their nutrient and chemical contents. Importantly, external manure fertilizers in general contain some undesired substances, such as heavy metals or antibiotics, that are detrimental to agroecosystems. Thus, it is encouraged to apply organic manure from local agricultural ecosystems, which is assumed to be a sustainable strategy to maintain agricultural production. However, how local manure fertilizer or the combination of chemical and local manure fertilizer affects the soil nitrifying community is still poorly understood. The soil layer is another factor that shapes the nitrifier community due to the differences in nutrient and oxygen availability (Kaveney et al., 2020). The niches of canonical nitrifiers and the newly discovered comammox Nitrospira under different fertilization regimes and soil layers have not been extensively explored. The relationship between nitrifying microorganism abundances, community compositions and environmental factors remains to be determined.

The objectives of our study were to assess the impacts of a long-term field trial of different fertilization regimes (including chemical fertilizer, recycled manure fertilizer and chemical fertilizer combined with recycled manure fertilizer) and soil layers on the abundance, community composition and diversity of canonical nitrifiers and comammox Nitrospira in an Alfisol. We hypothesized that: (1) comammox Nitrospira are responsive to the fertilization regime and play active roles in fertilized soils due to their extensive metabolic versatility; (2) soil pH, NH4+-N and soil organic matter (SOM) contents are the most influential factors governing the niche specialization of nitrifying guilds and their relative importance to nitrification in soils; and (3) comammox Nitrospira clade A and clade B dominate niches in the 0–20 cm and 20–40 cm fertilized soils, respectively, due to their different ammonia affinities and different nitrogen uptake systems. The results of this study will improve our understanding of the significance of canonical nitrifiers and comammox Nitrospira in agricultural ecosystems and provide a robust basis for regulation strategies to improve fertilizer use efficiency in agricultural production.



2. Materials and methods


2.1. Site description and experimental design

The experimental site is located at Shenyang experimental station, Chinese Academy of Sciences, Liaoning Province, China (42°32′N, 123°23′E). The site has a temperate semihumid continental climate. The average annual temperature is 7.5°C and the mean precipitation is approximately 680 mm (Ma et al., 2020). The soil in this area is classified as an Alfisol, which is a representative soil type on the slope and piedmont plain of the Liaodong Peninsula. The formation of Alfisols is related to the soil alluvial process. Carbonates and soluble salts are leached from soil, so the leaching effect of the soil is obvious and there are many obvious rust spots in the soil profile. The soil-forming parent material is dominated by moderately acidic bedrock weathering and other non-calcareous sediments, resulting in slightly acidic to neutral soil. Due to the effects of the soil-forming process and soil parent material, the organic matter and nutrient contents in the soil are relatively high. The initial soil pH and the organic carbon, total N, P, and potassium (K) contents were 6.15, 20.9 g·kg−1, 1.13 g·kg−1, 0.44 g·kg−1, and 16.4 g·kg−1, respectively (Ning et al., 2020).

This long-term fertilization experiment consisting of 12 treatments (with three replicated plots) was established in 1990 with completely randomized block design. The area of each field plot was 162 m2 (9 × 18 m). Five treatments were chosen in our study, i.e., no fertilizer (CK), chemical N fertilizer (N), chemical N, P, and K fertilizers (NPK), recycled organic manure (M) and a combined application of chemical N, P, K and recycled manure (MNPK). Maize monoculture has been implemented in each treatment with three replicates since 2012. The input rates of the N, P and K fertilizers for maize were 150 kg·N·ha−1, 25 kg·P·ha−1, and 60 kg·K·ha−1 when respective urea, triple superphosphate and potassium chloride fertilizers were applied. One distinctive trait of this long-term experiment was that the treatments contained recycled organic manure. The recycled organic manure used in the M and MNPK treatments was from the internal nutrient recycling process under the corresponding treatments. Detailed information about the preparation of the recycled manure has been presented in previous studies (Ma et al., 2020; Ning et al., 2020). Because the application amounts of recycled manure were determined by the crop production of the previous year under the corresponding treatment, the application amounts of the recycled manure changed among different years and treatments. The input rates for each treatment in 2018 are listed in Table 1. Detailed information about the historical cultivation system, nutrient internal recycling model and fertilizer application rates is provided in the Supplementary material.



TABLE 1 Experimental design and nutrient inputs of selected treatments in 2018.
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2.2. Soil sampling and analysis of soil properties

Soil samples were collected on October 19, 2018 (maize was seeded on April 1st and harvested on October 18) using stainless steel samplers. It each subplot, two soil depths were sampled corresponding to the topsoil (T, 0–20 cm) and subsoil (S, 20–40 cm). We collected 30 soil samples in total and transferred them to the laboratory on ice within 2 days. One portion of the soils was sieved using 2-mm mesh and was stored at 4°C before physicochemical property analysis and another portion was stored at-80°C before DNA extraction and subsequent high-throughput sequencing analyses.

Soil pH was determined using a pH meter (1:2.5 soil/deionized water; Mettler-Toledo FiveEasy Plus, United States). The SOM content was determined using the K2CrO7 oxidation–reduction spectrophotometric method (Bao, 2000). The soil water content (SWC) was determined based on the weight loss when 2 g of fresh soil was dried to a constant weight at 105°C. Soil total P (TP) was digested with H2SO4 and HClO4 solution using 0.5 g of soil, and soil available P was extracted with 100 ml of 0.5 M NaHCO3 at a 1:20 ratio of soil to solution. A flame atomic absorption spectrophotometer (PerkinElmer 900 T-PinAAcle, MA, United States) was used to analyze the soil available K extracted with ammonium acetate. The available N in soils was determined using the Kjeldahl digestion method. The soil inorganic NO3−-N and NH4+-N contents were extracted with 2 M KCl solution and measured with a continuous flow analyzer (Futura, Alliance Instruments, Pairs, France; Bao, 2000). Soil microbial biomass C and N (SMBC and SMBN) were measured using the chloroform fumigation extraction method with minor modifications as described by Wu et al. (1990). After the soil was grinded and sieved through 100-mesh sieves, the soil total carbon (TC) and total N (TN) contents were measured by dry combustion using a Vario Max Elemental CNS analyzer (Elementar Analysesysteme GmbH, Germany).



2.3. Soil ammonia and nitrite oxidation potentials

Soil potential ammonia oxidation (PAO) was assessed using a modification of the method presented by Kurola et al. (2005). Five grams of equivalent dry mass of fresh soil was incubated with 20 ml of 1 mM (NH4)2SO4 and 10 mg·L−1 potassium chlorate solution (to inhibit nitrite oxidation) dissolved in phosphate buffer solution (0.2 g·L−1 NaH2PO4, 0.2 g·L−1Na2HPO4, 8.0 g·L−1 NaCl, 0.2 g·L−1 KCl, pH 7.4) for 24 h on a rotating shaker at 170 rpm and 25°C. Then, the suspension was extracted with 2 M KCl and centrifuged at 5,000 rpm for 4 min. The NO2−-N content in the filtered solution was measured with a continuous flow analyzer (Futura, Alliance Instruments, Pairs, France).

The soil potential nitrite oxidation (PNO) was measured using the method modified by Attard et al. (2010). In brief, 5.0 g of equivalent dry mass of fresh soil was agitated in 30 ml of 1.67 mg·L−1 NaNO2 solution (each gram of dry soil contained 10 μg of NO2−-N) for 15 h on a rotating shaker at 170 rpm and 25°C. The NO2−-N in the suspension was filtered and measured, and the linear decrease rates were considered PNO.



2.4. Soil DNA extraction and quantitative PCR assay

Soil DNA was extracted from approximately 0.5 g of fresh soil using the FastDNA Spin Kit for soil (MP Biomedicals, CA, United States) following the manufacturer’s recommendations. The DNA quality was detected by 1% (w/v) agarose gel electrophoresis and the DNA concentrations were evaluated by a NanoDrop™ One UV–Vis spectrophotometer (Nanodrop Technologies, Wilmington, United States).

The primer sets Arch-amoAF/R (Francis et al., 2005), amoA-1F/2R (Rotthauwe et al., 1997), comaA-244f/659r (a-f), and comaB-244f/659f (a-f; Pjevac et al., 2017) were used to quantify the amoA gene abundances of AOA, AOB, comammox Nitrospira clade A and comammox Nitrospira clade B, respectively. The nxrA gene of Nitrobacter-like NOB and the nxrB gene of Nitrospira-like NOB were amplified using the primers F1norA/R2norA (Poly et al., 2008) and nxrB169F/638R (Pester et al., 2014), respectively. Quantitative PCRs (qPCRs) were conducted using a Bio-Rad CFX384 optical real-time PCR system (Bio-Rad Laboratories Inc., Hercules, CA, United States). The 20 μL PCR mixture contained 10 μL of 2 × SYBR Premix Ex Taq™ (TaKaRa Biotechnology Co., Dalian, China), 0.8 μL of each primer (10 μM), 2 μl of DNA template (diluted 10-fold) or 2 μL of standard plasmid and 6.4 μL of dd H2O. Standard curves were constructed using serially diluted plasmids containing the target genes at the final concentrations of 108 to 101 gene copies·μL−1. Negative controls containing water as the template were simultaneously analyzed to eliminate any contamination. Primer set sequences and PCR thermal protocols are listed in Supplementary Table S1. All assays were performed in triplicate and the correlation coefficient (R2) values above 0.99 were accepted. To evaluate the amplification specificity of qPCR, we conducted melting curve analysis at the end of each run. The efficiencies of qPCR were 94, 101, 96, 102, 95, and 92% for AOB, AOA, comammox Nitrospira clade A, comammox Nitrospira clade B, Nitrospira-like NOB and Nitrobacter-like NOB, respectively.



2.5. Comammox Nitrospira amoA gene amplicon sequencing and phylogenetic analysis

For the high-throughput sequencing analysis, the comammox Nitrospira amoA gene was first amplified using the primer set ComaA189Y/ComaC576R (Xia et al., 2018). Then the PCR products were used as templates and amplified using the barcoded primer set ComaA209F/ComaC576R (Xia et al., 2018). The amplification protocols of the two rounds of nested-PCR are listed in Supplementary Table S1. After purification (QIAEX Gel Extraction Kit, Qiagen, Germany), the DNA concentrations were quantified using a Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific, MA, United States). The purified PCR amplicons were incorporated together at equimolar concentrations and sequenced on an Illumina MiSeq platform at Majorbio (Majorbio Biopharm Technology Co., Ltd., Shanghai, China). Raw sequences were processed using Quantitative Insights in Microbial Ecology (QIIME; Caporaso et al., 2010) and Mothur (Schloss et al., 2009). Barcodes were used to split raw reads into different samples. High-quality sequences (quality score higher than 25) were retained. The obtained quality-screened sequences were divided into operational taxonomic units (OTUs) based on 97% sequence similarity for the comammox Nitrospira amoA gene using USEARCH (version 1.8.0). One representative sequence was chosen from each OTU for subsequent analysis. The 50 most abundant representative sequences from the remaining high-quality sequences and closely related sequences selected from the NCBI BALST database were aligned with the Clustal X program. Phylogenetic trees were constructed with neighbor-joining (NJ) method using MEGA 7.0 (Tamura et al., 2007), and bootstrap analysis was performed using 1,000 replicates. The acquired comammox Nitrospira sequences were deposited in GenBank with accession numbers SRR13319769 to SRR13319798.



2.6. Statistical analysis

The mean values and standard errors for each parameter were calculated from triplicate samples. One-way analysis of variance (ANOVA) was performed with SPSS Statistics 20.0 software (IBM, United States) based on Duncan’s test and p < 0.05 was considered statistically significant. Spearman’s correlation analyses were conducted to investigate the relationships among the soil physiochemical properties, potential nitrifier activities, and nitrifier functional gene abundances. Sobs, Shannon and phylogenetic diversity (PD) indices were calculated in R 3.6.0 using the ‘vegan’ package. Canonical correspondence analysis (CCA) was conducted to investigate the influence of the soil physiochemical properties on nitrifier functional gene abundances based on qPCR results and the comammox Nitrospira community based on high-throughput sequencing data. Permutational multivariate analysis of variance (PERMANOVA) was performed to explore the significance of the effects of the fertilization regime and soil layer on the nitrifying microbial community composition. The proportions of variations in the comammox Nitrospira community explained by soil properties were calculated by the “permu.hp” command in the “rdacca.hp” package (Lai et al., 2022). The Mantel test was used to identify potential environmental factors contributing to comammox Nitrospira community dissimilarity. Aggregated boosted tree (ABT) analysis was conducted to explore the relative contribution of soil properties to nitrifier gene abundances using the package “gbmplus” in R (Death, 2007). Structural equation modeling (SEM) was conducted with AMOS 21.0 (Amos, Development Corporation, Meadville, PA, United States) to test the hypothetical causal relationships among the fertilization regime, soil properties, soil microbial biomass (SMBC or SMBN), abundances of nitrifiers and soil nitrification potential (potential ammonia oxidation or potential nitrite oxidization). In the SEM analyses, modeling including all soil variables was conducted first to confirm which factors were significantly related to nitrifier abundances and nitrification potential (PAO or PNO) with the maximum likelihood estimation method. The adequacy of the SEM was determined by the chi-square/degrees of freedom values (CHI/DF), adjusted goodness of fit index (AGFI), root mean square error of approximation (RMSEA) index and Akaike information criteria (AIC). Favorable model fits adopted were suggested by Duan et al. (2018). Finally, we removed some non-significant variables and chosen the soil organic matter, NH4+-N, NO3−-N, total N, and available N contents as soil properties for the best model fit.




3. Results


3.1. Soil physicochemical properties

Most of the measured soil physicochemical properties were significantly affected by the fertilization regime and soil layer (p < 0.05; Table 2). Significant decreases in soil pH occurred in the N-treated soils compared with the CK soils, while the application of recycled manure alone had no obvious effect on the soil pH value. Among the 5 fertilization treatments, the contents of SOM, total N (TN), total P (TP), total K (TK), available N, available P, and available K reached their maximum values under the MNPK treatment, which received the highest rates of organic and chemical fertilizers. The addition of recycled manure alone also increased the SOM, soil TN, TK, TP, and available P contents to a certain degree compared with those of the CK and N treatments. Similarly, the concentrations of NO3−-N and NH4+-N were significantly increased in all fertilized treatments in comparison with those of the CK. The highest concentrations of NO3−-N and NH4+-N were found in the topsoil under the MNPK and N treatments, respectively.



TABLE 2 Basic characteristics of soil properties under different fertilization regimes and soil layers.
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Soil microbial biomass C showed a marked decrease after the application of chemical N, and the lowest content of SMBC in the topsoil was found under the N treatment, with a value of 82.48 mg·kg−1. Recycled manure application markedly increased the SMBC content, and the highest content was found under the M treatment. Although the nutrient inputs of the MNPK treatment were the highest, the SMBC under the MNPK treatment was less than that under the M treatment, which showed the negative effects of chemical N fertilizer on the SMBC. A similar pattern was found for SMBN, and the highest amount of SMBN also appeared under the M treatment. There was no significant difference in the C/N ratio of the topsoil among the different treatments. Unsurprisingly, the SOM, TN, TP, available N, available P, available K, NH4+-N and NO3−-N contents of the subsoil were significantly lower than those of the topsoil (Table 2). Conversely, SWC and pH in the subsoil were higher than those in the topsoil.



3.2. Soil potential ammonia oxidation and nitrite oxidation activity

Both soil PAO and PNO varied significantly among soil samples from the different fertilization regimes and soil layers (Figure 1; Supplementary Table S2). Generally, due to the higher nutrient and oxygen contents in the surface soil, the soil PAO and PNO of the topsoil were higher than those of the subsoil under the same fertilization regime except for the soil PAO under the N treatment. In the topsoil, the PAO varied from as low as 16.53 (±0.71) to 324.80 (±79.90) ng·NO2−·g−1·h−1 (Figure 1A) and peaked under the NPK treatment, which was 2.6 times higher than that under the CK. The soil PAO under the CK and MNPK treatments was comparable. Unexpectedly, the lowest PAO of the topsoil and the highest PAO of the subsoil both occurred under the N treatment.
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FIGURE 1
 Soil potential ammonia oxidation (PAO). (A) Potential nitrite oxidation (PNO). (B) Under different fertilization regimes in the two soil layers. Values are shown as mean ± standard deviations (n = 3). Different letters above the bars indicate significant difference among fertilization regimes using the Duncan multiple-range test. T, topsoil 0–20 cm; S, subsoil 20–40 cm.


The responses of the soil PNO to the fertilizer regime were different from the changes in the soil PAO (Figure 1B). In the topsoil, the CK treatment had the highest PNO of approximately 468.13 (±51.28) ng·NO2−·g−1·h−1, while the N treatment had the lowest PNO of 178.53 (±47.27) ng·NO2−·g−1·h−1. The soil PNO under the recycled manure treatment was slightly lower than that under the CK treatment but was as much as 2.33 times higher than that under the N treatment. The measured soil PNO of the subsoil ranged from 43.07 (±28.28) to 230.47 (±52.38) ng·NO2−·g−1·h−1, which was significantly lower than that of the topsoil.



3.3. Abundances of canonical ammonia oxidizers, comammox Nitrospira and nitrite oxidizers

Quantitative PCR (qPCR) analysis was adopted to quantify the amoA gene abundances of AOB, AOA, and comammox Nitrospira clade A and clade B in response to the fertilization regime and soil layer (Figures 2A–D,G). The results showed that the long-term fertilization regime significantly changed the amoA gene abundances of AOA and AOB in the soil (Supplementary Table S2; Figure 2). In the topsoil, the AOA amoA gene abundance significantly increased under the M treatment, but significantly decreased with the application of chemical N fertilizer. In contrast, the AOB amoA gene abundance demonstrated an increasing tendency accompanied by increasing rates of nutrients, and the highest amoA gene abundance of AOB was found under the MNPK treatment, which was as much as 11.88 times greater than that under the CK. Across all of the treatments, the amoA gene abundances of AOA ranged from 2.37 × 108 to 7.86 × 108 copies g−1 dry soil, which were maximum 48.4 times greater than those of AOB, which ranged from 1.48 × 107 to 4.47 × 108 copies g−1 dry soil (Figures 2A,B). Moreover, the amoA gene abundances of AOA and AOB displayed opposite responses to different soil depths.
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FIGURE 2
 Abundances of nitrifier genes under different long-term fertilization regimes. The amoA gene abundances of AOA (A), AOB (B), comammox Nitrospira clade A (C), comammox Nitrospira clade B (D), total comammox Nitrospira (the sum of clade A and clade B amoA gene abundances) (G), the nxrA gene abundance of Nitrobacter-like NOB (E), and the nxrB gene abundance of Nitrospira-like NOB (F) were determined by qPCR analysis. The numbers in the panel (A,F) express the ratio of AOA to AOB and Nitrospira to Nitrobacter. The error bars in the columns represent the standard errors of the triplicated means. The different letters above columns indicate significant differences among different treatments (one-way ANOVA, Duncan test, P<0.05). T and S represent topsoil and subsoil, respectively.


Similar to AOA, the comammox Nitrospira clade A amoA gene abundances were considerably increased by the application of recycled manure (Figure 2C). The highest abundance of comammox Nitrospira clade A (4.65 × 107 copies per grams of dry soil) occurred in the topsoil under the M treatment. Significant differences were detected in the comammox Nitrospira clade A abundance between the two soil layers (Supplementary Table S2), and the abundances of comammox Nitrospira clade A decreased with increasing soil depth under the CK, NPK, M, and MNPK treatments. The abundance of comammox Nitrospira clade B was much higher than that of comammox Nitrospira clade A in all soil treatments, ranging from 9.68 × 107 to 3.69 × 108 copies g−1 dry soil (Figure 2D). Among all treatments, the highest comammox Nitrospira clade B abundance occurred in the subsoil under the N treatment. There was an increasing trend in the comammox Nitrospira clade B abundance with increasing soil depth except in the CK and NPK treatments. Additionally, the total comammox Nitrospira abundances (the sum of the amoA gene abundances of clade A and clade B) ranged from 1.29 × 108 to 3.88 × 108 copies g−1 dry soil, this range was slightly lower than that of AOA (Figure 2G).

The Nitrobacter-like nxrA gene and Nitrospira-like nxrB gene in all soil samples ranged from 1.22 × 107 to 5.90 × 107 and 3.20 × 108 to 1.21 × 109 copies g−1 dry soil, respectively (Figures 2E,F). Manure fertilizer markedly increased the NOB abundance in contrast with the effects of chemical N fertilizer. Significantly higher abundances of the Nitrobacter nxrA gene and the Nitrospira nxrB gene were found in the topsoil under the M treatment, 2.8 and 3.8 times higher, respectively, than those under the N treatment.



3.4. Soil properties influencing the distribution of nitrifier gene abundances

Canonical correspondence analysis (CCA) was conducted to elucidate variances in the nitrifying guild abundances among different treatments and their responses to the soil properties. The first two CCA dimensions explained 75.3% of the cumulative variations and soils were assembled by layers (Figure 3A). The results showed that AOB and Nitrobacter-like NOB were more abundant in the topsoil with higher soil nutrient contents and SMBN, while AOA, Nitrospira-like NOB and comammox Nitrospira clade B tended to be more abundant in the subsoil with a higher pH and soil water content.
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FIGURE 3
 Canonical correspondence analysis (CCA) plot based on the gene abundances of all nitrifying populations (A) and comammox Nitrospira OTU compositions (B). Circles, subsoil samples, S; triangles, topsoil samples, T; black arrows, soil physiochemical properties; dark goldenrod arrows, nitrifiers. Red, blue, green, purple, and orange colors represent CK, M, MNPK, N and NPK treatments, respectively. Abbreviations: SWC, soil water content; TK, total K; AN, available N; AP, available P; AK, available K; NH4+-N, ammonium N; NO3−-N, nitrate N; SMBN, soil microbial biomass N; C/N, the ratio of total C to total N.


Aggregated boosted tree analysis was conducted to elucidate the importance of soil properties in predicting the changes in nitrifier gene abundances (Supplementary Figure S1). The results suggested that different soil properties contributed differently to the variations in the nitrifier gene abundances. The two most crucial soil properties driving the AOA abundances were soil pH (24.3%) and NH4+-N (18.3%). SOM content was the most important contributor to the changes in AOB (21.7%), comammox Nitrospira clade A (36.2%), Nitrobacter-like NOB (37.9%) and Nitrospira-like NOB (16.5%) abundances in all samples. The contribution of the soil available P content (17.2%) to the comammox Nitrospira clade B abundances was predominant. Overall, among the determined soil physiochemical properties, the soil pH, NH4+-N, soil organic matter, and available P content were the principal factors that shaped the nitrifier abundances in the fertilized soils.



3.5. Structural equation modeling analysis

Spearman’s correlation analysis demonstrated that soil PAO was markedly and positively correlated with the abundances of AOB, comammox Nitrospira clade B and total comammox Nitrospira. Additionally, there were significant and positive relationships between the abundances of AOB, comammox Nitrospira clade A, Nitrobacter-like NOB, Nitrospira-like NOB and soil PNO (Supplementary Table S3). Path analysis was conducted to further assess the direct or indirect relationships among the fertilization regime, soil properties, SMBC or SMBN, the abundances of active nitrifiers (AOA, AOB, comammox Nitrospira clade A, comammox Nitrospira clade B, Nitrobacter-like NOB, and Nitrospira-like NOB) and the soil nitrification potential (PAO and PNO) through structural equation pattern (Figure 4). With respect to soil PAO, the fertilization regime directly affected the soil properties (e.g., soil organic matter, NO4+-N, TN, and available N) through a positive path (λ = 0.26, p > 0.05) and significantly affected SMBN through a negative path (λ = −0.37, p < 0.01; Figure 4A). The comammox Nitrospira clade B abundance had a direct positive impact on the soil PAO (λ = 0.59, p < 0.001) and was affected by the negative effects of SMBN (λ = −0.29, p > 0.05), followed by the positive effects of the soil properties (λ = 0.23, p > 0.05). The AOB abundance also had a direct effect on soil PAO (λ = 0.29, p > 0.05), but the positive effect of AOB on soil PAO was less than that of comammox Nitrospira clade B. Moreover, soil properties (λ = −0.40, p > 0.05) and SMBN (λ = 0.27, p > 0.05) were directly related to soil PAO, although the effects were not significant. Overall, 42% of the variability in soil PAO could be explained by the parameters (R2 = 0.42 in Figure 4A). In addition, the results of the standardized total effects revealed that the abundance of comammox Nitrospira clade B had the strongest positive effects on soil PAO (Supplementary Figure S2).
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FIGURE 4
 Path diagrams demonstrating the potential causal relationships among the fertilization regime, soil properties (SOM, NO3−-N, NO4+-N, TN and available N), soil microbial biomass (C and N), the abundances of nitrifiers (AOA, AOB, comammox Nitrospira clade A, comammox Nitrospira clade A, Nitrobacter-like NOB and Nitrospira like NOB) and soil PAO (A) or PNO (B). The width of the arrows in proportional to the strength of the potential causal effects adjacent with path coefficients. The red solid and blue dashed lines indicate the positive and negative relationships between the indicators, respectively. The R2 demotes the percentage of variance explained by the corresponding indicator in the structural equation modeling. Significant levels are indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. SOM, soil organic matter; TN, total N; AN, available N; NH4+-N, ammonium N; NO3−-N, nitrate N; SMBC, soil microbial biomass C; SMBN, soil microbial N.


With respect to soil PNO, the fertilization regime directly affected the soil properties (e.g., soil organic matter and NO3−-N) through a positive path (λ = 0.36, p < 0.05) and significantly affected SMBC through a negative path (λ = −0.44, p < 0.001; Figure 4B). Both the soil properties (λ = 0.24, p > 0.05) and SMBC (λ = 0.51, p < 0.05) affected soil PNO directly, and they also affected soil PNO indirectly via the influence on the nitrifier abundance. The direct relationship between PNO and the abundances of Nitrospira-like NOB was positive but not significant (λ = 0.24, p > 0.05). Overall, the model explained 63% of the variation in soil PNO (R2 = 0.63, Figure 4B). Furthermore, the standardized total effects showed that the soil properties and SMBC were important factors, as the soil properties had the strongest indirect effects on soil PNO, and SMBC had the strongest direct effect on the PNO (Supplementary Figure S2).



3.6. Phylogeny of comammox Nitrospira

A total of 2,053,861 high-quality sequences were retrieved from the 30 soil samples. According to the cutoff threshold of 97% nucleotide similarity, 246 unique OTUs were identified. A phylogenetic tree containing the 50 major OTU sequences (the proportion > 0.05) accounting for more than 98.9% of the total OTU abundances was constructed using the neighbor-joining method with the p-distance model. Consistent with previous observations, the comammox Nitrospira amoA gene phylogenetic tree showed that the major OTU sequences were clustered into two clades, where 18 out of the 50 sequences were affiliated with comammox Nitrospira clade A within clade A2. The clade A2 cluster was affiliated with the metagenome-assembled genome (MAG) species SG-bin1 (17 OTUs) and SG-bin2 (1 OTU). There were 21 OTUs belonging to clade B (Supplementary Figure S3), affiliated with Nitrospira sp. CG24C and Nitrospira sp. CG24A. Notably, some of the selected-OUT clusters (11 out of 50) were close to those of the AOB amoA sequences due to the nonspecific amplification of the selected comammox Nitrospira amoA gene primer set and partial nested PCR protocol (Supplementary Figure S3). Among the 50 most abundant OTUs, comammox Nitrospira clade B (42%) was the dominant cluster compared with clade A (36%; Supplementary Figure S3).

Cluster analysis showed that the distribution of OTUs belonging to clade A and clade B varied obviously among the different soil treatments (Figure 5A). The topsoil under the CK and M treatments clustered closely with the subsoil. Meanwhile, the relative abundances of clade A and clade B responded differently to the fertilization regime and soil layer (Figure 5B). Clade A was abundant in the topsoil and dominated under the N and MNPK treatments, making up 86.5 and 76.4%, respectively, of the selected OTUs. In contrast, although clade B seemed to be dominant in the topsoil under the CK (74.3%) and M (56.6%) treatments, the relative abundance of clade B was higher in the low nutrient-replenished subsoil (ranging from 78.7 to 88.1%), indicating niche differentiation between comammox Nitrospira clade A and clade B. The highest proportion was found in the subsoil under CK (88.1%), suggesting the preference of clade B in oligotrophic environments.
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FIGURE 5
 Heatmap plotting the relative abundance of the 50 major OTUs (relative abundance > 0.05 in at least one sample) (A) and community composition of comammox Nitrospira based on amoA gene sequences (B) retrieved for the 30 soil samples. Error bars are standard error of means (n = 3).




3.7. Soil properties shaping the community of comammox Nitrospira

Canonical correspondence analysis was performed to estimate the main soil properties affecting the community structure of comammox Nitrospira under different treatments, and the first two CCA dimensions explained 47.0% of the cumulative variation in the comammox Nitrospira community compositions (Figure 3B). Notably, pH, SMBN and available N explained 27.1, 17.7 and 14.5%, respectively, of the whole community dissimilarity (p < 0.01), acting as the three most critical factors. Soil samples from the subsoil were closely grouped and obviously differed those from the topsoil. PERMANOVA further demonstrated that the comammox Nitrospira community composition not only significantly diverged with the soil layer (R2 = 0.41, p = 0.001), but also with the fertilization regime (R2 = 0.30, p = 0.001). The compositions of comammox Nitrospira in the topsoil were divided into three groups depending on the fertilization regime. The ranking of the Bray-Curtis distances revealed that there were obvious differences in the comammox Nitrospira communities among the different fertilization treatments in the topsoil (Figure 3B; Supplementary Figure S4). Pearson correlation analysis revealed that the Sobs index of the comammox Nitrospira community (alpha diversity) showed significant positive correlations with pH (r = 0.44, p < 0.05) and the soil water content (r = 0.42, p < 0.05), but showed marked negative correlations with available N (r = −0.37, p < 0.05) and NH4+-N (r = −0.37, p < 0.01; Table 3). The Mantel test revealed that the dissimilarity in the beta diversity of comammox Nitrospira composition was significantly correlated with pH and the soil organic matter, TN, available N, NH4+-N and NO3−-N contents (Table 3). Considering the influence of soil properties on the abundance and composition of comammox, we confirmed that soil pH and the NH4+-N and soil organic matter contents were the most crucial factors driving the comammox Nitrospira community compositions.



TABLE 3 Correlations between soil properties and comammox Nitrospira community diversity in fertilized soils.
[image: Table3]




4. Discussion

With the discovery and prevailing occurrence of comammox Nitrospira in engineered, coastal and terrestrial environments (Li et al., 2022; Zhu et al., 2022), our previous knowledge about the niche differentiation of different nitrifiers and their relative contribution to nitrification in agricultural ecosystems need to be reconsidered. Distinct fertilization effects on canonical nitrifier abundance and community structure have been reported in many previous studies (He et al., 2007; Wang et al., 2019; Lin et al., 2020; Cai et al., 2021), and our study further confirmed this information. The abundance of AOB was enhanced by the application of chemical N fertilizer, while the changes in the abundance of AOA displayed an opposite pattern, suggesting that the addition of chemical fertilizer created an unfavorable condition for AOA (Figure 2). Compared with chemical fertilizer, recycled manure fertilizer significantly increased the abundance of AOA (Figure 2). These distinct responses of AOB and AOA to fertilization regimes can be explained by their different affinities for ammonia substrates (Prosser and Nicol, 2012; Ouyang et al., 2018). The theoretical ammonia concentration in the soil aqueous solution based on the ionization equilibrium ranged from 400 to 14,270 nM (Supplementary Table S4), which facilitated the growth of both AOA and AOB with optimal survival ammonia concentrations ranging from 0.007 to 1,220 nM and 6,730 to 323,000 nM, respectively (He et al., 2012; Hu et al., 2014). Obviously, AOB are better adapted to soils with relatively high ammonia concentrations due to their higher maximum activity and half-saturation constant value for ammonia than AOA (Hu et al., 2014; Li et al., 2022). ABT analysis demonstrated that AOB abundance was positively correlated with the soil TN and NH4+-N contents, while AOA abundance was significantly and negatively correlated with the NH4+-N content (Supplementary Figure S1). Thus, AOB were more abundant in the 0–20 cm layer of fertilized soils and peaked under the MNPK treatment receiving the highest fertilizer inputs, while AOA preferred oligotrophic environments such as unfertilized soils and subsoils (Figure 2). Notably, long-term manure recycling significantly boosted the AOA abundance. Since manure only contained a small percentage of N in urea or inorganic N form, most of the N was organically derived (Sun et al., 2021), and the negative effect of manure on the AOA abundance was slight. Some AOA species (e.g., Nitrosophaera viennensis and Nitrosopumilus martimus SCM1) are considered to be mixotrophic and possess genes encoding enzymes for assimilating organic compounds (Tourna et al., 2011). Additionally, another study supported the idea that some AOA can use certain organics to act as chemical scavengers to detoxify intracellular H2O2 rather than assimilate organics into their membrane lipids (Kim et al., 2016). Therefore, the AOA abundance was significantly stimulated by recycled manure application.

Similarly, Nitrobacter-like and Nitrospira-like NOB have different lifestyle strategies. Nitrobacter-like NOB are known as r-strategists, preferring higher N availability and oxygen concentrations (Nowka et al., 2014), whereas Nitrospira-like NOB are K-strategists, dominating in N-limited environments with higher N substrate affinity (Schramm et al., 1999). Our results supported the idea that the niche differentiation of these two genera of NOB showed that Nitrobacter-like NOB were more abundant in the topsoil with high nutrient contents and were more associated with AOB (Figure 3A). The application of recycled manure provided a more stable nutrient supply and increased the soil organic carbon availability and microbial biomass (such as SMBC and SMBN), thereby providing rich and balanced nutrients for both Nitrobacter-like and Nitrospira-like NOB to grow. In fact, NOB should not be considered obligate chemolithoautotrophs, and some NOB species have been proven to be capable of assimilating simple organic compounds, such as glycerol, formate and pyruvate (Daims et al., 2001; Spieck et al., 2006). Consequently, soil samples under the M treatment significantly increased the Nitrobacter nxrA and Nitrospira nxrB abundances (Figure 2).

It is well-known that comammox Nitrospira are responsive to nitrogen addition in soils because nitrogen as the essential substrate may shape the ecological niche differentiation of comammox Nitrospira in agricultural soils (Shi et al., 2018; He et al., 2021). However, knowledge of the effect of different fertilization regimes on comammox Nitrospira abundance and community composition is still limited. Our study showed that the abundance of comammox Nitrospira (the sum of clade A and clade B) was slightly higher than that of canonical AOB (except in the topsoil under MNPK) and slightly lower than that of AOA (Figure 2), suggesting that comammox Nitrospira might be competitively superior in fertilized Alfisols. This means that comammox Nitrospira not only have an oligotrophic lifestyle but can also adapt to various environments with abundant substrates (Li et al., 2020; Lu et al., 2020; He et al., 2021), which is consistent with the idea that comammox in terrestrial ecosystems might have evolved ecological features that are more diverse than those in aquatic ecosystems (Hu and He, 2017; Hu et al., 2021).

Both comammox Nitrospira clade A and clade B were observed in the studied soils. Although comammox Nitrospira clade A was proposed to be split into clades A1, A2 and A3 (Xia et al., 2018; Li et al., 2020), only comammox Nitrospira clade A2 was found in the studied soils (Supplementary Figure S3). Unlike the oligotrophic lifestyle of clade A1 (Xia et al., 2018; Sun et al., 2020), clade A2 was dominant in N-rich tidal flat sediment or agricultural soils (Xia et al., 2018; Liu et al., 2020; Xu et al., 2020). Specifically, a recent study demonstrated that there were different ecological preferences in individual subclades (clade A2.1 and clade A2.2) of clade A2 in Ultisols following long-term fertilization (Lin et al., 2022). These findings provide insights that comammox Nitrospira clade A in agricultural soil is not strictly oligotrophic and has adapted to thrive in a wide range of ecological niches. Additionally, comammox Nitrospira clade B, which is oligotrophic, was also found in these fertilized soils. Comammox Nitrospira clade A and clade B abundances responded differently to chemical and/or manure fertilizer addition. Compared with CK and NPK, the application of NPK plus recycled manure (MNPK) or recycled manure alone (M) significantly increased the abundance of comammox Nitrospira clade A. This is consistent with a recent study that provided evidence that comammox Nitrospira clade A might be relatively copiotrophic and thus flourished in NPK plus pig manure treatment with a higher nutrient content (Lin et al., 2022). Generally, comammox Nitrospira clade B is considered oligotrophic and sensitive to the soil NH4+-N content, so clade B did not grow autotrophically when ammonium was added to the soil (Daims et al., 2015; Shi et al., 2018; Wang et al., 2019). Therefore, the application of fertilizer, regardless of chemical fertilizer or recycled manure, decreased the abundance of comammox Nitrospira clade B in all topsoil samples (Figure 2). As shown in Figure 3B, the different long-term fertilization regime also led to marked differences in the community composition of comammox Nitrospira especially in the topsoil. The community structure of comammox under the CK and M treatment was similar and obviously different from that in the treatments containing chemical N, indicating that N forms and contents induced by the fertilization regime were key factors driving the comammox Nitrospira community (Sun et al., 2021; He et al., 2022).

In addition, different types of comammox Nitrospira had unique response patterns to soil layer. The relative abundance of comammox Nitrospira clade A was predominant in the topsoil especially under the chemical fertilizer treatments. In contrast, the relative abundance of clade B appeared to be dominant and increased in the subsoil samples with lower ammonium content (Figures 2, 5). This finding consistently supported the idea that there was niche separation between comammox Nitrospira clade A and clade B owing to their physiological differentiation and genome characteristics. Comammox Nitrospira clade A possesses Rh-type ammonium transporters with a higher uptake capacity and lower affinity for ammonia (homologous Rh-type ammonium transporters discovered in most β-AOB, Km(NH3) ≈ 0.14–0.19 mM) than Amt-type ammonium transporters (Dytczak et al., 2008; Daims et al., 2015; Palomo et al., 2018). Comammox Nitrospira clade B encodes Amt-type ammonium transporters (present in canonical AOA, Km(NH3) ≈ 0.13 μM) with a higher affinity for ammonia (Martens-Habbena et al., 2009; Kits et al., 2017; Koch et al., 2019). In summary, this evidence shows that comammox Nitrospira clade A (mainly clade A2) prefers soil that is relatively rich in ammonium and nutrients, while comammox Nitrospira clade B prevalently occurs in nutrient-limited soils. Different clades of comammox Nitrospira occupied distinct ecological niches and adaptively responded to long-term fertilization in agricultural soils, which supports our hypothesis.

Comammox Nitrospira can perform both ammonia-oxidation and nitrite-oxidation in the nitrification process, suggesting that they may compete with canonical nitrifiers for the transformation of nitrogen in agroecosystems. Some studies have shown that comammox Nitrospira demonstrated lower activity and less contribution to ammonia oxidation than canonical ammonia oxidizers (Shi et al., 2018; Wang et al., 2019, 2020). Comammox Nitrospira clade B was assumed to contribute more to nitrification in soil without NH4+ addition (Wang et al., 2019). However, as revealed by Spearman’s correlation and structural equation modeling analysis, our study revealed that the contributions of comammox Nitrospira clade B and AOB to the soil PAO were positive and significant, and canonical NOB (mainly Nitrospira-like NOB) were the dominant contributors to the soil PNO (Figure 4; Supplementary Table S3). These results confirmed that AOB and comammox Nitrospira might play crucial roles in the nitrification of agricultural soils, as previously reported (Hu et al., 2021). The reason for the important contribution of comammox Nitrospira clade B to soil PAO could be as follows: First, the physiological adaptation of comammox Nitrospira clade B might be more diverse than we previously thought; some clade B specimens found in agricultural soil might adapt well to relatively high ammonia availability in soil (He et al., 2022; Lin et al., 2022), so the high abundance of clade B in the studied soils indicated its importance in soil nitrification. Second, Liu et al. (2020) demonstrated that comammox Nitrospira clade B made greater contributions to the nitrifier abundance on the Qinghai-Tibetan Plateau with a higher pH and lower temperature (9.6 ± 0.4°C). The average annual temperature of experimental station was 7.5°C, which might be a favorable temperature for clade B to grow but could generate selective pressure for the other ammonia oxidizers. Third, although canonical ammonia oxidizers and comammox Nitrospira had the same ammonia oxidation function, they might cooperatively coexist rather than be competitively exclusive due to their niche separation (Wang et al., 2019). It is probable that AOB played an important role in the top layer of soil amended with chemical N fertilizer, and comammox Nitrospira clade B preferred to utilize ammonium from mineralized organic N in the subsoil. These two nitrifiers might work cooperatively and occupy different niches to perform ammonia oxidation in long-term chemically and/or manure-fertilized soils. These results support our hypothesis that comammox Nitrospira play an important role in soil ammonia oxidation even with high nutrient inputs. Additionally, it should be noted that the substrate addition method was adopted to measure PAO and PNO in soil, which might not accurately reflect the nitrifier in situ rates in soils but only their potential ability (Wang et al., 2019). The active nitrifying guilds responsible for PAO and PNO might be entirely distinct with those under in situ soil conditions. It is thus important to make presumptions for correlating the manipulated PAO and PNO activities with in situ soil microbial diversity and ability by Spearman correlation analysis alone. Moreover, techniques simultaneously combining with selective inhibitors with DNA/RNA-stable isotope probing should be adopted to determine the actual activity and contribution of comammox Nitrospira in agricultural soils.

In our study, the measured soil physicochemical properties were significantly affected by the fertilization regime (p < 0.05; Table 2). It is reported that the application of organic manure can effectively preserve soil carbon and nitrogen pools and buffer soil acidification (Xie et al., 2021), while repeated application of chemical N fertilizer can significantly decrease the soil pH (Shi et al., 2018). Notably, compared with CK, the decrease of soil pH in the topsoil under chemical NPK treatment was less than that under chemical N treatment. One possible reason for this phenomenon was that the chemical P fertilizer used in NPK treatment was calcium triple superphosphate containing a large amount of calcium cations, which improved the soil ion exchange capacity and decreased the soil pH reduction caused by chemical N fertilizer. Another reason was that the crop yield, root biomass and root exudates under NPK treatment were much higher than those under N treatment (Ning et al., 2020), which promoted the amount of organic matter returned through root stubble under NPK treatment. The higher organic matter content in soil under NPK treatment (Table 2) was conducive to improving soil buffering capacity and alleviating soil acidification.

Several studies have pointed out that environmental discrepancies and biological reciprocal actions are the key factors controlling the variations in the microbial community composition in diverse ecosystems (Bahram et al., 2018; Vijayan et al., 2020). As revealed by CCA and ABT analysis (Figure 3; Supplementary Figure S1), soil pH, NH4+-N and SOM contents were crucial factors shaping nitrifying microbial abundances and comammox Nitrospira communities in soils subjected to long-term fertilization. The vital roles of soil pH and ammonium in controlling the biogeographic distribution, community composition and niche separation of canonical ammonia oxidizers have been thoroughly discussed in many previous studies (He et al., 2012; Prosser and Nicol, 2012; Hu et al., 2013). Zhu et al. (2022) also found that pH was the most important factor affecting comammox Nitrospira abundance on a global scale. Meanwhile, ammonium concentration was identified as the dominant predictor of the variation in comammox Nitrospira abundance and community composition, although the effects of ammonium were inconsistent (Wang et al., 2019; He et al., 2021; Zhu et al., 2022). The reason for the different sensitivities of AOB, AOA and comammox Nitrospira to soil pH could be attributed to their different affinities for NH3 (Hu and He, 2017; Kits et al., 2017). It is well accepted that the ammonia oxidizers prefer to metabolize NH3 substrates rather than NH4+ (Hu and He, 2017; Xu et al., 2020). Variations in soil pH under long-term fertilization governed the nitrifier abundances because of the pH-dependent chemical equilibrium between NH3 and NH4+-N. The results showed that the abundance of comammox Nitrospira was significantly and negatively correlated with soil pH (Supplementary Figure S1), which is consistent with many studies suggesting that comammox Nitrospira exhibits a higher resistance to slightly acidic soils (Shi et al., 2018; Xu et al., 2020; Hu et al., 2021). The recycled manure treatment was the highlight of this long-term field trial, as all of the organic fertilizer applied in this experiment was derived from the ecosystem and then returned to the system itself as a nutrient supply. This procedure was obviously different from employing commercial organic fertilizer. First, the organic fertilizer and nutrients were all from the system itself and depended on the biological mass product. Second, the amount of organic fertilizer varied from year to year. Ultimately, although the input rates of N, P and K were not as high as those under the NPK treatment, recycled manure significantly increased the soil SOM and TN contents and elevated the levels of SMBN (Table 2), but decreased the soil NH4+-N content, similar to the findings in many previous investigations (Xu et al., 2012; Ma et al., 2020). The main reason for the accumulation of SOM contents under the M and MNPK treatments was that the manure contained a large proportion of recalcitrant organic carbon, which could facilitate the formation of macroaggregates and protect the organic matter from being decomposed (Tao et al., 2017; Li et al., 2020; Lin et al., 2022). High SOM contents provided plentiful nutrients to increase the total abundance of soil microorganisms, which indirectly caused the increase in comammox Nitrospira (Wang et al., 2019). Additionally, the application of manure provided available carbon as well as rich and stable nutrients for nitrifier growth, which stimulated comammox Nitrospira clade A abundance and promoted the nitrification process, leading to a considerable decrease in the NH4+-N contents (Han et al., 2018; Li et al., 2020; Lin et al., 2022). Based on comparative genome analysis, some functional genes associated with gluconeogenesis, glycolysis reactions, oxidative TCA cycle and the pentose phosphate pathway were discovered in the core genome of certain comammox Nitrospira (Lücker et al., 2010). The phaZ gene that encodes polyhydroxybutyrate (PHB) depolymerase was exclusively discovered in comammox Nitrospira genomes (Palomo et al., 2018). Overall, this evidence suggests that comammox Nitrospira has the potential to grow mixotrophically similar to the other Nitrospira (Daims et al., 2001; Koch et al., 2019), so it was not surprising that comammox Nitrospira could be shaped by organic manure application. Furthermore, the relative abundances of comammox Nitrospira clade A and clade B responded differently to the application of manure, implying that SOM content is a crucial property shaping the niche differentiation of comammox Nitrospira in agricultural soil. The application of manure might provide an unfavorable environment for comammox Nitrospira clade B grow (He et al., 2022). Notably, other soil properties, such as the available phosphorus content (Liu et al., 2019; Lin et al., 2022), have been found to be vital factors determining the comammox Nitrospira community (Figure 3; Supplementary Figure S1). Comammox Nitrospira might be more competitive than canonical ammonia oxidizers under phosphorus limited conditions due to possessing the alkaline phosphatase enzyme (Palomo et al., 2016). However, because no isolated comammox strain was obtained from the soil, more efforts determine whether comammox Nitrospira can utilize organic substrates directly for growth or which genomic characteristics determine the niche specialization of comammox Nitrospira in soil are needed in the future studies.



5. Conclusion

Our results showed that diverse long-term fertilization regimes changed the soil properties and resulted in changes in AOB, AOA, Nitrospira-like NOB, Nitrobacter-like NOB, and comammox Nitrospira abundances in Alfisols. Niche separation existed among canonical nitrifying microorganisms and comammox Nitrospira. AOB abundances were significantly stimulated by the nitrogen input rates, while the abundances of AOA were increased by recycled manure application. Comammox Nitrospira clade A and clade B responded differently to chemical and/or manure fertilizer, and the relative importance of clade B to soil PAO was confirmed by SEM analysis. Variations in the relative abundances of comammox Nitrospira clade A and clade B in different soil layers showed that niche differentiation certainly existed between them. Soil pH, NH4+-N, and SOM contents were crucial factors driving the comammox Nitrospira community in Alfisols under long-term fertilization regimes. However, an extension of our knowledge about the contribution to nitrification and the physiological and genomic characteristics of new comammox Nitrospira bacteria is needed, and studies of pure comammox Nitrospira cultures should be integrated to comprehensively understand the nitrogen cycle under agricultural management.
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Microbial inoculation with plant growth-promoting microorganisms (PGPMs) is one of the most promising technologies to solve the current global challenges. Co-inoculants is more efficient and stable than mono-inoculants. However, the growth promoting mechanism of co-inoculants in complex soil system is still poorly understood. In this study, the effects on rice, soil and the microbiome of the mono-inoculant Bacillus velezensis FH-1 (F) and Brevundimonas diminuta NYM3 (N) and the co-inoculant FN obtained in previous works were compared. Correlation analysis and PLS-PM were used to explore the primary mechanism of different inoculants promoting rice growth. We hypothesized that inoculants promoted plant growth (i) by themselves, (ii) by improving soil nutrient availability or (iii) by regulating the rhizosphere microbiome in complex soil system. We also assumed that different inoculants had different ways of promoting plant growth. The results showed that FN significantly promoted rice growth and nitrogen absorption and slightly increased soil total nitrogen and microbial network complexity compared with F, N and the control (CK). B. velezensis FH-1 and B. diminuta NYM3 interfered with each other’s colonization in FN. FN increased the complexity of the microbial network compared to F and N. The bacterial community of FN was quite different from CK and N, while the fungal community was not significantly different from other treatments. The species and functions enriched or inhibited by FN are part of F. The correlation analysis and PLS-PM results showed that inoculants (F/N/FN) promoted the growth of rice mainly by regulating the rhizosphere microbiome rather than by themselves or by improving soil nutrient availability. Co-inoculant FN promotes rice growth specifically by enhancing microbial nitrification function through enriching related species compared with F or N. This may provide theoretical guidance for the construction and application of co-inoculants in the future.

KEYWORDS
 PGPM, microbial inoculants, qPCR, diversity, network, LEfSe, FAPROTAX, PLS-PM


1. Introduction

Microbial inoculation with plant growth-promoting microorganisms (PGPMs) is one of the most promising technologies to solve the current global challenges of increasing food demand, human population, environmental pollution, land degradation and extreme climate (Backer et al., 2018; Singh et al., 2019, 2020). Currently, the global market for microbial inoculants is proliferating (Waltz, 2017; Basu et al., 2021). Despite excellent prospects, poor stability of mono-inoculation hinder the large-scale implementation of microbial inoculants in mainstream agriculture (Awasthi, 2019).

Co-inoculation with two or more PGPMs is more efficient and stable than a traditional microbial mono-inoculant due to several benefits provided by biodiversity (Hu et al., 2017; Kaminsky et al., 2019; Santoyo et al., 2021; Khan, 2022). Co-inoculation of rhizobia and plant growth-promoting bacteria (PGPB) are common. Compared with inoculation of rhizobia alone, co-inoculation of rhizobia and PGPB would enhance nodulation and N2-fixing efficiency by producing larger nodules, thus promoting soybean crop growth (Fox et al., 2011; Zeffa et al., 2020). Co-inoculation of PGPBs or co-inoculation of PGPB and arbuscular mycorrhizal fungi (AMF) has also been widely reported to promote plant growth compared with single inoculation (Hu et al., 2017; Emmanuel and Babalola, 2020; Moreira et al., 2020). For example, co-inoculation of Bacillus and Pseudomonas promoted the development of cucumber, tomato, wheat, and other plants (Ansari and Ahmad, 2019; He et al., 2019; Sun et al., 2021). Co-inoculation with Bacillus and AMF promoted the growth of wheat, tobacco, turmeric (Curcuma longa), and other plants (Begum et al., 2022; Rehman et al., 2022; Sarathambal et al., 2022).

Similar to PGPM, co-inoculants also promote plant growth by improving soil nutrient availability, secreting hormones, changing the soil microbial community, and antagonizing (Olenska et al., 2020; Kong and Liu, 2022; Luo et al., 2022). Some studies have shown that co-inoculants can promote the absorption of nutrients by crops, improve soil enzyme activity, and/or change the structure of the microbial community while promoting the growth of crops (Hu et al., 2017; Moreira et al., 2020; Neemisha et al., 2022; Sarathambal et al., 2022). However, most of these are in vitro studies, and the primary mechanism by which inoculants promotes crop growth in the complex soil systems is still unclear.

Some studies have deeply analyzed the cooperation among species in co-inoculants and found that they mainly interact beneficially through metabolites. For example, Bacillus may promote the nitrogen fixation of Bradyrhizobium mainly by secreting hormones and other substances (Sibponkrung et al., 2020). Bacillus stimulated resident rhizosphere Pseudomonas for plant health through metabolic interactions (Sun et al., 2021). Fructose exuded by the AMF (Rhizophagus irregularis) stimulated the phosphatase activity of phosphate solubilizing bacteria (PSB) (Rahnella aquatilis), simultaneously stimulating the processes involved in phosphorus uptake by the AMF (Zhang et al., 2018). However, the interactions among species in co-inoculants in soil are still poorly understood.

In this study, the effects of the mono-inoculant Bacillus velezensis FH-1 (F) and Brevundimonas diminuta NYM3 (N), and co-inoculant FN obtained in previous works were compared. Correlation analysis and PLS-PM were used to explore the primary mechanism of different inoculants promoting rice growth. We hypothesized that inoculants promoted plant growth (i) by themselves, (ii) by improving soil nutrient availability or (iii) by regulating the rhizosphere microbiome in complex soil system. If inoculants promoted plant growth by themselves, plant should be closely related to the number of the inoculants. If inoculants promoted plant growth by improving soil nutrient availability, plant should be closely related to the soil available nutrient (such as N, P, K, Fe). If inoculants promoted plant growth by regulating the rhizosphere microbiome, plant should be closely related to the microbial diversity or some species. We also assumed that different inoculants had different ways of promoting plant growth. This study may provide theoretical guidance for the construction and application of co-inoculants in the future.



2. Materials and methods


2.1. Characterization and cultivation of microbial inoculants

The microbial co-inoculants FN are composed of Bacillus sp. FH-1 and Brevundimonas sp. NYM3, which were obtained in previous works (Zhao et al., 2020). 16S rDNA sequence analysis using primers 27F/1492R was performed to further identify the Bacillus sp. FH-1 and Brevundimonas sp. NYM3. The GenBank accession numbers for the full-length 16S rRNA genes of Bacillus FH-1 and Brevundimonas NYM-3 were OM780304 and OM780305, respectively. The sequences were aligned with BLAST, and phylogenetic trees were constructed using the neighbor-joining method provided in MEGA version 5.0 with a bootstrap value of 1,000 replicates.

For scanning electron microscopy (SEM), Bacillus FH-1 and Brevundimonas NYM-3 at the exponential phase were harvested and washed three times with phosphate-buffered saline (PBS) buffer (pH = 7.2). The samples were fixed for 2 h in 2.5% glutaraldehyde and postfixed for 1 h with 1% osmium tetroxide. The samples were dehydrated with ethanol and dried in an Automated Critical Point Dryer (Leica EM CPD300). Then, the samples were coated with platinum and observed under a scanning microscope (Hitachi SU8010).

The interactions between Bacillus sp. FH-1 and Brevundimonas sp. NYM3 was tested using modified dual culture plate assay (Oszust and Frąc, 2020; Anith et al., 2021). Bacillus sp. FH-1 and Brevundimonas sp. NYM3 were cultured in LB liquid medium at 37°C for 24 h. Bacterial cells were harvested by centrifugation at 10,000 rpm g for 1 min and resuspended in sterile water to an optical density of 1.00 at 600 nm. To study the antagonism between the two bacteria, 5 μl of Bacillus sp. FH-1 and 5 μl of Brevundimonas sp. NYM3 were placed on a LB plate at a distance of about 0.5 cm from each other. Because the expansion of bacterial colony is slow, the distance between the two bacteria is close. As controls, another 5 μl of Bacillus sp. FH-1 and 5 μl of Brevundimonas sp. NYM3 were also placed on the LB plate at a distance of about 1.5 cm from others. The experiment was set up in triplicates (n = 3). The plates were incubated at 37°C for 5–7 days. If the diameter of a bacterial colony is inhibited, it means that it is antagonized by another bacteria.

A modified agar well diffusion method was also used to evaluate the interactions between Bacillus sp. FH-1 and Brevundimonas sp. NYM3 (Lin and Pan, 2019; Ji et al., 2021). Bacillus sp. FH-1 and Brevundimonas sp. NYM3 were cultured in LB liquid medium at 37°C for 24 h. 100 μl of Bacillus sp. FH-1 or Brevundimonas sp. NYM3 was spread evenly on LB agar plates. Then, 5 μl of Brevundimonas sp. NYM3 or Bacillus sp. FH-1 was inoculated on LB agar plates. All the plates were cultured at 37°C for 2–3 days. If there is an inhibition zone around the inoculated bacteria, it indicates that the inoculated bacteria antagonize the spreader and vice versa.



2.2. Rice pot experiment

Bacillus FH-1 and Brevundimonas NYM-3 were grown at 30°C for 72 h in LB medium on a rotary shaker (180 rpm). The bacterial number was count with a microscope. The bacterial broth was diluted to 1 × 108 CFU/ml with tap water.

Soil (pH 7.69, organic matter 17.80 g/kg, total N 3.00 g/kg, available N 37.33 mg/kg, total P 0.39 g/kg, available P 9.57 mg/kg, total K 8.87 g/kg and available K 61.84 mg/kg) was collected from the upper 30 cm of a weed field in the Airport economic area, Tianjin, China. The sampled soil was air dried and mixed thoroughly, followed by a sieving step (0.5-cm mesh) to remove plant debris. Thirteen rice seeds (Nei 5 You 8,015 Hybrid rice, Zhejiang Agricultural Science and Technology Seed Industry Co., Ltd., Zhejiang, China) were sown in each plastic pot (diameter 8 cm, height 10 cm) containing 240 g of soil. After 5 days of sowing, 11 rice seedlings with the same growth were kept. Then, pot soils were drenched with 30 ml of the prepared inoculums or equivalent water. There were four treatments: (i) soil drenched with Bacillus FH-1 (F), (ii) soil drenched with Brevundimonas NYM-3 (N), (iii) soil drenched with equal proportions of Bacillus FH-1 and Brevundimonas NYM-3 (FN), and (iv) soil drenched with water (CK). Nine replications of each treatment were set up during the whole experimental period. Pots were placed randomly in a growth chamber (CIMO, Shanghai, China) with 75% relative humidity and 16-h light. Before seedling emergence, the temperature was controlled at 30°C. Then, the temperature was set at 28°C day/24°C night for one leaf stage, 28°C day/25°C night for two-leaf stage, and 28°C day/22°C night for other stages. The pots were watered 30 ml every 48 h, and the position of the rice pots was randomly changed.



2.3. Plant characteristics and soil chemical properties

At 16 days after sowing, six replications of each treatment were randomly chosen (a total of 24 samples) for further analysis. Plants of each pot were harvested and carefully separated into roots and shoots to determine the growth parameters, including length, fresh weight, and dry weight, using a ruler and an electronic balance (Mettler Toledo, Shanghai, China), respectively. Meanwhile, rhizosphere soil samples of each treatment were collected and stored at 4°C and −80°C.

The soil pH, total organic carbon, total nitrogen, total phosphorus, total potassium, available nitrogen, available phosphorus, and available potassium were determined by Suzhou Comin Biotechnology Co., Ltd., Suzhou, China.



2.4. DNA extraction, quantitative real-time PCR, and HiSeq sequencing

Soil metagenomic DNA was isolated from 24 soil samples by the PowerSoil DNA isolation kit (MO BIO Laboratories, Inc., Carlsbad, CA, United States) according to the manufacturer’s instructions. DNA purity and concentration were monitored by 1% agarose gels and NanoDrop ND-2000 spectrophotometry (NanoDrop Technologies, Wilmington, DE, United States), respectively.

Quantification of the copy number of bacteria and fungi was performed using a real-time PCR assay. Real-time PCR experiments were conducted in a 7500 Fast Real-Time PCR System (Applied Biosystem, Foster City, CA, United States). Bacterial-specific primers (338F 5’-ACTCCTACGGGAGGCAGCAG-3′ and 518R 5’-ATTACCGCGGCTGCTGG-3′) and fungal-specific primers (ITS1 5′-TCCGTAGGTGAACCTGCGG-3′ and 5.8S 5′-CGCTGCGTTCTTCATCG-3′) were used. Each PCR was performed in a total reaction volume of 20 μl, which consisted of using 10 μl SYBR Select Master Mix (Applied Biosystem, Foster City, CA, United States), 1 μl each primer, 1 μl template DNA and 7 μl ddH2O. The final two-step cycling program included a 10-min initial preincubation at 95°C followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

Standards for real-time PCR assays were prepared as described elsewhere (Wang et al., 2017). Briefly, the specific 16S rRNA gene of Brevundimonas sp. NYM-3 and the specific ITS gene of Trichoderma longibrachiatum MF-1 were PCR-amplified from extracted DNA with the primers. The PCR products were cloned into a T vector (GoldTopo, Tianjin, China). Plasmids used as standards for quantitative analyses were extracted from the correct insert clones of each target gene using a Mini Plasmid Kit (TIANGEN, Beijing, China). The concentration of plasmid DNA was determined on a NanoDrop (NanoDrop-1,000, Thermo Scientific, United States), and the copy numbers of the target genes were calculated directly from the concentration of the extracted plasmid DNA. Tenfold serial dilutions of each known copy number of the plasmid DNA were subjected to a real-time PCR assay in triplicate to generate an external standard curve.

The bacterial hypervariable regions (V4-V5) of the 16S rRNA genes and the fungal hypervariable regions (ITS2) of the ITS genes were amplified using primers 515F (5′- GTGYCAGCMGCCGCGGTAA - 3′) - 926R (5′- CCGYCAATTYMTTTRAGTTT - 3′) and fITS7F (5′ - GTGAATCATCGAATCTTTGAA - 3′) - ITS4R (5′ - TCCTCCGCTTATTGATATGC - 3′), respectively. PCR products were purified and then sequenced using the MiSeq platform at Novogene Co., Ltd. (Tianjin, China). The raw sequence data have been deposited into the NCBI Sequence Read Archive under accession PRJNA804354. Raw data were processed and analyzed (NMDS, Adonis, LEfSe analysis, function prediction, and so on) using BMKCloud1.



2.5. Data analyses

All statistical analyses were performed using R (version 3.1.1). The effects of microbial inoculants on rice, soil, microbial quality, abundance, and α-diversity were evaluated by Tukey’s HSD test. We used all genera to construct the network with the “Hmisc” package in R and Gephi (Wang et al., 2021). The package “pheatmap” and Spearman correlation analysis were used to evaluate the relationships between microorganisms, rice, and soil. Partial least squares path models (PLS-PMs) were used to assess the effects of microbial inoculants, microbial diversity, and soil on rice.




3. Results


3.1. Characteristics of microbial inoculants

The phylogenetic trees showed that FH-1 is B. velezensis and NYM-3 is B. diminuta (Supplementary Figure S1). B. velezensis was the conspecific species integrating B. amyloliquefaciens subsp. plantarum and B. methylotrophicus (Rabbee et al., 2019). The scanning electron microscope (SEM) images demonstrated that the size of FH-1 is approximately 2,300 nm × 700 nm and NYM-3 is approximately 1,400 nm × 450 nm (Supplementary Figure S1). Dual culture plate assay and agar well diffusion method both revealed that FH-1 inhibited the growth of NYM-3 cells (Supplementary Figure S2).



3.2. Effects of microbial inoculations on rice seedlings

Rice pot experiments showed that the fresh weight, dry weight, and height of rice seedlings were significantly increased by the three microbial inoculations (F/N/FN) compared with CK (Figures 1A–E). The fresh weight, dry weight, and height of rice seedlings (both shoot and root) in FN were significantly higher than those in F and N. This indicated that FN was more effective than F or N in promoting rice growth.

[image: Figure 1]

FIGURE 1
 The effects of different microbial inoculants on rice. (A) The rice pot experiments; (B) photos showing 16-day-old rice plants; (C) rice shoot (S) and root (R) fresh weight (FW); (D) rice shoot (S) and root (R) dry weight (DW); (E) rice shoot (S) and root (R) length (L); (F) Rice shoot (S) and root (R) nitrogen concentration (N); (G) rice shoot (S) and root (R) phosphorus concentration (P); (H) rice shoot (S) and root (R) potassium concentration (K); CK, non-inoculated; F, inoculated with Bacillus velezensis FH-1; N, inoculated with Brevundimonas diminuta NYM-3; FN, inoculated with B. velezensis FH-1 and B. diminuta NYM-3. Data followed by the different lowercase letters are significantly different at p ≤ 0.05.


The nitrogen concentration of rice shoots in FN was significantly higher than that in F and N. The nitrogen concentration of rice roots in FN was significantly higher than that in CK and F. There was no significant difference in phosphorus and potassium concentrations in rice seedlings among the different treatments (Figures 1F–H).



3.3. Effects of microbial inoculations on soil properties

Soil pH, total nitrogen, and available potassium differed significantly among the different treatments (Table 1). The soil pH was significantly higher in all three microbial inoculations (F/N/FN) than in CK. Soil total nitrogen was significantly higher in FN than in N. Soil available potassium was significantly higher in N than in F and FN.



TABLE 1 The effects of different microbial inoculants on soil properties.
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3.4. Effect of microbial inoculations on the rhizosphere microbiome


3.4.1. Effect of microbial inoculations on microbial quantity

The quantitative real-time PCR results showed that the number of rhizosphere bacteria and fungi in F and N was significantly higher than that in CK (Figure 2A). The number of bacteria and fungi in FN was slightly higher than that in CK but slightly lower than that in F and N. The number of fungi was significantly higher than that of bacteria in CK and FN.
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FIGURE 2
 The effects of different microbial inoculants on rhizosphere microbiome. (A) Microbial quantity; (B) microbial α diversity; (C) bacterial β diversity; (D) fungal β diversity; (E) bacterial composition; (F) fungal composition. Beta diversity was revealed by NMDS using bray curtis. CK, non-inoculated; F, inoculated with B. velezensis FH-1; N, inoculated with B. diminuta NYM-3; FN, inoculated with B. velezensis FH-1 and B. diminuta NYM-3. Data followed by the different letters are significantly different at p ≤ 0.05. Significance levels are indicated by *(p < 0.05), **(p < 0.01) and ***(p < 0.001).




3.4.2. Effect of microbial inoculations on microbial diversity

Microbial α-diversity was characterized by the Shannon index (Figure 2B). The bacterial α diversity was significantly higher than the fungal α diversity in all treatments. The bacterial α diversity in FN and F was significantly higher than that in CK. There was no significant difference in fungal α-diversity between the different treatments.

The stress in the NMDS was less than 0.2, which indicated that the result had certain reliability. The NMDS and PERMANOVA (Adonis) results showed significant differences in both bacterial (R2 = 0.367, p = 0.001) and fungal (R2 = 0.228, p = 0.005) β-diversity among the different treatments (Figures 2C,D). The bacterial communities of the inoculations (F/N/FN) were separated from CK (p < 0.05) (Figure 2C; Table 2). The fungal community of F was separated from CK (p < 0.05) (Figure 2D; Table 2). All bacterial and fungal communities of FN overlapped with those of F and N.



TABLE 2 Differences in microbial β diversity among different treatments.
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3.4.3. Effect of microbial inoculations on microbial composition

Rice rhizosphere bacteria mainly consisted of Proteobacteria, Acidobacteria, Bacteroidetes, Gemmatimonadetes, Actinobacteria, and Planctomycetes. The relative abundance of Verrucomicrobia was significantly higher in the N treatment than in the other treatments. There were more Thaumarchaeota and Firmicutes in F and FN than in CK (Figure 2E; Supplementary Table S1).

Rice rhizosphere fungi are mainly composed of Ascomycota and Chytridiomycota. The relative abundance of Ascomycota was significantly higher in the F treatment than in the other treatments. The relative abundance of Chytridiomycota was significantly higher in CK and FN than in F. The relative abundance of Mortierellomycota was significantly higher in inoculations (F/N/FN) than in CK (Figure 2F; Supplementary Table S1).



3.4.4. Colonization of microbial inoculants

Local BLAST (sequence similarity >99%) was used to estimate the colonization of B. velezensis FH-1 and B. diminuta NYM-3 in each treatment. This method only uses part of the 16S rRNA sequence to identify species is not accurate, and will be affected by indigenous bacteria. However, the colonization of inoculants can be inferred from the comparison between inoculated and uninoculated treatments. The results showed that the relative abundance and number (bacterial number × the relative abundance) of B. velezensis FH-1 did not differ significantly among the different treatments (Figure 3). However, the relative abundance and number of B. velezensis FH-1 were higher in F and FN than in CK and N, indicating that FH-1 may have weakly colonized F and FN. The relative abundance and number of B. velezensis FH-1 in FN were lower than those in F, suggesting that B. diminuta NYM-3 may have hindered the colonization of FH-1.
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FIGURE 3
 The relative abundance (A) and number (B) of B. velezensis and B. diminuta NYM-3 in rice rhizosphere soil. CK, non-inoculated; F, inoculated with B. velezensis FH-1; N, inoculated with B. diminuta NYM-3; FN, inoculated with B. velezensis FH-1 and B. diminuta NYM-3. Data followed by the different letters are significantly different at p ≤ 0.05 among different treatments.


The relative abundance and number of B. diminuta NYM-3 were significantly higher in N than in other treatments, suggesting that NYM-3 efficiently colonized N. The relative abundance and number of B. diminuta NYM-3 were slightly higher in FN than in CK and F, suggesting that B. diminuta NYM-3 weakly colonized FN (Figure 3). The relative abundance and number of B. diminuta NYM-3 in FN were significantly lower than those in N, suggesting that B. velezensis FH-1 also hindered the colonization of B. diminuta NYM-3. The presence of B. velezensis FH-1 and B. diminuta NYM-3 in all treatments indicated that they might be indigenous bacteria.



3.4.5. Effect of microbial inoculations on the microbial network

To further characterize the effect of the microbial inoculants on the rhizosphere microbiome, we assessed the cooccurrence network patterns of microbial communities compared to CK at the genus level based on a strong (Spearman’s r > 0.6) and significant (p < 0.05) correlation. The results showed that FN had higher edges, the ratio of negative correlations, average degree, and graph density and lower positive correlations, average path length, and modularity than F or N (Figure 4; Table 3). Higher edges, ratio of positive correlations, average degree, average path length, network diameter, graph density, and modularity and a lower ratio of negative correlations and average clustering coefficient in N than in F. A higher average degree represents a greater network complexity. This indicated that FN had the highest network complexity, while F had the lowest network complexity. There were 19 genera in F and FN, while only 6 genera in N interacted with Bacillus. Eleven genera in F and 1 genus in N are the same as those contained in FN. There were 3 genera directly interacted with Brevundimonas in N and FN, and only one genus was the same (Supplementary Figure S3; Supplementary Table S2). This indicated that the interaction of specific taxa was affected by inoculants.
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FIGURE 4
 Microbial networks among different microbial inoculants. CK, non-inoculated; F, inoculated with B. velezensis FH-1; N, inoculated with B. diminuta NYM-3; FN, inoculated with B. velezensis FH-1 and B. diminuta NYM-3. Bacillus (n37) is labeled by red square, Brevundimonas (n39) is labeled by blue square.




TABLE 3 Topological properties of rhizosphere bacterial networks obtained from different microbial inoculants treatments.
[image: Table3]



3.4.6. Effect of microbial inoculations on microbial taxa

LEfSe analysis of bacteria showed that all inoculation treatments (F, N, and FN) significantly enriched uncultured_bacterium_g_Pseudomonas compared to the CK (Figure 5A; Supplementary Figure S4A). Pseudomonadales, Pseudomonadaceae, and Pseudomonas were enriched by N compared to the CK. All inoculation treatments (F, N, and FN) significantly inhibited Alphaproteobacteria, Sphingomonadales, Sphingomonadaceae, Sphingomonas, Sphingomonas flava, uncultured_bacterium_g_Sphingomonas, Xanthomonadales, Xanthomonadaceae, Lysobacter, and uncultured_bacterium_g_Lysobacter compared to CK. Both F and FN inhibited Proteobacteria compared to CK. There was no significant difference among the three inoculums (F/N/FN) in the relative abundance of common enriched or inhibited species (Supplementary Figure S5).
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FIGURE 5
 Cladograms of LEfSe analysis of different microbial inoculants on bacterial (A) and fungal (B) community. CK, non-inoculated; F, inoculated with B. velezensis FH-1; N, inoculated with Brevundimonas sp. NYM-3; FN, inoculated with B. velezensis FH-1 and Brevundimonas sp. NYM-3.


LEfSe analysis of fungi showed that F enriched Ascomycota, Orbiliomycetes, Orbiliales, Orbiliales_fam_Incertae_sedis, Vermispora, Vermispora fusarina, and Magnaporthiopsis poae compared to CK (Figure 5B; Supplementary Figure S4B). Pezizaceae was enriched by N compared to CK. F and FN significantly inhibited Spizellomycetes, Spizellomycetales, Spizellomycetaceae, Spizellomyces, and Spizellomyces acuminatus. Chytridiomycota and Spizellomyces dolichospermus were inhibited by F and N compared to CK. F also inhibited Nectriaceae, Fusarium solani, Mortierellomycota, Mortierellomycetes, Mortierellales, Mortierellaceae, and Mortierella compared to CK. Pyronemataceae was inhibited by N compared to CK.



3.4.7. Effect of microbial inoculations on microbial function

Bacterial function prediction (FAPROTAX) was analyzed with OTU abundance >0.1% (Supplementary Figure S6A). The reports showed that 22.09% (345 out of 1,562) of records were assigned to at least one group. Difference analysis results showed that F had significantly higher manganese_oxidation, aromatic_compound_degradation, and predatory_or_exoparasitic and lower chemoheterotrophy and chitinolysis than CK (Figure 6A). N had significantly lower chemoheterotrophy and chitinolysis than CK. FN had significantly higher nitrification, aerobic ammonia oxidation, manganese oxidation, chloroplasts, aerobic nitrite oxidation, and predatory or exoparasitic and lower chemoheterotrophy and chitinolysis than CK.
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FIGURE 6
 Bacterial (A) and fungal (B) functions affected by different treatments. CK, non-inoculated; F, inoculated with B. velezensis FH-1; N, inoculated with B. diminuta NYM-3; FN, inoculated with B. velezensis FH-1 and B. diminuta NYM-3.


Fungal function prediction (Guild) was also analyzed with OTU abundance >0.1% (Supplementary Figure S6B). The difference analysis results showed that F had a significantly higher wood saprotroph and lower plant pathogens and undefined parasites than CK (Figure 6B). FN had a significantly lower plant pathogen than CK. There was no significant difference between N and CK.




3.5. The correlation of microbial inoculants, microbiome, soil, and rice

The rice, soil, and microbial variables significantly affected by inoculations (F/N/FN) were selected for the correlation analysis. The results showed that the enriched species Uncultured_g_Pseudomonas and Ascomycota, the microbiome (except fungal NMDS2 and inhibited function), and soil pH were significantly positive, while the inhibited species (except Mortierellomycota, Mortierellomycetes, Mortierellales, Mortierellaceae, Mortierella, Spizellomyces and Spizellomyces acuminatus) and the inhibited functions were significantly negatively correlated with rice height, weight and root nitrogen concentration in F (Supplementary Figure S7A). Soil pH was significantly positively correlated with enriched species (except Uncultured_g_Pseudomonas and Magnaporthiopsis poae), microbiome (only bacterial Shannon diversity, bacterial NMDS2, fungal NMDS1, manganese oxidation, aromatic compound degradation, predatory or exoparasitic and wood daprotroph) while negatively correlated with inhibited bacterial species, inhibited fungal species (only Nectriaceae, Chytridiomycota, spizellomycetes, spizellomycetales, spizellomycetaceae) and inhibited functions in F. Inhibited bacterial taxa, Uncultured_g_Pseudomonas and Chytridiomycota had a significantly negative correlation with microbiome (except fungal NMDS2). Other enriched or inhibited taxa only significantly correlated with some variables of the microbiome in F.

Inoculant B. diminuta, enriched species (except Pezizaceae), microbiome (only bacterial and fungal number and bacterial NMDS1) and soil pH were significantly positively correlated, while the inhibited species and functions were significantly negatively correlated with rice (except shoot nitrogen concentration) in N (Supplementary Figure S7B). Soil pH was significantly positively correlated with the inoculant Brevundiomonas diminuta, enriched species (except Pezizaceae), and microbiome (only bacterial and fungal number and bacterial NMDS1), while it was negatively correlated with inhibited species (except alphaproteobacterial, Xanthomonadales, Xanthomonadaceae, S. dolichospermus, Pyronemataceae) and inhibited functions in N. Most enriched and inhibited bacterial taxa had a significant correlation with the microbiome (except fungal beta diversity) in N.

Enriched species, microbiome (except fungal beta diversity and inhibited functions) and soil pH were significantly positive, while the inhibited bacterial species and inhibited functions were negatively correlated with rice in FN (Supplementary Figure S7C). Soil pH was significantly positively correlated with bacterial Shannon diversity but negatively correlated with inhibited bacterial species (except Xanthomonadales and Xanthomonadaceae) and inhibited bacterial functions in FN. Inhibited bacterial taxa had a significant correlation with the microbiome (except fungal beta diversity) in FN.



3.6. The contributions of microbial inoculants, the microbiome, and soil to rice growth

Variables significantly related to rice were selected for PLS-PM analysis to explore the contribution of inoculants, microbiome and soil to rice growth promotion. The results showed that all the GoFs in the three PLS-PMs were greater than 0.66 (Figure 7). The GoF index is used to measure the overall quality of a model with acceptable “good” values greater than 0.7 (Sanchez, 2013). All the R2 values in the three PLS-PMs are greater than 0.43. R2 indicates the amount of variance in the endogenous latent variable explained by its independent manifest variables. Values greater than 0.6 can be considered good R2 values (Sanchez, 2013). This indicated that the three models are credible.
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FIGURE 7
 Partial least-squares path model (PLS-PM) in different treatments. (A) PLS-PM of F treatment; (B) PLS-PM of FN treatment; (C) PLS-PM of N treatment; (D) Effects on rice from PLS-PM of F treatment; (E) Effects on rice from PLS-PM of FN treatment; (F) Effects on rice from PLS-PM of N treatment. PLS-PM describing the relationships among microbial inoculants, enriched species (ES), inhibited species (IS), microbiome and soil with respect to rice in different treatments. Larger path coefficients are shown as wider arrows, and red and blue colors indicate positive and negative effects, respectively. Path coefficients and coefficients of determination (R2) were calculated after 999 bootstraps, and significance levels are indicated by *(p < 0.05), **(p < 0.01), and ***(p < 0.001). Models with different structures were assessed using the Goodness of Fit (GoF) statistic, a measure of the overall prediction performance. F, inoculated with B. velezensis FH-1; N, inoculated with B. diminuta NYM-3; FN, inoculated with B. velezensis FH-1 and B. diminuta NYM-3; ES, enriched species; IS, inhibited species.


The results showed that the microbiome contributed more to rice than the soil and inoculants in FN, F and N (Figure 7). The microbiome also contributed more effects on soil than inoculants, especially in F. Inhibited species contributed more effects on the microbiome than enriched species, especially in N and FN. Inoculants had more effects on inhibited species than on enriched species, especially in FN and N, while the opposite was true in N. This indicated that inoculants promoted rice growth mainly by regulating the microbiome.

The manifest variables in FN differed slightly from those in F or N (Table 4). This indicated that the ways in which F, N and FN promoted rice growth were different. B. velezensis FH-1 (F) promoted rice mainly by changing bacterial β diversity (NMDS2), increasing bacterial number, manganese_oxidation, aromatic_compound_degradation, and predatory_or_exoparasitic while reducing chitinolysis function by inhibiting Sphingomonas, Lysobacter, and Nectriaceae and enriching uncultured_g_Pseudomonas and Ascomycota. B. diminuta NYM-3 (N) might promote rice growth mainly by changing bacterial β diversity (NMDS1), increasing bacterial number and reducing chitinolysis function by inhibiting Sphingomonas, Xanthomonadaceae, and Lysobacter and enriching Uncultured_g_Pseudomonas. B. velezensis FH-1 and B. diminuta NYM-3 (FN) might promote rice growth mainly by altering bacterial β diversity (NMDS2), increasing bacterial Shannon diversity, nitrification, aerobic ammonia oxidation, manganese oxidation, chloroplasts, aerobic nitrite oxidation, and predatory or exoparasitic functions while reducing chitinolysis and chemoheterotrophy functions by inhibiting Sphingomonas and Lysobacter and enriching Uncultured_g_Pseudomonas.



TABLE 4 Loadings of manifest variables in different PLS-PMs.
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4. Discussion


4.1. Co-inoculation of antagonistic B. velezensis FH-1 and B. diminuta NYM-3 can significantly promote rice growth

B. velezensis (formerly known as Bacillus amyloliquefaciens) is a famous and excellent biopesticide and biofertilizer (Santoyo et al., 2012; Rabbee et al., 2019; Luo et al., 2022). As a commercialized product, it has been successfully used in agriculture for a long time (Wan et al., 2018). Co-inoculation of B. velezensis and some PGPMs (such as Pseudomonas putida, Bradyrhizobium japonicum, Bacillus pumilus, Bacillus licheniformis, Trichoderma harzianum) showed greater promoting effects on crops (tomato, soybean, wheat) than monocultures (He et al., 2019; Oliveira et al., 2019; Sheteiwy et al., 2021). B. diminuta is commonly used for heavy metal remediation, antibiotic degradation and oil degradation (Wang et al., 2016; Liu et al., 2017; Rathi and Yogalakshmi, 2021; Ali et al., 2022). Some works also showed that it could promote the growth of tobacco (Shao et al., 2015). Significant improvement in growth was also observed with co-inoculation of Mesorhizobium sp. and B. diminuta (formerly known as Pseudomonas diminuta) in chickpea compared to single inoculants of Mesorhizobium sp. (Kaur et al., 2015). However, co-inoculation of B. velezensis and B. diminuta to promote crop growth has not been reported. We found that co-inoculation of B. velezensis FH-1 and B. diminuta NYM-3 could significantly promote the growth of riceo-inoculation. Co-inoculation was significantly better than single inoculation, which has great application potential. Our results also showed an antagonism between B. velezensis FH-1 and B. diminuta NYM-3 in vivo and in vitro (Supplementary Figure S2; Figure 3), which has been similarly reported in other literature (Sadiq and Jamil, 2018). This indicated that it may be possible to select species with antagonistic relationship when constructing co-inoculants for natural soil system.



4.2. Microbial inoculants promoted the growth of rice mainly by regulating the rhizosphere microbiome

As a famous agent for biofertilizers and biocontrol in agriculture, the plant growth-promoting mechanisms of B. velezensis have been extensively studied (Fan et al., 2018; Rabbee et al., 2019; Luo et al., 2022). It was shown that B. velezensis could promote plant growth by improving soil nutrient availability, secreting hormones and volatile organic compounds (VOCs), changing the soil microbial community and antagonizing pathogens. The plant growth-promoting mechanisms of B. diminuta might be related to the secretion of cytokinin (Shao et al., 2015). However, most of these growth-promoting mechanisms were speculated based on the growth-promoting characteristics of the strains and were not confirmed in pot experiments. Some of these growth-promoting mechanisms have been confirmed in pot experiments, but most of the culture media used are sterilized peat mixtures or sterilized soil rather than complex natural soil (Jiang et al., 2015; Ben Abdallah et al., 2018; Verma and White, 2018; Luo et al., 2022). To develop efficient and stable inoculants for the field, it is necessary to study the growth-promoting mechanism of inoculants in complex natural soil system. In our previous work, the plant growth-promoting characteristics of B. velezensis FH-1 and B. diminuta NYM-3 were investigated. The results showed that both B. velezensis FH-1 and B. diminuta NYM-3 had the ability to fix nitrogen, solubilize phosphate and potassium, and produce siderophores and l-aminocyclopropane-l-carboxylicacid (ACC) deaminase. B. velezensis FH-1 additionally had the ability to antagonize pathogens. B. diminuta NYM-3 additionally had the ability to produce indole-3-acetic acid (IAA) (Zhao et al., 2020). In this study, the results showed that B. velezensis FH-1 and/or B. diminuta NYM-3 promoted the growth of rice mainly by regulating the rhizosphere microbiome rather than by themselves or by improving soil nutrient availability. Our previous study also found that regulating the rhizosphere microbiome may be a meaningful way for B. velezensis FH-1 to promote plant growth (Li et al., 2019; Wang et al., 2021). The regulation of the microbiome as an important growth-promoting pathway of inoculants has been recognized by an increasing number of researchers (Qin et al., 2017; Wang et al., 2017, 2018; Han et al., 2019; Luo et al., 2022). However, the roles of the soil microbiome in promoting growth are mainly based on correlation analysis. More rigorous experiments are still needed to prove the fundamental role of the microbiome in promoting plant growth.



4.3. Co-inoculants FN promoted the growth of rice mainly by enhancing nitrification function

Although all inoculants (F/N/FN) in this study promoted rice growth by regulating the rhizosphere microbiome, different inoculants shaped different microbial structures and functions, resulting in different growth-promoting effects. The better growth promotion effect of co-inoculation was primarily due to the mutual benefit, functional complementarity, or cross-feeding between the two species (Zhang et al., 2016; Figueredo et al., 2017). Few species with antagonistic effects have been reported to promote growth. However, our results showed that FN promotes rice growth mainly by enhancing nitrification function compared with F or N (Figures 1, 6; Table 4; Supplementary Figure S8). The FN increased nitrification (ammonia oxidation and nitrite oxidation) (Figure 6A; Supplementary Figure S8; Supplementary Table S3), soil total nitrogen and available nitrogen (Table 1), rice shoot and root nitrogen contention (Figure 1F) compared with CK. When nitrification was enhanced, ammonium nitrogen was converted into nitrate nitrogen, which may pull nitrogen fixation, increased available nitrogen in soil, and promoted nitrogen absorption by crops (Kuypers et al., 2018; Trivedi et al., 2020). Correlation analysis showed that nitrification and rice dry weight had no significant correlation with soil total nitrogen and available nitrogen (Supplementary Figure S10). Nitrification is significantly related to crop nitrogen content and crop dry weight, and crop nitrogen content is significantly related to crop dry weight (Supplementary Figure S10). This indicated that nitrification promoted rice growth by increasing nitrogen absorption.

Fapprotax analysis showed that nitrification function was mainly contributed by Nitrosospira, Candidatus_Nitrososphaera, uncultured_f_Nitrososphaeraceae, Ellin6067, mle1-7, IS-44, MND1, oc32 and Nitrospira contributions (Supplementary Table S3). The total abundance of these species was also the highest in FN (Supplementary Figure S9). Candidatus_Nitrososphaera and uncultured_bacterium_ f_ Nitrososphaeraceae directly interacted with Bacillus in the cooccurrence network of FN (Supplementary Table S2). This indicated that B. velezensis FH-1 and B. diminuta NYM-3 interfered with each other’s colonization and changed the interaction among species directly or indirectly after co-inoculation, resulting in FN enrichment and inhibition of some species that were enriched and inhibited by F (Supplementary Figure S4). Then, FN enhanced the abundance of species related to nitrification function, thus improving the nitrification activity of soil microorganisms and promoting the absorption of nitrogen nutrients and the growth of rice (Figures 1, 6; Supplementary Figure S10).



4.4. Microbial inoculants mainly enriched or inhibited species through indirect interactions

Inoculants mainly enriched or inhibited species through indirect interactions. Only Bacillus in FN and F directly interacted with the inhibited species Lysobacter. However, other studies showed that in coculture, Bacillus promoted the growth of Lysobacter, but Lysobacter inhibited the growth of Bacillus (Wei et al., 2021). How inoculants enriched or inhibited related taxa still needs further study. The species that directly interacted with Bacillus or Brevundimonas in co-inoculation (FN) and monoinoculation (F or N) were different. There were 10 identical species directly interacting with Bacillus in F and FN. Only 1 identical specie directly interacted with Brevundimonas in N and FN. This indicates that different inoculants will affect the interaction between species, which may lead to the difference in the whole bacterial network, thus resulting in the difference in bacterial structure and function. The species that directly interacted with Bacillus in the rhizosphere soil of rice and cucumber inoculated with B. velezensis FH-1 were also different, which indicated that crop and environmental factors could also significantly affect the interaction between species (Wang et al., 2021). However, the direct interaction between Bacillus and Actinobacteria MB-A2-108 existed in all B. velezensis FH-1 inoculation treatments, indicating that the interaction between species also has a certain robustness. In-depth analysis of the interaction mechanism and influencing factors among species will guide engineering microbiomes.



4.5. All inoculations enriched and inhibited similar species

All inoculations (F/N/FN) enriched Uncultured_g_Pseudomonas and inhibited Sphingomonas flava, Uncultured_g_Sphingomonas and its genus Sphingomonas, family Sphingomonadaceae, order Sphingomonadales and class Alphaproteobacteria and inhibited Uncultured_g_Lysobacter and its genus Lysobacter, family Xanthomonadaceae and order Xanthomonadales (Figure 5; Supplementary Figure S4). These inoculants may regulate these bacteria to form similar bacterial communities (Figure 2C). This implies that the rhizosphere bacterial communities might apply to the Anna Karenina principle that applies to animal and plant microbiomes (Zaneveld et al., 2017; Arnault et al., 2022). That is, “The rhizosphere bacterial communities are more similar in all healthier plants.” In-depth exploration of the rules may provide theoretical guidance for engineering microbiomes. Most members of Pseudomonas are plant growth-promoting bacteria (Costa-Gutierrez et al., 2020; Li et al., 2022). Some studies have also found that inoculation with Bacillus can stimulate the growth of Pseudomonas (Qin et al., 2017; Wan et al., 2018; Sun et al., 2021). Although some Sphingomonas species have been reported to promote plant growth under stress conditions, the more prominent function of Sphingomonas is to remediate environmental contamination (Asaf et al., 2020; Zhou et al., 2022). Lysobacter possesses many lytic enzymes and plays a key role in the degradation of complex macromolecules and plant pathogens present in soil (Brescia et al., 2020; Moon et al., 2021). Functional analysis showed that Sphingomonas, Lysobacter and other inhibited species mainly contributed to chitinolysis and chemoheterotrophy. The reasons for the negative correlation between inhibited species and rice still need to be further analyzed.



4.6. The potential interaction between bacteria was significantly higher than that between fungi

Network analysis showed that the potential interaction between bacteria was significantly higher than that between fungi. The interaction between bacteria and fungi was also weaker. These results are supported by other studies (Pan et al., 2021). Bacterial inoculants (F/N/FN) mainly affect fungi through indirect effects. Although inoculants also significantly affected fungal community structure and function, fungal species contributed less to rice growth than bacteria (Supplementary Figure S8; Table 4). F and FN significantly reduced the plant pathogen spizellomycetaceae; although it was also negatively correlated with rice, the correlation was not strong. Some studies have also found that bacteria are more closely related to crop growth than fungi (de Vries et al., 2018).

In conclusion, this study revealed the co-inoculation of antagonistic B. velezensis FH-1 (F) and B. diminuta NYM3 (N) can significantly promote the growth of rice compared with mono-inoculation. Inoculants (F/N/FN) promoted the growth of rice mainly by regulating the rhizosphere microbiome rather than by themselves or by improving soil nutrient availability. FN promoted rice growth specifically by enhancing microbial nitrification function through enriching related species compared with F or N. Overall, the results of this study provide useful information for the construction and application of co-inoculants in the future. However, further investigation is crucial with sterile system and multi-omics to provide more accurate information on the roles of rhizosphere microbiome.
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The root rot disease causes a great economic loss, and the disease severity usually increases as ginseng ages. However, it is still unclear whether the disease severity is related to changes in microorganisms during the entire growing stage of American ginseng. The present study examined the microbial community in the rhizosphere and the chemical properties of the soil in 1–4-year-old ginseng plants grown in different seasons at two different sites. Additionally, the study investigated ginseng plants' root rot disease index (DI). The results showed that the DI of ginseng increased 2.2 times in one sampling site and 4.7 times in another during the 4 years. With respect to the microbial community, the bacterial diversity increased with the seasons in the first, third, and fourth years but remained steady in the second year. The seasonal changing of relative abundances of bacteria and fungi showed the same trend in the first, third, and fourth years but not in the second year. Linear models revealed that the relative abundances of Blastococcus, Symbiobacterium, Goffeauzyma, Entoloma, Staphylotrichum, Gymnomyces, Hirsutella, Penicillium and Suillus spp. were negatively correlated with DI, while the relative abundance of Pandoraea, Rhizomicrobium, Hebeloma, Elaphomyces, Pseudeurotium, Fusarium, Geomyces, Polyscytalum, Remersonia, Rhizopus, Acremonium, Paraphaeosphaeria, Mortierella, and Metarhizium spp. were positively correlated with DI (P < 0.05). The Mantel test showed that soil chemical properties, including available nitrogen, phosphorus, potassium, calcium, magnesium, organic matter, and pH, were significantly correlated to microbial composition. The contents of available potassium and nitrogen were positively correlated with DI, while pH and organic matter were negatively correlated with DI. In summary, we can deduce that the second year is the key period for the shift of the American ginseng rhizosphere microbial community. Disease aggravation after the third year is related to the deterioration of the rhizosphere microecosystem.

KEYWORDS
 root rot disease, continuous cropping, microbial community, American ginseng, chemical properties


1. Introduction

Plant-associated microorganisms play important roles in plant growth, nutrition, and resistance to biotic and abiotic stresses (Vandenkoornhuyse et al., 2015; Hu et al., 2018). Plant rhizospheres provide a rich environment in which diverse microbial communities, including plant-beneficial microbes and pathogenic microbes, coexist (Berendsen et al., 2012; Trivedi et al., 2020; Xia et al., 2021). It is believed that the plant selects its microbial partners through the influence of its rhizodeposits (Sasse et al., 2018). Thus, different plant species support host-specific microbial communities when grown on the same soil (Garbeva et al., 2008; Berg and Smalla, 2009; Xia et al., 2022).

For the past several years, the use of molecular approaches based on high-throughput sequencing has dramatically extended our knowledge of the plant rhizosphere microbial community and revealed the relationship between plant disease and its microbiome. A previous study on the microbiome of Arabidopsis thaliana indicated that plants could specifically recruit a group of resistance-inducing and growth-promoting beneficial microbes upon pathogen infection (Berendsen et al., 2018). Shen et al. (2019) demonstrated that biofertilizer application and fumigation could reduce banana Panama disease by establishing a beneficial soil microbiome. Wang et al. (2020) reported that no-tillage and residue management influenced the composition of the soil microbial community and increased the risk of maize root rot. Chen et al. (2020) studied the rhizosphere soil of a 12-year cropping strawberry and found that physicochemical properties, the abundance of key microorganisms, and some phenolic acids accumulated significantly, which might lead to the disease under a continuous cropping system. However, how the specific microbial community of perennial crops forms little by little is still not fully understood. Perennial crops have their particularities, and many perennial plants are valuable economic crops, but perennial plants' diseases usually worsen over years of cultivation (Li et al., 2020; Moore et al., 2022). It is unclear whether the aggravation of plant disease during the development stages was associated with the succession of its rhizosphere microbial community, though. The upshot of this better understanding will substantially impact various research and applications about soil microbial ecology and plant disease. American ginseng (Panax quinquefolius L.) is a perennial plant that is well-known globally for its eutherapeutic effect on some diseases (Sen et al., 2012; Singh et al., 2017). In agricultural practice, American ginseng is continuously cultivated for 3 or 4 years before harvest. During the growth of American ginseng, the root rot diseases caused by pathogens reduced the products and quality severely (Yang et al., 2009; Farh et al., 2018), and these diseases became more and more severe over the years of cultivation.

This study aimed to investigate the succession of bacterial and fungal communities and their relationships with root rot disease in American ginseng over years of cultivation. In addition, chemical properties were detected in a correspondence soil sample to analyze their correlation with microbial communities and disease. The results obtained from this study will be valuable for gaining insight into the impact of different cropping systems on soil micro-ecology, which can aid in the cultivation of perennial crops and enhance sustainable development in the medicinal industry.



2. Materials and methods


2.1. Sample processing

The sample sites were in Wendeng Dist., the Wehai City of Shandong Province, one of China's main American ginseng-producing regions. In the first year of the study, 7.5 metric tons of organic fertilizer (with an organic matter content >80%) were applied per hectare. In the following years, increasing amounts of compound fertilizer were applied per hectare: 150–200 kg in the second year, 300–400 kg in the third year, and 450–600 kg in the fourth year. The compound fertilizer used had a nitrogen, phosphorus, and potassium content >16%. This region has a northern temperate marine monsoon climate and receives an annual precipitation of ~762 mm. The plow layer in the plantation consists of gray-brown soil. In 2017, it was decided to directly sow American ginseng for 1 to 4 years in adjacent charmilles of Xishuipo Village, Dashuipo Town (122°14′07″E, 37°10′48″N, marked as Site I). For each ginseng age, four sampling points (replicates) of about 10 m2 were chosen and marked for subsequent sampling.

During the spring (late May), summer (late July), and autumn (late September), at each sampling location, half-row ginsengs (6–10 individuals) were collected, and the rhizosphere soil of these ginsengs was thoroughly mixed. Some amounts of soil was stored at −80°C for DNA extraction, while the rest was air-dried for chemical analysis. The ginseng from each site collected in the summer and autumn was cleaned to calculate the disease index (DI). In the summer (July 20th) and autumn (September 20th) of 2018, the experiment was repeated in Liujiatuan Village of Zetou Town (121°51′44″E, 37°03′14″N, referred to as Site II), another town of Wendeng District. In total, 80 = 4 replications × 4 ages × [3 seasons (of 2017, Site I) + 2 seasons (of 2018, Site II)] soil samples were obtained (Supplementary Table S1).



2.2. Disease index calculations

The root rot disease index (DI) was estimated by dividing the number of diseased ginseng roots by the total number of plants investigated. The severity of root disease observed in the pot experiment was determined by the presence of surface lesions, which were quantified on a scale from 0 to 4, with 0 representing no lesions and 1, 2, 3, and 4 standing for lesions that are <10%, 10%−33%, 33%−67%, and larger than 67% of the total area of the root. The severity of the disease at one sampling site was recorded as the DI, which was calculated as follows:
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Si is the severity rating, Xi is the number of roots with the corresponding severity rating, and N is the total number of roots in one sampling site (Jiao et al., 2019).



2.3. Soil chemical properties

The soil chemical properties, including available nitrogen (AN), available phosphorus (AP), available potassium (AK), organic matter (OM), pH, exchangeable calcium, and magnesium (E-Ca and E-Mg), were measured with the alkali hydrolysis diffusion method, the NaHCO3 extraction method, the NH4OAC extraction method, the potassium dichromate volumetric method, the pH meter, and the atomic absorption spectrophotometry, respectively, as described by Bao (2000).



2.4. DNA extraction, PCR, and high-throughput sequencing

Soil microbial DNA was extracted from 0.4 g soil with the PowerSoil DNA Isolation Kit (Mobio Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. The bacterial universal V3-V4 region of the 16S rRNA gene was amplified with amplicon PCR forward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and reverse primer 806R (5′-GGACTACCAGGGTATCTAAT-3′) (Zheng et al., 2017). The fungal universal ITS1 region was amplified with the amplicon PCR forward primer (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and reverse primer (5′-TGCGTTCTTCATCGATGC-3′) (Mukherjee et al., 2014). Three PCR products per sample were pooled, purified, and quantified by real-time PCR. Parallel-tagged sequencing was performed on an Illumina MiSeq platform (Allwegene, Beijing, China) according to standard protocols (Edgar, 2013; Zhang et al., 2018). Specifically, split reads were merged using FLASH (Magoc and Salzberg, 2011), where forward and reverse reads had overlapping base lengths ≥10 bp and were sorted into each sample by the unique barcodes with QIIME (Caporaso et al., 2010). The sequences with a quality score below 20 contained ambiguous bases or did not exactly match the primer sequences, and barcode tags were removed to become raw data (Wang et al., 2019). Chimeras were removed with USEARCH against the Gold and UNITE reference databases, and sequences shorter than 200 bp were removed to become clean data. The high-quality sequences were clustered into operational taxonomic units (OTUs) at a threshold of 97% similarity using the UPARSE pipeline (Edgar, 2013). Singletons that occurred only one time in the entire data set were removed from subsequent analyses to reduce the overprediction of rare OTUs (Jiao et al., 2019). The representative OTU sequences were aligned and annotated using the Ribosomal Database Project (RDP) for 16S and Unite for ITS (Shen et al., 2019). The datasets generated for this study can be found in NCBI, and the BioProject accession numbers are PRJNA890432 for bacteria and PRJNA890915 for fungi.



2.5. Statistical analyses

DI was expressed as means and standard deviation of four replicates. ANOVA was performed with SPSS 19.0 (SPSS Inc., Chicago, IL, USA), and significant differences among groups were determined at the P < 0.05 level according to the Duncan multiple range test. Other statistical analyses were based on R programs (v3.2.2; http://www-r-project.org/). The alpha (α) diversity indexes Chao1 and Shannon were calculated to assess the microbial abundance and diversity, and the differences among different groups were tested by Duncan's multiple range test. Microbial beta-diversity was quantified with two axes of a non-metric multidimensional scaling (NMDS) analysis of Bray–Curtis dissimilarities in the OTUs community matrix using the “vegan” package in R. The alluvial figures over time for bacterial phylum and fungal class were based on the “ggalluvial“ package in R, and Proteobacteria was divided into Alpha-, Beta-, Delta-, and Gamma-Proteobacteria classes due to the high relative abundance of Protecobacteria. To obtain the biomarkers of microbial taxa across American ginseng residence time in the field, we used the Random Forests approach provided by Zhang J. et al. (2018) to regress the relative abundances of bacterial and fungal taxa at the genus level against American ginseng residence time in the field. We showed the obtained biomarkers with the “phetamap” package in R. Linear models for the relationships of microbial indicators with DI and the relative importance of each of the predictors in this model was also tested after stepwise model selection using stepAIC in R to select the best explanatory power. The Mantel test was used to identify correlations between microbial composition and soil chemical properties, and perMANOVA was used to test the effects of American ginseng over years of cultivation and seasons on soil chemical properties (Shen et al., 2019). Bray–Curtis distance matrices and Euclid distance matrices were used for microbial composition and soil environmental factors, respectively (Jiao et al., 2016). The ordination diagram was done based on original data of soil chemical properties, DIs of American ginseng, and relative abundances of disease-related microorganisms, using Canoco 4.5 software (Microcomputer Power, Ithaca, NY, USA) with the method described by Bi et al. (2018).




3. Results


3.1. Root disease indices of American ginseng

During the four years of the growing phase of American ginseng, the roots gradually became larger (Supplementary Figure S1A), and the root weight of ginseng increased from 0.36 ± 0.14 g to 17.81 ± 7.46 g (Supplementary Figure S1B). Meanwhile, the root rot disease of American ginseng exhibited an aggravating trend with ginseng ages in both sites (Figures 1A, B). The disease indices of ginseng were higher in autumn than in summer for the corresponding ages, though no significant difference was found. In Site I, the disease indices of 3- and 4-year ginsengs were significantly higher (P < 0.05) than those of 1- and 2-year ginsengs in the corresponding seasons, while in Site II, 4-year ginsengs exhibited a significantly higher DI than 1-, 2-, and 3-year ginsengs. Specifically, the disease indices ranged between 7.3 and 42.0 in Site I and between 11.3 and 36.7 in Site II.


[image: Figure 1]
FIGURE 1
 Root disease index of American ginseng of different ages in summer and autumn of Dashuipo in 2017 (A) and Zetou in 2018 (B). Error bars represent standard errors of four replicates, and different letters indicate a significant difference among different ages of ginseng (P < 0.05, according to Duncan's multiple range test).




3.2. Dynamic of rhizosphere microbiota overtime during the 1-year to 4-year growth of American ginseng

Across all the samples, we obtained a total of 3,817,186 and 4,471,469 high-quality 16S and ITS sequences, which were respectively grouped into 9,704 and 4,415 OTUs when using the 97% sequence similarity cutoff. The most abundant bacterial phylum were Proteobacteria (50.8%), Acidobacteria (15.5%), Actinobacteria (11.4%), and Chloroflexi (6.3%), while fungal sequences were primarily composed of the phylum Ascomycota (62.1%), Mortierellomycota (16.7%), and Basidiomycota (11.3%). According to the rarefaction and species accumulation curves, it can be inferred that the sequencing depth and sample amount are enough for subsequent analysis (Supplementary Figure S2).

For bacteria at the two sites, the Shannon indices increased with season changes in the first year, peaked in the autumn, and then maintained a high level in the second year. In the third and fourth years, the indices exhibited a similar trend to the first year (Figures 2A, B). Besides, in spring and summer, the Shannon indices for 2-year American ginseng cultivated soil were compared to the other 3 years. However, the indices for autumn soil over the 4 years were similar. The fungi Shannon indices did not change significantly between years, and the trend was similar with bacteria (Figures 2C, D).
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FIGURE 2
 Alpha-diversity of microorganisms during the growing stages of American ginseng. Chao1 of bacteria (A), Shannon of bacteria (B), Chao1 of fungi (C), and Shannon of fungi (D). Thick horizontal bars show the median. The upper and lower “hinges” correspond to the 25th and 75th percentiles, and whiskers extend from the hinge to the highest (or lowest) value that is within 1.5 × interquartile range (IQR) of the hinge. Boxes that do not share the same letter indicate a significant difference (P < 0.05, according to Duncan's multiple range test).


The NMDS revealed that the soil microbial community of American ginseng rhizosphere soil exhibited a gradient change among seasons during 4 years of growth (Figure 3), with significant differences being found at taxonomic levels (ANOSIM test). The differences in bacterial communities among years were larger than those between seasons at both sites (Figures 3A, B), indicating that soil bacterial communities were more influenced by years of cultivation than seasons. With respect to the fungal community, the differences among years were larger than seasons at Site I (Figure 3B) but were smaller than seasons at Site II (Figure 3D). Moreover, we found that the microbial communities of 3- and 4-year American ginseng rhizosphere soil at both sites were so similar that they could not be separated in the NMDS plots. However, the microbial communities of 1-year ginseng rhizosphere soil were far from those of 3- and 4-year ginseng, while the microbial communities of 2-year ginseng rhizosphere soil sat between those of 1-, 3-, and 4-year ginseng rhizosphere soil.
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FIGURE 3
 The general pattern of microbial beta-diversity in the soil of three seasons during four years. NMDS showed the structure of the bacterial community of Site I (A) and Site II (B), and the fungal community of Site I (C) and Site II (D). Similarity values among the samples of different seasons (“Seasons”) during 1- to 4-year (“Years”) were examined via the ANOSIM test, which are shown in each plot. 60% confidence ellipses were shown around the samples grouped based on different ages of American ginseng (years).


The relative abundances of bacterial phyla exhibited a distinct cyclic variation with seasons during the 4 years except for the second year (Figure 4A). From spring to autumn, the relative abundance of Acidobacteria increased while that of Gammaproteobacteria decreased dramatically in 1-, 3-, and 4-year soils. For 2-year-old soil, among different seasons, the bacterial composition kept steady. Compared with the bacterial phylum, the fungal composition fluctuated slightly in class level among different seasons and years, except for the samples of spring in the 3-year soil (Figure 4B). In spring in the 3-year soil, the relative abundance of Dothideomicetes was higher, while the relative abundance of Mortierellomycetes was lower than the other groups. Furthermore, we discovered that Dothideomicetes was most abundant in the spring of all 4 years of soil. Besides, the relative abundance of Tremellomycetes in the three seasons' soil during 1 and 2 years the soil was higher than that in 3 and 4 years.
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FIGURE 4
 Average relative abundances change over time of bacterial phylum (A) and fungal class (B). Alluvial figures were plotted based on 80 samples of the two sites.




3.3. Specific taxa of the root microbiota are associated with residence time

Based on the cross-validation result of the rfcv() function in the R package “randomForest,” nine bacterial genera were screened as biomarkers (Figure 5A). The heatmap showed that the relative abundance of Sulfuriferula, Pseudarthrobacter, Oryzihumus, Blastococcus, Nakamurella, Variibacter, and Symbiobacterium decreased over residence time, while that of Pandoraea and Burkholderia-Paraburkholderia increased. Based on how these bacteria are classified at the phylum level, the number of biomarkers that belong to Actinobacteria and Firmicutes has decreased over time, while the number of biomarkers that belong to Proteobacteria has both increased and decreased (Figure 5B).
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FIGURE 5
 Bacterial taxonomic biomarkers of American ginseng cultivated time in fields. (A) The top nine biomarker bacterial genera were identified by applying Random Forests regression of their relative abundances in soil against American ginseng years of cultivation and seasons in the field. Biomarker taxa are ranked in descending order of importance to the accuracy of the model. (B) A heat map showing the relative abundances of the top nine predictive biomarker bacterial genera.


With the same method, 22 fungal genera were screened as biomarkers (Supplementary Figure S3A). The relative abundances of Staphylotrichum, Gymnomyces, Solicoccozyma, Cystodendron, Dioszegia, Lipomyces, Byssocorticium, Stilbella, Pseudaleuria, and Trechispora of the first year were higher than those of the last 3 years and exhibited a decreasing trend over the years; those of Hebeloma, Remersonia, Chaetomidium, Chaetomium, Polyscytalum, and Suillus increased and reached a peak in the second year and then decreased; while those of Fusarium, Pseudeurotium, Geomyces, Elaphomyces, Mortierella, and Sordaria were higher in the last 2 years (Supplementary Figure S3B) when the root rot was severe, their abundances decreased. Mortierella belongs to Mortierellomycota, while the rest of the biomarkers belong to Ascomycota and Basidiomycota.

In total, 14 fungi genera were isolated and identified in the diseased root, with Fusarium accounting for the highest proportion (63.9%) and Trichoderma accounting for the lowest (12.0%), and the proportion of Fusarium increased while that of Trichoderma decreased with ginseng age. In addition, Rhizopus, Plectosphaerella, Mortierella, Alternaria, Zalerion, Rosellinia, Rhizoctonia, Pythium, Penicillium, Paraphaeosphaeria, Mucor, and Chaetomium were also identified, and a few isolated fungi were not identified (Supplementary Figure S4).



3.4. Relationship between microbial indicators and DI

To study the relationship between DI and microbial indicators, two linear models, bacterial indicators and fungal indicators, were constructed, respectively. Bacterial indicators included Chao1, Shannon, NMDS1, and NMDS2, the screened biomarkers of time (Figure 5). The retained indicators after stepwise selection are shown in Table 1, and the proportion of variance explained by the model was 46.2%. Of the retained indicators, the relative abundances of Pandoraea, Rhizomicrobium, and bacterial Chao1 were positively correlated with DI, while those of Blastococcus and Symbiobacterium were negatively correlated with DI (P < 0.05, Table 1). Fungal indicators included Chao1, Shannon, NMDS1, and NMDS2, the screened biomarkers of time (Supplementary Figure S4), and the fungi isolated from the rotted root of American ginseng (Supplementary Figure S4) were initially selected. The retained indicators after stepwise selection are shown in Table 2, and the proportion of variance explained by the model was 87.5%, which was higher than the model constructed with bacterial indicators and DI, indicating that fungi may play a more important role in the occurrence of root rot disease in American ginseng.


TABLE 1 Linear models (LM) for the relationship of bacterial indicators with American ginseng root rot disease and the relative importance of each of the predictors in the model.
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TABLE 2 Linear models (LM) for the relationship of fungal indicators with American ginseng root rot disease and the relative importance of each of the predictors in the model.
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3.5. Relationship between soil chemical properties and community composition

Soil chemical properties differed significantly among different samples. According to the multi-factor analysis of the general linear model, years of cultivation influenced pH, OM, AP, AK, and E-Mg, and sampling seasons influenced AN, AK, E-Ca, and E-mg. Sampling sites influenced pH, OM, AN, AP, AK, and E-Ca (Table 3). In both two sites, the soil is slightly acidic, with the pH at a range of 4.5–5.4. The contents of AN, AK, E-Ca, and E-Mg were higher, while AP was lower in Site I than in Site II. Regarding the over 2 years of cultivation, the pH and AP of the 2-year soil were the highest of the 4 years' soil. No clear trend was found, considering the changes in chemical properties among seasons.


TABLE 3 Soil chemical properties at two sampling sites of different ginseng ages.

[image: Table 3]

Soil chemical properties were significantly correlated to both the bacterial (Mantel: R = 0.2516, P < 0.001) and fungal (Mantel: R = 0.3030, P < 0.001) (Supplementary Table S2). To disentangle the relationship between soil chemical properties, DI, and bacterial and fungal genera related to DI screened by linear models, RDA was done based on the above indicators (Figure 6). The ordination diagram showed that AK and AN were positively correlated with Pandoraea and Rhizomicrobium, pH, E-Ca, and E-Mg were positively correlated with Suillus, Blastococcus, Mortierella, and Symbiobacterium, organic matter was positively correlated with Symbiobacterium and Elaphomyces, and AP was positively correlated with Laccaria, Hebeloma, Geomyces, Gymnomyces, Hirsutella, Polyscytalum, Remersonia, Acremonium, Goffeauzyma, Pseudeurotium, Entoloma, Inocybe, Rhizopus and Paraphaeosphaeria. Moreover, the concentrations of AK and AN were positively correlated with DI, while those of AP, E-Mg, E-Ca, organic matter, and pH were negatively correlated with DI. In addition, AK and AN were higher in 3- and 4-year ginseng residence soil, while pH, AP, E-Mg, E-Ca, and organic matter were relatively high in 1- and 2-year ginseng residence soil, indicating that the soil chemical properties affected the occurrence of root rot disease in ginseng.
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FIGURE 6
 Redundancy analysis (RDA) between soil chemical properties, Disease index (DI), and the relative abundance higher than 1% of microbial genera related with DI. The environmental parameters are represented by red lines, different treatments are solid triangles, and microbial genera are blue lines. Fus, Fusarium; Rhi, Rhizomicrobium; Pan, Pandoraea; Mor, Mortierella; Pen, Penicillium; Geo, Geomyces; Acr, Acremonium; Pse, Pseudeurotium; Rhi, Rhizopus; Par: Paraphaeosphaeria.





4. Discussion

In our study, the DI became larger with the American ginseng age, which is similar to the study by Dong et al. (2016) on Panax notoginseng, which also belongs to Panax. The isolated Fusarium increased as the American ginseng aged, whereas Trichoderma decreased. Fusarium is a genus that contains root rot disease causal pathogens (Punja et al., 2005, 2007), and the Thichoderma genus contains the most common pathogen antagonists in soil (Vinale et al., 2008; Chen et al., 2011; Gao et al., 2019). The shifts of the two genera in ginseng roots reflect that pathogens become stronger while their antagonism becomes weaker during the growth of American ginseng. In addition, the relative abundance of Fusarium spp. in the soil was much higher in the third and fourth years compared with the first 2 years, indicating that the soil environment became less favorable with the increase in the planting years of American ginseng.

Besides, our study found that the occurrences of root rot disease were affected by seasons. As the soil moisture and temperature are quite different among different seasons, the pathogenicity of fungi is different (Wong et al., 1984; Hudec and Muchova, 2010; Guo et al., 2022). In this study, the diversity of bacteria and fungi showed similar seasonal (annual) periodicity during the 4 years of growth of ginseng except for the second year (Figures 2, 4). Similar to our study, Cregger et al. (2012) also found that the variation of microbial communities is highly dependent on seasonal dynamics. Because the microbial community is regulated by climate conditions (e.g., precipitation and temperature), which vary largely between seasons, it is not surprising that the microbial diversity presents a gradient change in different seasons (Guo et al., 2022). Our results revealed that the variation of American ginseng rhizosphere microbial diversity in the second year was not in accordance with the seasonal periodicity. As previously reported, plants can affect the composition of the soil microbial community through plant-soil feedback during growth (Barbara et al., 2015). The soil microbial community should change during rotation. In our study, because the biomass of the maize plant is much larger than that of 1-year-old American ginseng, the effect of maize on the soil microbial community may last until the biomass of American ginseng is large enough to shape the rhizosphere microbial community after 1 year's growth. As a result, the transformation of the maize-shaped microbial community into the American ginseng-shaped microbial community broke the seasonal periodicity in the second year and formed an ecotone of the two communities in the spring of the second year but not the first year, which made the microbial diversity of the 2-year-old ginseng rhizosphere much higher than that in the spring of the other 3 years (Figure 2) because temporal heterogeneity of plant inputs increases soil biodiversity (Eisenhauer, 2016). After the second year, the microbial community finished transforming, thus following the seasonal pattern again in the third and fourth years of American growth. Therefore, the second year is the turning point of new microbial community formation during the 4-year growth of American ginseng. The results of the NMDS analysis also verify the above viewpoint. From the NMDS map, we observed the driving force of the bacterial and fungal community of the American ginseng rhizosphere changing gradually over 1–4 years. The composition of the microbial community in the third and fourth years is close, while that in the second year is between the first year and the last two years (Figure 3). NMDS shows the process of continuous and gradual change in the microbial community under the effect of plants, which is consistent with the previous research on rice (Zhang J. et al., 2018) and cotton (Li D. et al., 2022). Studies have shown that rotation can improve microbial diversity, but the mechanisms are not fully elaborated (Venter et al., 2016; Xie et al., 2022). A potential reason may be that an ecotone of two microbial communities forms when the effects on microbial communities transform from one plant species to another, according to our study.

Proteobacteria, Acidobacteria, and Actinobacteria were the most abundant phyla across all samples, which is consistent with previous studies where results were derived from soils cultivated with maize (Li Y. et al., 2022), American ginseng (Jiang et al., 2019), and even other crops (Shen et al., 2019), indicating that there is no clear distinction among different species of the plant rhizosphere bacteria at the phylum level. At the genus level, Blastococcus and Symbiobacterium spp. were negatively correlated with DI (Table 2) and decreased over time (Figure 5). Blastococcus and Symbiobacterium spp. belong to Actinobacteria and Firmicutes, respectively, which were reported to be involved in disease suppression due to the production of biocontrol agents that exhibit antimicrobial effects (Mendes et al., 2011; Cha et al., 2016; Shen et al., 2019). With our findings, we can speculate that Blastococcus and Symbiobacterium spp. may be biocontrol agents of American ginseng, though more research is needed to confirm this. Similarly, Pandoraea spp. decreased over time and were negatively correlated with DI in our study, which could suppress pathogens (Jin et al., 2007) and be a potential biocontrol agent (Kotan et al., 2013), as previously reported.

With respect to fungi, our study showed that Ascomycota and Basidiomycota dominated at the phylum level across all samples, which is consistent with a previous study (Shen et al., 2019). Nevertheless, the relative abundance of Ascomycota was positively correlated with the index of disease caused by Fusarium in the study of Shen et al. (2019), while some of the fugal genera belonging to Ascomycota were positively correlated with DI, and some were negatively correlated with DI in our study. This discrepancy between the two studies may result from the fact that the taxon is quite different in Ascomycota among different soils, which indicates that microorganisms at the phylum level cannot be used as biomarkers to judge whether their resident soil is conducive to disease or not. Among biomarkers of American ginseng resident time, Laccaria, Goffeauzyma, Entoloma, Staphylotrichum, Gymnomys, Inocybe, Hirsutella, Penicillium, Tomentella, and Suillus spp. had a significant negative correlation with DI, while Hebeloma, Elaphomyces, Pseudeurotium, Fusarium, Geomyces, Polyscytalum, Remersonia, Rhizopus, Paraphaeosphaeria, Mortierella, and Metarhizium spp. were significantly positively correlated with the DI of American ginseng. Previous studies about the microbial community and root rot disease of plants of Panax, Staphylotrichum, Penicillium, Fusarium, and Mortierella spp. were also found to be associated with plant disease (Tan et al., 2017; Jiang et al., 2019; Wei et al., 2020). We also revealed their relationship with resident time to find correlations between DI and fungi. We found that fungi negatively correlated with DI in 1- and 2-year samples, while fungi positively correlated with DI in 3- and 4-year samples. These phenomena can partly explain why the disease in 3- and 4-year-old American ginseng was more severe than that in 1- and 2-year-old American ginseng. Unfortunately, the factors leading to the change in the rhizosphere microbial community are complex and diverse, such as plants (Liu et al., 2022) and nutrients (Rosinger et al., 2022). Thus, to establish a causal relationship between rhizosphere microbial community shift and disease index, more experiments, as described in the study of Zhou et al. (2022), need to be performed in future studies.

When discussing microbial diversity, many researchers believe that a high microbial diversity index signifies healthy soil and can suppress plant disease (Janvier et al., 2007; Larkin, 2015; Vukicevich et al., 2016). In our study, however, the bacterial and fungal Shannon had no significant correlation with DI, while the bacterial and fungal Chao1 were positively correlated with DI. Although it is not common, previous studies also reported a similar phenomenon: the bacterial Chao1 index of disease-suppressive soil was lower than that of disease-conducive soil (Xiong et al., 2017), and the fungal Chao1 showed increasing trends in soils used to cultivate American ginseng compared with those of traditional cropping systems (Dong et al., 2017). Unfortunately, neither of the two studies explained the possible reasons. According to previous studies, when infected by pathogens in soil, plants may recruit many other rhizosphere microorganisms to fight against pathogens (Xiong et al., 2017; Huang et al., 2019), which sometimes contributes to the increase in microbial diversity. To our knowledge, however, the exact mechanism still needs to be elucidated. Microbial diversity may not be a robust index for evaluating whether the soil is disease-suppressive or conducive, especially for agricultural soils, which are disturbed most by human activity.

Moreover, the composition of soil microorganisms is complex, and the diversity index is not competent to reflect the composition of microorganisms. For example, microbial communities with the same diversity may have different richness and evenness (Kennedy, 1999; Hu et al., 2022). In this study, the microbial community structure changed severely during the four years, especially in the second year of American ginseng growth, but the diversity index did not change significantly among the 1-, 3-, and 4-year soils in the same seasons, indicating that a relatively steady microbial structure formed gradually, which can be supported by the study of Jiao et al. (2019) who demonstrated that at least three years' rotation is needed to replant American ginseng.

Soil chemical properties gradually change with plant growth and fertilization in the field (Jiao et al., 2019). In our study, organic matter and pH were higher in 1- and 2-year soil, while AK and AN were higher in 3- and 4-year soil (Table 3), resulting from American ginseng fertilization strategies. In our study and usually in China, farmers apply sufficient organic fertilizer before the sowing of American ginseng, and apply more chemical fertilizer mainly composed of available nutrients in the third and fourth year of growth of American ginseng. Soil chemical properties also affected the soil microbial community (Table 3), which is consistent with previous reports (Bell et al., 2013; Dong et al., 2016). Soil AK and AN were positively correlated with DI, while pH and organic matter were negatively correlated with DI (Figure 6), indicating that the alternation of soil nutrients aggravates the soil microbial community, which makes root rot disease occur more easily. As a result, we recommend using more organic fertilizer and less chemical fertilizer during the third and fourth years of the growth of American ginseng.



5. Conclusion

The root rot disease in American ginseng grows more severe with each year that it is cultivated. The second year is the vital period for shifting the American ginseng's rhizosphere microbial community. Disease aggravation after the third year is related to the deterioration of the rhizosphere microecosystem. Increases in soil available nutrients and decreases in organic matter may be related to changes in rhizosphere microbial community composition, diversity, and DI, implying that, in the third and fourth years of American ginseng growth, we should reduce chemical fertilizer input and increase organic fertilizer input.
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The continuous planting pattern of eucalypt plantations negatively affects soil quality. A mixed planting pattern using native species implanted in pure plantations has been considered a preferable measure for this problem. However, the impact of this approachon the structure and function of fungal communities is not clear. Here, harvesting sites that had undergone two generations of eucalypt plantations were selected to investigate soil fungal community structure and the co-occurrence network characteristics in response to two silvicultural patterns involving the third generation of eucalypt plantations (E) and mixed plantations of Eucalyptus. urograndis × Cinnamomum. camphora (EC) and E. urograndis × Castanopsis. hystrix (EH). Compared with the first generation of eucalypt plantations (CK), E markedly weakened enzyme activities associated with carbon-, nitrogen-. and phosphorus-cycling. Reduced soil fungal alpha diversity, and elevated the relative abundance of Basidiomycota while decreasing the abundance of Ascomycota. In contrast, EC and EH not only enhanced fungal alpha diversity, but also reshaped fungal composition. At the class level, E caused an enrichment of oligotrophic Agaricomycetes fungi, classified into symbiotroph guild, while EC markedly decreased the abundance of those fungi and increased the abundances of Sordariomycetes, Dothideomycetes, Eurotiomycetes, and Tremellomycetes fungi, which were classified into saprotroph or pathotroph guild. Moreover, fungal network complexity and robustness topological attributes were higher or significantly higher in mixed plantations soils compared with those of pure eucalypt plantation E. Furthermore, fungal diversity, structure, and functional taxa were significantly affected by soil organic matter, pH, total nitrogen, and nitrate nitrogen.

KEYWORDS
 continuous planting pattern, mixed planting patterns, co-occurrence network, ITS gene sequencing, soil fungal diversity


Introduction

In recent decades, monocultures of fast-growing plantation species have increasingly replaced temperate and tropical native forests for greater economic efficiency and to satisfy the growing demand for wood products (Teixeira et al., 2017). China has the largest area of planted forests in the world, with over 80 million hectares, accounting for 36.45% of the country’s total forest area. Eucalyptus, an important timber species in South China, occupied an area of 5.46 million hectares in China in 2018, accounting for 21.86% of the total area of eucalypt plantations worldwide (National Forestry and Grassland Administration, 2019). Eucalypt plantations are usually planted with single species patterns in short rotation periods (Chen et al., 2011). However, with successive planting generations, this single silvicultural model negatively affects the sustainability of soil fertility and nutrient cycling (Teixeira et al., 2017; Wu et al., 2019; Xu et al., 2020). In recent years, mixed planting of native species with eucalypts has been considered a preferred solution for this problem (Xu et al., 2019, 2021b). Soil microorganisms are essential for maintaining soil function, and the evolution of their community structure is driven by anthropogenic disturbances and soil nutrient availability, while also strongly influencing soil nutrient cycling processes (Cai et al., 2010; Chen et al., 2019). Although the eucalypt–native species mixed model may efficiently enhance soil fertility in degraded woodlands, it is still unclear how the microbial community structure and function, especially fungi, respond to changes in soil nutrient availability and decomposition substrate quality caused by native species implantation.

Soil microorganisms, as core drivers of soil quality improvement, participate in processes such as soil organic matter (OM) decomposition and nutrient cycling in forest ecosystems, and are instrumental in ecosystem regulation of soil biogeochemical processes (Geisseler and Horwath, 2009). With the transition from pure to mixed plantations, microorganisms gradually shaped new community diversity, composition, and functional characteristics in response to the changing interspecific relationships, litter quality, and soil physicochemical properties (Zhang et al., 2018; Qu et al., 2022). Studies have shown that the implantation of native species such as Manglietia glauca, Castanopsis hystrix, Acacia mangium, and Cinnamomum camphora in eucalypt plantations significantly increase the soil bacterial diversity and relative abundance of copiotrophic and nitrogen cycle-associated bacteria (Xu et al., 2021b, 2022). However, there are few studies addressing the effects of pure plantation transformation on soil fungal communities (Rachid et al., 2013; Wu et al., 2019; Liu et al., 2022). Consequently, this limits a more comprehensive assessment of soil microbial communities in response to the shifts in plantation management patterns. As an important component of soil microorganisms, fungi determine numerous ecosystem processes, participate in plant–soil energy flow and OM transformation, and possess a wide range of enzymatic capabilities involved in carbon (C), nitrogen (N), and phosphorus (P) degradation (Benoit et al., 2015; Treseder and Lennon, 2015; Uroz et al., 2016). Many fungi survive in forest soils in saprophytic or symbiotic forms and even outnumber the bacteria involved in decomposition, especially in the shallow layers of acidic soils (Maraun and Scheu, 1996). Thus, during forest conversion, fungal communities may play a more crucial role in above-and below-ground connectivity and in C-, N-, and P-cycling compared with bacterial communities (Jin et al., 2019).

Currently, soil fungi can be generally classified into symbiotic fungi, saprophytic fungi, and pathogenic fungi according to their nutritional and ecological functions (Nguyen et al., 2016). Symbiotic fungi predominantly comprise ectomycorrhizal (ECM) fungi and arbuscular mycorrhizal (AM) fungi, which improve the nutrient status of plants by establishing a reciprocal symbiosis with plants while obtaining fixed carbon from plants to complete their life cycle (Lei et al., 2022). Most AM fungi can only utilize inorganic nitrogen sources, and the depletion of such nutrients is unfavorable to AM fungal reproduction. However, ECM fungi can transfer N sources (e.g., chitin and protein) from OM, which is an important process in the mitigation of drought and nutrient stress (Read and Perez-Moreno, 2003). Eucalypt species have a dual mycorrhizal symbiosis mode (ECM and AM), and changes in soil nutrients and hosts as a result of plantation transformation may upset the balance between symbiotic fungi and hosts (Adjoud-Sadadou and Halli-Hargas, 2017). Soil saprophytic fungi are preferred to decompose recalcitrant plant residues and soil OM, with a significantly positive correlation between their relative abundance and soil fertility (Kyaschenko et al., 2017; Castano et al., 2019). Therefore, given the important role of different fungal functional guilds in plantation ecosystems, it is important to understand the response of fungal community structure to changes in plantation management patterns.

In this study, harvested sites that had undergone two generations of eucalypt plantation were selected to investigate the characteristics of soil fertility quality and fungal communities, and their coupling relationships, in response to different plantation cultivation patterns (pure and mixed plantations). The objectives of the study were: (1) elucidate the response of soil nutrient status and soil enzyme activities on the transformation of pure plantations into mixed plantations, (2) investigate the soil fungal community diversity characteristics, structural composition, and functional changes in response to the transformation, and (3) couple soil nutrient and enzyme activities with fungal diversity and community structure characteristics, and reveal the key soil environmental factors significant correlated with fungal community.



Materials and methods


Study area

The experimental site was located in Luogangling Forest Park, Zhanjiang, Guangdong (21°16′ N, 110°05′E), which belongs to the northern edge of the Leiqong area with a minimum elevation of 80 m and a maximum elevation of 221 m. The site is in the tropical northern humid zone, with an average annual temperature of 23.1°C and a long-term average annual rainfall of over 1,300 mm.

The study area was laid out in Guangdong Zhanjiang Eucalyptus Plantation Ecosystem Research Station in Luogangling Forest Park, on a gentle slope of low hills at 80–100 m above sea level. The soil is classified as Rhodi-Udic Ferralosols according to the Chinese Soil Taxonomy Classification (Gong, 1999), which is consistent with the Rhodic Paleudult according to American Soil Taxonomy (Staff, 2010). The experiment was conducted on harvested sites that had undergone two successive generations of eucalypt plantations (8 and 5 years of plantation cultivation, respectively) in the same area, so it can be assumed that eucalypt plantations and mixed plantations had similar geospatial heterogeneity before afforestation. Information on the plantations from 1990 to the beginning of this experiment can be found in Xu et al. (2022).



Experiment design, soil sampling, and analysis

Almost 10 hetares of harvested sites of eucalypt plantation were divided into four equal blocks, and three planting patterns were randomly arranged within each block in July 2016. The first planting pattern (E) was the continuous planting of pure Eucalyptus. urograndis (hybrid strain of Eucalyptus urophylla and Eucalyptus grandis) plantations of the third generation at a density of 1,667 plants/ha. The second planting pattern (EC) was the creation of mixed plantations of E. urograndis and Cinnamomum camphora (mixed pattern: inter-row, mixed density: 1667 plants/ha). The third planting pattern (EH) was the creation of mixed plantations of E. urograndis and Castanopsis hystrix (mixed pattern: inter-row, mixed density: 1667 plants/ha). Simultaneously, four unmanaged first-generation E. urophylla plantations in Luogangling Forest Park were selected as controls (CK). Information on forestland preparation, seedling specifications of eucalypts and native trees, and later plantation tending can be found in Xu et al. (2022).

Sixteen mixed topsoil samples in the 10-cm layer were collected in December 2019 by removing the humus and litterfall from four different planting patterns. Soil samples for fungal community structure analysis were preserved with dry ice in centrifuge tubes and transferred to a-80°C freezer as soon as possible. Other soil samples for analyses of soil chemical properties and enzyme activities were stored in a portable refrigerator at 4°C.

The pH of each sample was determined with an electronic pH meter (soil: water, 1:2.5). Soil OM was determined by the potassium dichromate-sulfate colorimetric method (Sims and Haby, 1971). Total nitrogen (TN) and total phosphorus (TP) were measured with the Kjeldahl method (Tsiknia et al., 2014) and sodium hydroxide fusion-molybdenum antimony colorimetric method (Liu H. et al., 2017), respectively. Nitrate nitrogen (NO¯ 3_N) was determined by 2 mol·L−1 KCl leaching-indophenol blue colorimetric method and ammonium nitrogen (NH+ 4_N) was determined by UV spectrophotometry (Lu, 1999). Available phosphorus (AP) was measured by the hydrochloric acid-ammonium fluoride extraction-molybdenum antimony colorimetric method (Lu, 1999). Soil available zinc (AZn) and available calcium (ACa) were measured by hydrochloric acid extract, atomic absorption spectrophotometry and ammonium acetate exchange, atomic absorption spectrophotometry, respectively (Liu J. et al., 2017). For soil enzyme activities, acid phosphatase (ACP) was determined by Phenylphosphonium-4-amino-antipyrine colorimetric method (Guan, 1986), urease (URE) by alkaline dish diffusion-HCL titration method (Guan, 1986), and invertase (INV) by 3,5-Dinitrosalicylic acid colorimetric method (Lu, 1999).



Fungal DNA amplicon sequencing, data processing, and qPCR

Total DNA of the soil microbial community was extracted using an E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The quality of DNA extraction was determined by 1% agarose gel electrophoresis, and DNA concentration and purity were measured using NanoDrop2000 (Thermo Scientific, Wilmington, DE, United States). To amplify the fungal ITS region, the primer pair ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) was used. PCR amplification was performed using ABI GeneAmp® 9,700 and the products were purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States). Subsequently, the recovered products were detected by 2% agarose gel electrophoresis and quantified using a Quantus™ Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, United States). After library construction using the NEXTFLEX Rapid DNA-Seq Kit (BiooScientific, Texas, United States), sequencing was performed using Illumina’s Miseq PE300 platform.

The raw 16S rRNA gene sequencing reads were quality-filtered by Trimmomatic and merged by FLASH with the following criteria: (i) the 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded, (ii) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of overlap region is 0.2. Reads that could not be assembled were discarded, and (iii) Samples were distinguished based on the barcode and primers, and the sequence direction was adjusted, exact barcode matching, 2 nucleotide mismatch in primer matching. All sample sequences were clustered into different operational taxonomic units (OTUs) based on the similarity between sequences at the 97% similarity level with UPARSE version 7.1 (Edgar, 2013), and chimeric sequences were identified and removed. A representative sequence of each OTU representative sequence was analyzed by RDP Classifier1 against the SILVA database (v132) (Zhou et al., 2022). To reduce the impact of sequencing depth on subsequent community composition analysis, the sequence number of each sample was refined to 47,310 sequences. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (PRJNA918824).

Mothur software (v1.30.2) was invoked to calculate the Shannon-Wiener, Chao1, and Shannoneven index values for each sample. Real-time quantitative PCR (qPCR) was performed to determine the copy number of fungal ITS genes by using the primer pair ITS1F and ITS2R. For a detailed process of qPCR, refer to Xu et al. (2021b). The nutritional types and functional groups (functional guilds) of the fungal communities were initially assigned by running the “FUNGuild” algorithm,2 including “highly probable,” “probable,” and “possible” confidence levels. To avoid over-interpretation of the functional guild, only the “highly probable” and “probable” confidence levels were retained (Nguyen et al., 2016).



Statistical analysis

The soil chemical properties, enzyme activities, fungal ITS gene copies, alpha diversities, network topology coefficients, and microbial community composition and functional guild were examined by one-way analysis of variance (ANOVA), with Tukey’s honestly significant difference (HSD) test to determine the significant differences among treatments. Non-metric multidimensional scaling (NMDS) analysis was used to visualize the overall dissimilarities in fungal communities among silvicultural treatments, and PERMANOVA (Adonis) was performed to verify the significance of differences in community structure. Mantel tests were applied to study the effect of soil abiotic and biotic information on the microbial community structure, diversity, and functional composition. Redundancy analysis was used to determine whether soil properties were correlated with fungal phylum and functional guild under different woodland treatments (Li et al., 2022).

To further explore fungal species (based on OTU levels) interactions, co-occurrence networks based on Spearman’s correlation matrices of fungal OTUs were constructed using the WGCNA R package (Xu et al., 2021a). Only OTUs with a relative abundance greater than 0.01% were included in the analysis, and random matrix theory (RMT) was implemented to use 0.86 as the appropriate similarity threshold for the test area (Luo et al., 2006). The Benjamini–Hochberg procedure was applied to compute the q values to adjust for multiple hypothesis testing and false discovery rate (Benjamini et al., 2006). The topological characteristics of the fungal network for each soil sample were implemented through subgraph functions by using igraph packages (Qiu et al., 2021). Network complexity was reflected by evaluating topological information such as the number of nodes, edges, edge density, degree centralization and betweenness centralization. Network structural stability was reflected by evaluating natural connectivity of subgraph (Xu et al., 2021a). The R v3.6.1 software platform (R Core Team, 2019) was used to perform all statistical analyses and visualize the results.




Results


Soil chemical properties and enzyme activities

Continuous planting management and mixed treatments both induced significant changes in soil chemical properties and enzyme activities (Figure 1). The third-generation eucalypt plantations E had significantly reduced soil pH, OM, TN, NO¯ 3_N, AP, AZn, ACa, INV, ACP, and URE compared with the first-generation eucalypt plantations CK. In contrast, soil pH, almost all nutrient concentrations, and soil enzyme activities increased significantly with the conversion of E to EC. EH also showed significant improvement in soil pH, AZn, ACa, and INV (p < 0.05).
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FIGURE 1
 Soil chemical properties (A–I) and enzyme activities (J–L) in pure eucalypt plantations (CK, E) and mixed plantations (EC, EH). Different lowercase letters above the bar chart in different colors indicate significant differences at the 0.05 level. CK, the first rotation of E. urophylla plantations; E, the third rotation of E. urograndis plantations; EC, mixed plantations of E. urograndis and Cinnamomum camphora; EH, E. urograndis and Castanopsis hystrix; OM, soil organic matter; TN, total nitrogen; TP, total phosphorus; NO¯ 3, nitrate nitrogen; NH+ 4, ammonium nitrogen; AP, available phosphorus; AZn, available zinc; ACa, available calcium; INV, invertase; ACP, acid phosphatase; URE, urease.




Soil fungal abundance and diversiy

After quality control, a total of 1,604,195 optimized sequences were obtained from 16 samples and clustered into 3,194 OTUs, while 33,407 reads per sample were selected for downstream analysis. The Sobs dilution curves constructed from randomly sampled DNA sequences tended to be flat, indicating that most of the fungal diversity had been captured (Supplementary Figure S1). Compared with CK, the Shannon–Winener index, Chao1, Sobs, and Shannoneven indices characterizing soil alpha-diversity and fungal gene copy number of continuous planting pattern E decreased by 56.7, 56.9, 60.5, 49.9 and 39.8%, respectively. However, mixed plantations EC and EH significantly enhanced soil fungal Shannon–Winener and Shannoneven indices compared with E. Meanwhile, EC had a marked advantage in increasing the richness index and fungal gene copy number, and there was no significant difference between EH and E (Figures 2A–E).

[image: Figure 2]

FIGURE 2
 Soil fungal community diversity and gene copies in pure eucalypt plantations (CK, E) and mixed plantations (EC, EH). (A) Shannon–Wiener index, (B) Chao 1 index, (C) Sobs index: number of OTUs actually observed, (D) Shannon even index, (E) Fungal ITS gene copies. Different lowercase letters above the bar chart in different colors indicate significant differences at the 0.05 level, and (F) Non-metric multidimensional scaling analysis of soil fungal communities base on Bray–Curtis distance. CK, the first rotation of E. urophylla plantations; E, the third rotation of E. urograndis plantations; EC, mixed plantations of E. urograndis and Cinnamomum camphora; EH, E. urograndis and Castanopsis hystrix.




Soil fungal community composition and functional guilds

Continuous planting of pure and mixed planting patterns significantly altered soil fungal community structure beta-diversity (except between E and EH) and relative abundance of fungi at different levels (Figures 2F, 3; Supplementary Table S1, p < 0.05). Basidiomycota, Ascomycota, and Mortierellomycota were the three dominant fungal phyla (relative abundance >1%). Compared with CK, the continuous planting pattern E significantly increased the relative abundance of Basidiomycota and decreased the relative abundance of Ascomycota, while the relative abundances of these two dominant fungal phyla in EC and EH were between those of CK and E (Figure 3A; Supplementary Table S2, p < 0.05). At the class level, the dominant fungal groups included Agaricomycetes, Sordariomycetes, Tremellomycetes, Eurotiomycetes, Mortierellomycetes, and Dothideomycetes. Among these, planting pattern E caused marked increases in Agaricomycetes and decrease in Sordariomycetes, Eurotiomycetes, Dothideomycetes, Tremellomycetes, and Mortierellomycetes compared with CK. In contrast, EC significantly reduced the relative abundance of Agaricomycetes and increased the abundance of other dominant fungi at the class level compared with E. However, EH did not differ significantly from E in the relative abundances of Sordariomycetes, Eurotiomycetes, Mortierellomycetes, and Dothideomycetes (Figure 3B; Supplementary Table S3, p < 0.05). Different plantation practices also induced significant changes in fungal trophic modes (Figure 4, p < 0.05). Most of the fungi were classified as symbiotrophs (67.75%), saprotrophs (20.54%), and pathotrophs (4.85%) (Supplementary Table S4). Continuous planting pattern E significantly increased the abundance of symbiotrophs, mainly ECM fungi, while AM fungi showed the opposite. Additionally, E decreased the abundance of saprotrophs, including undefined saprotrophs, wood saprotrophs, and other saprotrophs, and pathotrophs, such as plant pathotrophs and animal pathotrophs. Although the abundance of symbiotrophs and saprotrophs in EC and EH were between those of CK and E, most of the functional guilds did not differ greatly among E and EH (Figure 4). Furthermore, the relative distribution of the functional guilds was similar to the results of NMDS analysis and soil nutrient status in the different plantations (Figures 1, 2f, 4).
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FIGURE 3
 Soil fungal community composition at phylum (A) and class (B) level in pure eucalypt plantations (CK, E) and mixed plantations (EC, EH). * represents significant differences in the abundance of fungal taxa within different types of plantations. CK, the first rotation of E. urophylla plantations; E, the third rotation of E. urograndis plantations; EC, mixed plantations of E. urograndis and Cinnamomum camphora; EH, E. urograndis and Castanopsis hystrix.


[image: Figure 4]

FIGURE 4
 Soil fungal functional information inferred by FUNGuild in pure eucalypt plantations (CK, E) and mixed plantations (EC, EH). (A) Major trophic modes of soil fungi and (B) variation in the relative abundance of functional guilds (top 7) for each nutrient mode. CK, the first rotation of E. urophylla plantations; E, the third rotation of E. urograndis plantations; EC, mixed plantations of E. urograndis and Cinnamomum camphora; EH, E. urograndis and Castanopsis hystrix.




Soil fungal network complexity

Soil fungal network topographic information varied significantly in plantations with different management practices (Figure 5; Supplementary Figure S2, p < 0.05). Compared with CK, the network nodes, edges, edge density, and degree centralization index of planting pattern E decreased by 26.5, 57.6, 21.2, and 60.55%, respectively, while betweenness centralization increased by 42.3% (Supplementary Table S5). E also decreased the proportion of positive correlations among fungi. However, network nodes, edges, edge density, degree centralization, and positive correlations were elevated after changing from pure to mixed silviculture, and these indicators were significantly enhanced in EC (Figures 5C–G; Supplementary Table S6). Moreover, with the removal of nodes, the natural connectivity of the fungal network in EC and EH was considerably higher than that in E, indicating that the mixed planting pattern markedly improved the robustness of the fungal network (Figure 5B).
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FIGURE 5
 Co-occurrence network and topological characteristics of soil fungal communities in pure eucalypt plantations (CK, E) and mixed plantations (EC, EH). (A) Soil fungal co-occurrence network. The Green and pink lines represent positive and negative correlations between OTUs, respectively, (B) Natural connectivity of soil microbial networks in relation to the number of removal nodes, (C) Nodes: node number, (D) Edges: edge number, (E) Edge density, (F) Degree centralization, (G) Betweenness centralization Complexity. CK, the first rotation of E. urophylla plantations; E, the third rotation of E. urograndis plantations; EC, mixed plantations of E. urograndis and Cinnamomum camphora; EH, E. urograndis and Castanopsis hystrix. Different lowercase letters above the bar chart in different colors indicate significant differences at the 0.05 level. The error bars are the standard errors of the mean values of the network topology parameters. The network topological characteristics of each sample were extracted in subgraph function.




Relationships between soil chemical properties, enzymes, and fungal community characteristics

Soil fungal diversity, community structure, and functional composition were significantly correlated with soil chemical properties and enzyme activities (Figure 6; Supplementary Figure S3). In particular, fungal community diversity, abundance, and evenness were positively correlated with soil pH, OM, NO¯ 3_N, AZn, INV, ACP, and URE. Furthermore, the dominant fungal groups, such as Ascomycota, Mortierellomycota, and Kickxellomycota, were positively correlated with pH, OM, NO¯ 3_N, INV, ACP, and URE; an exception was Basidiomycota, which showed the opposite pattern and were widely distributed in E (Figures 4, 7). For functional groups, the abundances of saprotrophs and pathotrophs were positively correlated with soil pH, OM, TN, NO¯ 3_N, AZn, INV, ACP, and URE, while symbiotrophs were negatively linked to soil nutrients and enzymatic activities (Figures 6, 7; Supplementary Figure S3). Redundancy analysis revealed that soil OM, TN, pH, and AZn collectively explained 91.2% of the soil fungal community structure variables, and soil OM, NO¯ 3_N, and pH jointly explained 95.0% of the soil functional profile variables. Thus, soil OM and pH together shaped and drove changes in fungal community structure and function in this study.
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FIGURE 6
 Soil biotic and abiotic factors influencing the fungal community diversity, structure, and function in pure eucalypt plantations (CK, E) and mixed plantations (EC, EH). CK, the first rotation of E. urophylla plantations; E, the third rotation of E. urograndis plantations; EC, mixed plantations of E. urograndis and Cinnamomum camphora; EH, E. urograndis and Castanopsis hystrix; OM, soil organic matter; TN, total nitrogen; TP, total phosphorus; NO¯ 3, nitrate nitrogen; NH+ 4, ammonium nitrogen; AP, available phosphorus; AZn, available zinc; ACa, available calcium; INV, invertase; ACP, acid phosphatase; URE, urease.
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FIGURE 7
 Effect of soil chemistry on fungal community composition and function. Redundancy analysis reveals the relationship between environmental factors and fungal community composition (A) or fungal trophic patterns (B). OM, soil organic matter; TN, total nitrogen; TP, total phosphorus; NO¯ 3_N, nitrate nitrogen; NH+ 4_N, ammonium nitrogen; AP, available phosphorus; AZn, available zinc; ACa, available calcium; Sap-Sym, saprotroph-symbiotroph; Pat-Sap, pathotroph-saprotroph; Pat-Sym, pathotroph-symbiotroph; Pat-Sap-Sym, pathotroph-saprotroph-symbiotroph.





Discussion


Effect of plantation conversion on fungal diversity

Continuous and mixed planting management patterns induced notable changes in fungal abundance and diversity (Figure 2). The third generation of the eucalypt plantations E reduced soil ITS gene abundance as well as fungal diversity, richness, and evenness compared with the control plantation (CK). The transition from E to mixed plantations (EC, EH) caused a significant rebound in soil fungal diversities (except for the EH richness index). This phenomenon was also observed during the transformation of other pure plantations, such as E. grandis (Pereira et al., 2021) and Robinia pseudoacacia (Dong et al., 2021), and may be attributed to the marked differences in soil chemical properties and enzyme activities caused by different management patterns (Xu et al., 2020). Yang et al. (2019) and Guo et al. (2022) reported that soil fungal diversity and abundance were highly positively correlated with soil pH and organic C and N contents. Similarly, soil pH, OM, NO¯ 3_N, and AZn contents maintained a highly positive relationship with fungal diversity, richness, and evenness in this study. In addition, the multi-generational succession of eucalypt plantations induced a large accumulation of single low-quality litter. As a major source of carbon for the topsoil (Li et al., 2021), this low quality litter negatively affected fungal diversity and abundance (Xu et al., 2021a). However, the multi-layered mixed plantations markedly improved litter quality and increased dead root diversity, providing an adequate source of C and N for fungal growth, as well as a larger root surface area and more diverse habitat (Rottstock et al., 2014).



Influence of plantation conversion on fungal community composition and functional groups

Different plantation management patterns changed the structural composition of the soil fungal community. The fungi with the top three relative abundances—Basidiomycota, Ascomycota, and Mortierellomycota—are shared by many other forest soils and are regarded as core microorganisms (Rottstock et al., 2014; Xu et al., 2020). Among them, Agaricomycetes belonging to Basidiomycota, commonly defined as oligotrophic fungi, act as common ECM symbionts of forest trees (Liu et al., 2020). Here, E caused a significant increase in the relative abundance of Agaricomycetes, which could be attributed to plant nutrient stress caused by soil nutrient deprivation, thus increasing the dependence of trees on fungal symbionts (Read and Perez-Moreno, 2003). Furthermore, the relative abundances of Tremellomycetes, Sordariomycetes, and Dothideomycetes belonging to the Ascomycota and Eurotiomycetes belonging to Basidiomycota decreased significantly in the third generation of eucalypt plantations (E). However, EC significantly mitigated the changes in abundance of dominant fungi caused by continuous planting (Figure 4; Supplementary Table S3). It was previously reported that Sordariomycetes, Dothideomycetes, and Eurotiomycetes were the major cellulose-and lignin-degrading fungi (Fan et al., 2012; Wilhelm et al., 2017; Wu et al., 2019), while members of Tremellomycetes have a good wood-degrading ability (Wu et al., 2019). Therefore, the differential distribution of these decomposer fungi taxa in different plantations may explain the changes in soil fertility caused by the shift in management patterns.

The shift in plantation management patterns also induced marked differences in fungal functional guilds (Castano et al., 2019). The relative abundance of soil symbiotrophs such as ECM was significantly elevated in the third generation eucalypt plantation E, accompanied by a decrease in soil pH, OM, and nutrient contents, while the relative abundance of saprotrophs and pathotrophs, including soil undefined saprophytes, phytopathogens, wood saprophytes, animal pathogens, and other saprophytes, were significantly decreased compared with those of CK. In contrast, mixed plantation EC significantly reduced the relative abundance of symbiotrophs and elevated the relative abundance of saprotrophs and pathotrophs, but EH not significantly different compare with E (Figure 4). A possible reason for this is that symbiotic fungi, such as ECM, often act as nutrient channels for trees and functional extensions of roots, increasing the surface area for the uptake of soluble nutrients (Lei et al., 2022). In addition, ECM fungi benefit from OM decomposition through increased N mobilization rather than the release of metabolic C, which facilitates the mitigation of soil nutrient decline and plant nutrient stress (Lindahl and Tunlid, 2015). Unlike symbiotic fungi, saprophytes possess a strong decomposition capacity for litter and roots (Yao et al., 2017), with predominant role of maintaining ecosystem nutrient homeostasis (Marty et al., 2019). Recent studies confirmed that soil saprophytic and pathogenic fungal abundances were positively correlated with soil fertility (Kyaschenko et al., 2017), which was also verified in the present study. Meanwhile, Sordariomycetes, Dothideomycetes, and Eurotiomycetes were significantly enriched in mixed plantations in the form of saprophytic or pathogenic fungi.

Soil enzyme activity, as one of the functional manifestations of soil, is notably influenced by plantation management patterns (Guo et al., 2022). Although soil extracellular enzymes are secreted by both bacteria and fungi, their activity is mainly driven by fungi (Jin et al., 2019). Soil fungi produce various extracellular enzymes that are instrumental in the decomposition of refractory litter, regulation of soil nutrient balance, and soil carbon and nitrogen mineralization (Benoit et al., 2015). In this study, INV, URE, and ACP activities related to the regulation of C-, N-, and P-cycles, respectively, were strongly and positively correlated with fungal diversity and the abundance of functional groups (Figure 6), such as saprophytic and pathogenic fungi, and negatively related to symbiotic fungi. This demonstrates the strong ability of fungi to regulate soil ecological functions (Li et al., 2021).



Responses of fungal community network structure to plantation conversion

Soil quality degradation induces associative reorganization of fungal taxa, which reduces fungal community network complexity and stability, and weakens ecosystem multi-functionality (Luo et al., 2023). This finding was confirmed in the present study, with the third generation eucalypt plantation having a significantly diminished number of nodes, edges, network density, degree centralization, and robustness that characterize the complexity and stability of soil fungal networks. In contrast, the topological metrics related to the complexity and robustness of the soil fungal network were elevated in the mixed plantations, and EC reached significant levels (Figure 5, p < 0.05). A possible explanation for these differences may be that soil nutrient deprivation in continuous planting pattern E caused a large number of fungi to become dormant, resulting in the simplification and/or loss of interactions between fungi and a significant negative impact on community complexity and stability (Che et al., 2019; Nakayama et al., 2019). Compared with pure forests, mixed plantations provide sufficient substrate and diverse habitats for fungal colonization, which consequently enhances fungal mycelial connectivity and significantly increases the complexity and stability of microbial networks (Pereira et al., 2021). In the present study, E significantly increased the proportion of negative correlations between fungal OTUs compared with CK, while the proportion of positive correlations between fungi in mixed plantations (EC and EH) was markedly increased. This phenomenon was also found during the transformation of eucalypt pure plantations to eucalypt – acacia mixed plantations (Pereira et al., 2021). It may be attributed to reduced competition from the diverse understory habitat resources provided by mixed forest ecosystems; Thus, they may allow more species to maintain free-living populations (Fan et al., 2018; Zhu et al., 2021). However, there are also studies confirming that negative correlations among microorganisms do not warrant competition between taxa (Van Der Heijden and Hartmann, 2016). Therefore, the reasons for the significant changes in the positive and negative correlations between soil fungi in different plantations need to be further investigated.



Key soil factors correlated with fungal communities

Mantel tests and RDA analysis showed that fungal diversity, community structure, and functional groups were significantly influenced by soil OM, pH, TN, and NO¯ 3_N together (Figures 6, 7; Supplementary Figure S3). The quality of OM influences the microbial composition (Tscherko et al., 2005), and its species and quantity play critical roles in determining the structure and function of heterotrophic microbial communities (Merilä et al., 2010). This study confirmed that continuous planting of eucalypts (E) decreased soil OM and nutrient contents while increasing the dependence of the root system on symbiotic fungi. The implantation of native tree species in mixed plantations leads to changes in litter composition and quantity, hence the proportion of saprophytic fungi increased significantly in these plantations. Soil pH, as a major influencing factor of microbial structure dynamics, directly shapes fungal communities by affecting enzyme activity and mycorrhizal colonization (Deacon, 2006). In this study, soil fungal diversity, community structure, and OM changes with plantation management patterns are also closely related to soil pH (Guo et al., 2022). Phosphorus is considered a key regulator of fungal community biogeographic patterns, and adequate phosphorus levels had positive effects on mycelial development and mycorrhizal formation (Liu et al., 2022). However, soil fungal communities in the experimental area of the present study were more restricted by N than P, and fungal community diversity, community structure, and functional guilds were greatly influenced by TN and NO-3_N to varying degrees. This may be attributed to the growth stage of eucalypt plantations. Young eucalypt plantations are in a vigorous growth stage and the uptake of soil N may form a stronger competition with microorganisms (Turner and Lambert, 2008). Also, the high C: N ratio of eucalypt litter at this growth stage results in N limitation for microbial growth and reproduction (Xu et al., 2018).




Conclusion

Fungal community structure and function showed different responses to pure and mixed eucalypt plantations. Multi-generational continuous eucalypt planting caused decreases in soil pH, OM, nutrient contents, and enzyme activities related to C, N, and P cycles, and negatively affected fungal diversity and abundance compared with CK. In addition, Agaricomycetes were significantly enriched in E soils. However, although EH only showed significant improvement in fungal diversity and evenness in a short term compared with E, EC also significantly enhanced the relative abundance of symbiotic and/or saprophytic fungi (e.g., Sordariomycetes, Dothideomycetes, Eurotiomycetes, and Tremellomycetes), as well as soil nutrient status and enzyme activity. Soil microbial co-occurrence network analysis revealed that the complexity and robustness of fungal networks in the third-generation pure plantations were significantly lower than those in the mixed plantations. This further confirmed the negative impact of the multi-generational continuous planting pattern on the soil. Therefore, in response to the global trend of conversion of natural forests to plantations, we recommend that suitable tree species are selected to establish mixed forests, such as E. urograndis and Cinnamomum camphora, to ensure the long-term sustainability of fast-growing plantations.
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In agricultural practice, reductive soil disinfestation (RSD) is an effective method for eliminating soil-borne pathogens that depends heavily on carbon source. However, knowledge regarding the assembly of soil microbial communities in RDS-treated soils amended with different carbon sources after continuous crop cultivation is still not well-characterized. RSD treatments were performed on greenhouse soil with six different carbon sources (ethanol, glucose, alfalfa, wheat bran, rice bran, and sugarcane residue), which have different C:N ratios (Org C/N) and easily oxidized carbon contents (Org EOC). After RSD, two consecutive seasons of pepper pot experiments were conducted. Then, the effects of carbon source property, crop cultivation, and soil chemical property on soil microbial community reestablishment, pathogen reproduction, and crop performance were investigated in the RSD-cropping system. Variation partition analysis indicated that carbon source property, crop cultivation, and soil chemical property explained 66.2 and 39.0% of bacterial and fungal community variation, respectively. Specifically, Mantel tests showed that Org C/N, crop cultivation, soil available phosphorus and potassium were the most important factors shaping bacterial community composition, while Org C/N, Org EOC, and crop cultivation were the most important factors shaping fungal community composition. After two planting seasons, the number of cultivable Fusarium was positively correlated with Org EOC, and negatively correlated with soil total organic carbon, Fungal Chao1, and Fungal PC1. Crop yield of complex-carbon soils (Al, Wh, Ri and Su) was negatively affected by Org C/N after the first season, and it was highest in Al, and lower in Et and Su after the second season. Overall, Org EOC and Org C/N of carbon source were vitally important for soil microbe reestablishment, Fusarium reproduction and crop performance. Our findings further broaden the important role of carbon source in the RSD-cropping system, and provide a theoretical basis for organic carbon selection in RSD practice.

KEYWORDS
 reductive soil disinfestation, carbon source, cultivation, chemical property, microbial communities, Fusarium
, yield


1. Introduction

Reductive soil disinfestation (RSD), also called anaerobic soil disinfestation (Shinmura, 2000) or biological soil disinfestation (Blok et al., 2000), involves adding easily degradable organics to the soil, saturation with water, and sealing with a plastic film to create a strongly reducing and anaerobic environment (Momma et al., 2013). An extensive range of pathogens can be controlled with RSD, such as Verticillium dahlia, Fusarium oxysporum f. sp. Fragariae, Fusarium oxysporum f. sp. Lycopersici, Phytophthora nicotianae, Rhizoctonia solani, as well as plant-parasitic nematodes (Korthals et al., 2014; Huang et al., 2016; Serrano-Perez et al., 2017; Henry et al., 2020; Lee et al., 2020; Zavatta et al., 2021). As an alternative to chemical fumigation for soil-borne pathogen control, RSD has been widely applied in solving continuous cropping problems of various cash crops, such as watermelon, strawberry, tomato, and spinach (Mowlick et al., 2014; Liu et al., 2018; Lee et al., 2020; Zavatta et al., 2021). The benefits of RSD in suppressing soil-borne pathogens and safety have led to its widespread use in organic agricultural systems (Priyashantha and Attanayake, 2021).

The main RSD phytopathogen inhibition mechanism is the release of toxic gasses and the accumulation of organic acid during labile carbon microbial degradation under flooded conditions (Rosskopf et al., 2015). In RSD, the potential to control phytopathogens with volatile compounds is greatly influenced by the carbon source used (Shennan et al., 2017; Mahalingam et al., 2020). There is considerable evidence that organic matter is important for disease control in anaerobic environments (Liu et al., 2016; Shrestha et al., 2018; Gilardi et al., 2020; Vecchia et al., 2020). Wheat bran-based amendment to RSD at low C:N ratio (C/N) reduced Cyperus esculentus reproduction compared with non-amended control (Shrestha et al., 2018). Liu et al. (2016) reported that carbon source incorporated in RSD with lower C/N and higher easily oxidized carbon (EOC) may lead to greater disease control efficacy. Generally, RSD uses two kinds of carbon sources, firstly, liquid and easily degradable compounds, such as diluted ethanol (Fujita et al., 2020) and molasses (Butler et al., 2012) and secondly, solid agricultural wastes, such as livestock excrement (Zhao et al., 2021) and plant residues (Testen et al., 2021).

As a soil ecosystem disturbance, RSD offers opportunities to study how soil microbes respond to organic carbon input under anaerobic conditions (Poret-Peterson et al., 2020). In RSD-treated soils, bacterial taxa associated with Acidobacteria, Firmicutes, and Bacteroidetes become predominant and contribute greatly to suppressing pathogens through their physiological activities (e.g., fermentation) (Hewavitharana and Mazzola, 2016; Hewavitharana et al., 2019). Previous studies show that carbon sources with dissimilar decomposition characteristics, such as EOC content and C/N, affected soil microbial communities differently after RSD treatment (Zhao et al., 2018, 2020; Huang et al., 2019a). For example, Huang et al. (2019a) and Zhao et al. (2018) reported that plant residue-added RSD soils showed similar bacterial and fungal community structures, but differed from ethanol-added soils. Zhao et al. (2020) revealed that diversity and decomposability of organic materials added in RSD may determine the extent of microbial activity improvement. Meanwhile, soil abiotic factors, such as pH and carbon content, can also highly influence the dissimilarity and assembly of soil microbial communities in RSD-treated soil (Liu et al., 2019, 2022; Ali et al., 2022). Besides, a growing number of studies suggest that RSD-regulated soil microbial communities may deteriorate to a state similar to those of diseased soils after crop cultivation, which might be affected by root exudates (Mowlick et al., 2013; Liu et al., 2018; Huang et al., 2019a). Huang et al. (2019a) reported that bacterial and fungal diversity and community structure tended to be similar during 11 months of Lisianthus cultivation. Liu et al. (2018) reported that a 90-day watermelon cultivation homogenized microbial communities between RSD-treated and untreated soil, possibly because root exudates were released. Therefore, existing studies indicate that carbon source property, crop cultivation, and soil chemical property can significantly influence soil microbial communities, however their contribution rates remain unclear.

In this study, two simple-and four complex-carbon organics were chosen as the carbon source amended in RSD treatment, then two consecutive seasons of pepper pot experiments were conducted to build a RSD-cropping system. The aims were to: (i) investigate the impact of carbon source on the assembly of microbial communities in the RSD-cropping system; (ii) clarify the main contributors to the dissimilarity of soil microbial communities; and (iii) assess the key impact factor that may regulate pathogen reproduction and crop performance. We hypothesized that microbial community re-structuring in RSD-treated soil after continuous cropping maybe influenced by the comprehensive effects of carbon source property, crop cultivation, and soil chemical property.



2. Materials and methods


2.1. Soil sampling

Soil samples were collected in Lanxi County, Zhejiang Province, China (29°10′45″N, 119°16′42″E), where pepper (‘Hangjiao No.2’) has been continuously planted for many years and where some crops showed obvious Fusarium wilt symptoms. There was a highly abundant population of Fusarium in the soil (1.28 × 104 colony forming units [CFU] g−1 dry soil). Soil chemical properties were as follows: pH 5.90, electrical conductivity (EC) 0.35 mS cm−1, and total organic carbon (TOC) and total nitrogen (TN) of 15.45 and 1.43 g kg−1, respectively.



2.2. Experimental design

Two simple-carbon (ethanol, glucose) and four complex-carbon (alfalfa, wheat bran, rice bran, and sugarcane residue) organics were chosen, which were widely used in RSD practice. Seven treatments were established: (1) Ck, soil was saturated with water and mulched with polyethylene (0.08 mm thickness); (2) Et, soil was saturated with 1% ethanol and mulched with polyethylene; (3–7) Gl, Al, Wh, Ri, and Su, soils were mixed with glucose, alfalfa, wheat bran, rice bran, and sugarcane residue, respectively, saturated with water, and mulched with polyethylene. The properties of the six carbon sources are described in Table 1, and the carbon amendment rate was 4 mg C g−1 soil for each RSD treatment. There were three replicates of each treatment, with four pots (13 × 21 cm, diameter × height) in each replicate. During the 15-day incubation period, each pot was maintained at an air temperature of 30°C to 35°C in a greenhouse. Polyethylene mulches were removed after treatment and soils were naturally drained. After RSD treatment, each pot of soil samples was collected, and the four pots of each replicate were mixed together to form one composite soil sample. The soil samples were then stored at 4°C and − 20°C for further analysis.



TABLE 1 Carbon source properties and treatment abbreviations.
[image: Table1]

A pepper seedling (‘Hangjiao No.2’) was planted in each pot and cultivated for 3 months from August 2020 to November 2020. The experiment was entirely randomized, and all pots were grown in a greenhouse at 28°C during the day and 20°C at night. During the cultivation period, the soils were regularly watered to maintain a suitable moisture level. At the time of flowering, each pot was fertilized with an inorganic compound fertilizer (3 mg, N: P: K = 16:16:16) every 7 days. Crop performance indices (stem diameter, plant height, aboveground biomass, and crop yield) were measured after planting. Later, the soil in each pot was thoroughly mixed and pepper seedlings were planted again in the same soil from April 2021 to July 2021. We collected and stored rhizosphere soil samples as described above.



2.3. Soil chemical property detection

Measurements were taken at a ratio of 1:2.5 (m/v) of soil to water to determine pH and EC using a PB-10 pH meter (Sartorius AG, Goettingen, Germany) and DDSJ-308F conductivity meter (Measuretech, Shanghai, China), respectively. Soil TOC was measured using the potassium dichromate volumetric method (Kolthoff and Lingane, 1933). EOC of carbon sorce (Org EOC) was determined with 333 mmol L−1 of KMnO4 using a spectrophotometer according to Liu et al. (2016). Soil TN and TN of carbon sorce (Org TN) were determined using Kjeldahl-N method (Sader et al., 2004). Utilizing the Kjeldahl-N method, molybdenum-antimony anti-colorimetry, and flame photometry, soil available nitrogen (AN), available phosphorus (AP), and available potassium (AK), respectively, were determined (Bao, 2008).



2.4. Number of cultivable Fusarium

The number of cultivable Fusarium was determined using a Fusarium-selective medium described in our previous research (Zhu et al., 2022). Five grams of soil collected at the end of anaerobic treatment and crop cultivation stages was re-suspended in 45 ml 0.85% NaCl and shaken continuously for 30 min in a sterile Erlenmeyer flask. Three duplicates of each sample were plated onto Fusarium-selective media after serial dilution with sterile saline. Streptomycin sulfate (0.75 μg ml−1) was added to each medium to inhibit bacterial growth. Plates were incubated for 4 days at 30°C, and colony forming units (CFU) per gram of dry soil were then counted.



2.5. DNA extraction and PCR amplification

Genomic DNA was isolated from 0.5 g soil taken after anaerobic treatment and after two planting seasons using a Power Soil™ DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, United States). Isolated DNA was determined using a UV–Vis spectrophotometer from NanoDrop Technologies (Wilmington, DE, United States), and then used as a template for further sequencing. For bacteria, primer sets 338F (5’-ACTCCTACGGGAGGCAGCA-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V3–V4 hypervariable regions (Zhang et al., 2017). For fungi, the ITS1 region was amplified using primers ITS5F (5’-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS1R (5’-GCTGCGTTCTTCATCGATGC-3′) (Hou et al., 2021). PCR reaction mixture and thermal profiles were performed according to Zhu et al. (2022). PCR product amplifications were followed by purification, quantification, and mixing to achieve equal concentrations.



2.6. Sequencing and data processing

The mixtures were sequenced in a paired end format using the Illumina MiSeq platform by Personalbio Technology Co. Ltd. (Shanghai, China). Sequencing data analyzes were performed using the Quantitative Insights into Microbial Ecology 2 (QIIME2, version 2019.4) platform (Bolyen et al., 2019). Firstly, fastq sequence files with paired-end primers were trimmed using the “qiime cutadapt trim-paired” command. After that, reads were de-noised in DADA2 (Callahan et al., 2016) pipeline using the “qiime dada2 denoise-paired” command, then each amplicon sequence variant (ASV) was represented by a sequence and a feature table was created. Using the “qiime feature-table summarize” command, a summary report listing the sequences associated with each sample was generated following the DADA2 denoising step. To generate a rarefied feature table, all samples were rarefied into the same depth using the “qiime feature-table rarefy” command. Alpha and beta diversity were calculated from the rarefied feature table using the “qiime diversity alpha” and “qiime diversity beta” commands. Taxonomy was assigned to ASVs using the “qiime feature-classifier classify-sklearn” command against the SILVA release 132 (Quast et al., 2012) and UNITE release 8.0 (Kõljalg et al., 2013) databases. The sequencing data of 16 s rRNA and ITS rRNA genes are available at the NCBI Sequence Read Archive (SRA) database under accession number PRJNA882600 and PRJNA882628, respectively.



2.7. Data analysis

Significant differences in soil chemical properties, microbial characteristics and crop performance indices among treatments were analyzed with one-way ANOVA using Turkey’s HSD in SPSS 20.0 (SPSS Inc., Chicago, IL, United States). Analysis of similarities (ANOSIM) among treatments and non-parametric multivariate analysis of variance (PERMANOVA) were performed to assess statistical significance using the vegan package in R (Oksanen et al., 2016). Variation partition analysis (VPA) was performed with the vegan package in R using the varpart function to determine how carbon source, crop cultivation, and soil chemical property affected bacterial and fungal community structures. Also, Mantel tests were conducted using the mantel function in R to assess Pearson’s rank correlations between bacterial and fungal communities and environmental dissimilarity matrices. Moreover, we explored the relationships between bacterial and fungal community compositions and impact factors through redundancy analysis (RDA) using the vegan package in R. Pearson correlation coefficients among carbon source property, soil chemical property, microbe and crop yield were conducted in R.




3. Results


3.1. Soil chemical properties

Chemical properties in different soils after RSD treatment and two planting seasons are shown in Supplementary Table S1. Soil chemical properties varied significantly in RSD-treated soils amended with different carbon sources. After RSD treatment, soil TOC, TN, AN, and AK were significantly (p < 0.05) higher in Al than in the other soils. In addition, pH in complex-carbon soils (Al, Wh, Ri and Su) was significantly (p < 0.05) higher than in simple-carbon soils (Et and Gl), while EC showed the opposite trend. After crop cultivation, most of the chemical indices in different treatments also varied significantly (p < 0.05), except soil C/N and AP in the first season and soil AN and AP in the second season. Noticeably, TOC in the complex-carbon soils was significantly (p < 0.05) higher than in the simple-carbon soils after two planting seasons. Overall, soil pH significantly (p < 0.001) increased, and soil TN, AP, and AK significantly (p < 0.05 or p < 0.01) decreased at the end of the first season compared with those at the end of RSD treatment (Figure 1). After two seasons, soil TOC, AN, AP, and AK significantly (p < 0.05) decreased, while soil pH, TN, and C/N returned to initial levels, compared with those detected at the end of RSD treatment.
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FIGURE 1
 Chemical properties in different soils after RSD treatment and two planting seasons. EC: electric conductivity, TOC: exchangeable calcium, TN: total nitrogen, C/N: carbon to nitrogen ratio, AK: available nitrogen, AP: available phosphate, AK: available potassium. The significance of different groups was determined by the p values (ANOVA, Tukey’s HSD). *p < 0.05; **p < 0.01; ***p < 0.001.




3.2. Soil microbial community characteristics


3.2.1. MiSeq sequencing data

Totally, 5,322,386 and 3,560,817 high-quality sequences of the 16S and ITS genes, respectively, were obtained from the 63 soils (7 treatments × 3 biological replicates × 3 sampling time). After rarefying, 323,817 bacterial and 6,804 fungal ASVs were obtained (Supplementary Table S2). All samples had coverage levels above 95.0%, indicating sufficient sequencing depth. After the first season, Shannon and Chao1 indices of both bacteria and fungi significantly (p < 0.05) decreased compared with those at the end of RSD treatment (Figures 2A,B). After the second season, the bacterial Chao1 index continued to decrease markedly (p < 0.001), while Shannon and Chao1 indices of fungi recovered somewhat, although still significantly (p < 0.05) lower than at the end of RSD treatment. Noticeably, Shannon and Chao1 indices of both bacteria and fungi in Et were lowest after the first and second seasons (Supplementary Table S3).
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FIGURE 2
 (A,B) Alpha diversity indices of bacterial and fungal communities in different soils collected after RSD treatment and two planting seasons. The significance of different groups was determined by the p values (ANOVA, Tukey’s HSD). *p < 0.05; **p < 0.01; ***p < 0.001. (C,D) Principal coordinates analyzes (PCoA) were conducted based on soil bacterial and fungal ASVs using Bray-Curtis distance. (E,F) Soil bacterial and fungal community compositions at phylum level in different soils collected after RSD treatment and two planting seasons. Treatment abbreviations are defined in Table 1.


Principal coordinate analysis (PCoA) showed that bacterial and fungal communities were significantly different among soils collected after RSD treatment and two planting seasons, which was confirmed by two complementary nonparametric multivariate statistical tests (p < 0.01 by Adonis and ANOSIM; Figures 2C,D; Supplementary Table S4). Simultaneously, the impact of different carbon sources on soil microbial community dissimilarity after RSD treatment and the subsequent cultivation process were also analyzed. After RSD treatment, soil bacterial and fungal communities in simple-carbon soils were significantly different (p < 0.01) to those in complex-carbon soils. After crop cultivation, soil bacterial and fungal communities between simple-and complex-carbon soils differed significantly along PC axes as confirmed by Adonis and ANOSIM results (p < 0.01 for bacteria and fungi in both first and second season).



3.2.2. Soil microbial community compositions

For the bacterial ASVs, Proteobacteria, Acidobacteria, Chloroflexi, Firmicutes, and Bacteroidetes were the five most abundant bacteria phyla, accounting for 76.19% ~ 85.67% of the total sequences (Figure 2E). Specifically, Proteobacteria and Firmicutes were two dominant bacterial phyla in soils after RSD treatment, while Acidobacteria replaced Firmicutes as the dominant bacterial community after crop cultivation. For fungi, 95.19% ~ 99.94% of the total sequences were classified as members of the Ascomycota, Rozellomycota, Basidiomycota, Mortierellomycota, and Glomeromycota (Figure 2F). Ascomycota was the dominant fungal phylum across all samples, and accounted for 56.74 to 98.55% of all fungal sequences. Remarkably, Rozellomycota and Basidiomycota dominated in Et and Su at the first season, respectively. Dominant relative abundance (RA) of both bacterial and fungal genera in the different soils also varied remarkably after RSD treatment and crop cultivation (Supplementary Figure S1). For example, RA of bacterial genus Azotobacter and fungal genus UC_Sordariaceae dominated in Et at the first and second seasons, while RA of fungal genus Zopfiella dominated in Ri and Su.




3.3. Factors influencing soil bacterial and fungal communities

Variation partitioning analysis (VPA) revealed that carbon source property, crop cultivation, and soil chemical property explained 66.2 and 39.0% of the observed variation in the bacterial and fungal communities, respectively (Figures 3A,B). Soil chemical property was the primary dominant influence on bacterial community (28.8% of the variation, p = 0.001 based on the Mantel test, Supplementary Table S5), while carbon source property and crop cultivation also significantly influenced it (24.9 and 20.9% of the variation, p = 0.045 and p = 0.001, respectively). However, fungal community was greatly influenced by carbon source property and crop cultivation (21.0 and 11.0% of the variation, p = 0.001 and p = 0.001, respectively), while soil chemical property exhibited no significant impacts on it (10.0% of the variation, p = 0.097).
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FIGURE 3
 (A,B) Variance partitioning analysis (VPA) of the effects of carbon source property, crop cultivation, soil chemical property, and their interactions on soil bacterial and fungal communities, (C) Pearson’s correlation coefficients of bacterial and fungal ASVs and impact factors based on Mantel tests, and (D,E) Redundancy analysis (RDA) of bacterial and fungal ASVs and impact factors. Impact factor abbreviations are defined in Table 1 and Figure 1.


To explore the major impacts on bacterial and fungal community assemblages, we also conducted Mantel tests comparing the bacterial and fungal community compositions (based on Bray-Curtis distance matrices) with 13 variables (based on Euclidean distance matrices). As shown in Figure 3C and Supplementary Table S6, Org C/N (r = 0.250, p = 0.006), crop cultivation (r = 0.721, p = 0.001), soil AP (r = 0.555, p = 0.001), and soil AK (r = 0.497, p = 0.001) were the most important factors shaping bacterial community composition, while Org C/N (r = 0.401, p = 0.002), Org EOC (r = 0.424, p = 0.001), and crop cultivation (r = 0.405, p = 0.001) were the most important factors shaping fungal community composition. When subject to RDA models, the 13 detected factors explained ~65% of bacterial community variation and ~ 52% of fungal community variation (Figures 3D,E). Specifically, soil bacterial community variation was mainly driven by Org C/N, Org EOC, crop cultivation, soil AP, and soil AK, while Org TOC, Org C/N, Org EOC, crop cultivation, and soil pH were significant drivers of fungal community changes (p < 0.05; Supplementary Table S7).



3.4. Fusarium reproduction and crop performance

The changes of Fusarium abundance and crop yield in different treatments during RSD treatment and two planting seasons were also investigated. During the 15-day RSD treatment period, the number of cultivable Fusarium in most soils (except for Ck) decreased to 0 at the 5th day (Supplementary Figure S2). After RSD treatment, no cultivable Fusarium was detected in any of the soils, while RA of Fusarium was highest in Ri and negatively correlated with Org EOC (Figure 4A; Supplementary Table S8). In addition, the number of cultivable Fusarium after the first season was highest in Al and after the second season, highest in Et, while RA of Fusarium showed the same trend (Figures 4B,C). As for crop yield, it was higher in the Et, Gl, and Al after the first season, and it was highest in Al and lower in Et and Su after the second season (Figures 4D,E). The crop yield of complex-carbon soils after the first season was positively affected by Org TN and negatively affected by Org C/N (Supplementary Table S9).
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FIGURE 4
 (A–C) The number of cultivable Fusarium and relative abundance of Fusarium in soils collected after RSD treatment and two planting seasons. (D,E) Crop yield after the first and second seasons. Different letters indicate significant differences among the soils based on Tukey’s HSD (p < 0.05). Error bars indicate SDs. Treatment abbreviations are defined in Table 1.


After two consecutive seasons of planting, relationships among microbe, crop yield, carbon source property, and soil chemical property were further explored (Figure 5). The results showed that the number of cultivable Fusarium was positively and significantly correlated with RA of Fusarium. Moreover, the number of cultivable Fusarium was positively correlated with Org EOC, and negatively correlated with soil TOC, Fungal Chao1, Fungal PC1, the bacterial genera UC_Burkholderiaceae and UC_Xanthobacteraceae, and the fungal genus Zopfiella. Overall, crop yield was negatively affected by soil TN and positively affected by soil C/N, while no significant relationship was found between crop yield and carbon source property.
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FIGURE 5
 Relationships among microbe, crop yield, carbon source property, and soil chemical property after two planting seasons. Circle color and size represents Pearson correlation coefficients (r). *p < 0.05; **p < 0.01; ***p < 0.001. Only the top 10 bacterial and fungal genera are shown. Impact factor abbreviations are defined in Table 1 and Figure 1.





4. Discussion


4.1. The effects of carbon source property, crop cultivation, and chemical property on soil bacterial and fungal communities

Numerous studies have reported that soil microbiomes are remarkably altered by RSD (Zhou et al., 2019; Lee et al., 2020; Poret-Peterson et al., 2020). However, knowledge of soil microbial community assemblages in RSD-treated soils amended with different carbon sources after continuous crop cultivation is still limited. In this study, VPA showed that bacterial community was significantly affected by carbon source, crop cultivation, and soil chemical property. Nevertheless, fungal community structure was only significantly related to carbon source and crop cultivation. Soil chemical property, explaining 28.8% of bacterial community variation, played a very important role on bacterial community, while no significant influence was found on the fungal community. This is consistent with previous studies revealing that bacterial community assembly is more dependent on soil abiotic characteristics than fungal community assembly (Liu et al., 2019, 2022). In addition, we found soil nutrient indices, such as AP and AK, were the most important factors in describing soil bacterial community patterns. Besides, crop cultivation could also significantly affect bacterial and fungal community structures in the RSD-cropping system. This might be attributed to the crucial role of root exudates in regulating microbe colonization of the rhizosphere as well as activating native microbes (Wang et al., 2021).

More importantly, the reestablishment of bacterial and fungal communities, were significantly affected by carbon source property in the RSD-cropping system. The influence of carbon source property on soil microorganism assemblages may be attributed to two aspects: Firstly, carbon source has direct effects on soil microbial community structures. PCoA revealed that soil microbial communities between the complex-carbon and simple-carbon samples were significantly different after RSD treatment and crop cultivation, and the results of Mantel tests confirmed that Org C/N and Org EOC were significant factors affecting soil bacterial and fungal communities. It seems that microbial decomposition of different carbon sources produces different intermediate metabolites, thus shaping dissimilar microbial communities (Liu et al., 2016). Secondly, different carbon source properties can significantly influence soil chemical properties, then indirectly affect soil microorganism assemblages (Li et al., 2018; Schlatter et al., 2022). As demonstrated in Supplementary Figure S3, bacterial or fungal community structure in soil collected after RSD treatment, first season, and second season, respectively, was significantly correlated with soil EC, AK, and TOC, and these chemical indices were significantly affected by carbon source Org EOC and Org C/N. Overall, this study highlights the important roles of carbon source property, crop cultivation, and soil chemical property on soil microbial community re-structuring in the RSD-cropping system.



4.2. Fusarium changes in different soils after RSD treatment and crop cultivation

There is increasing evidence that RSD practice incorporated with organic substances often effectively reduces the pathogen population (Momma et al., 2013; Huang et al., 2015, 2016). In this study, RSD effectively killed cultivable Fusarium in all soils amended with different carbon sources. Nevertheless, RA of Fusarium was quite different, and it was negatively correlated with Org EOC. For instance, RA of Fusarium was lower in complex-carbon soils (Et and Gl), and higher in complex-carbon soils (Ri and Su). According to the findings of Liu et al. (2016) and Huang et al. (2016), carbon source with higher Org EOC could lead to more toxic organic acid production and, therefore, result in higher sterilization efficiency during the RSD process. In the present study, pH values in simple-carbon soils (Et and Gl) were lower than in complex-carbon soils (Al, Wh, Ri, and Su) during the 15-day RSD treatment (Supplementary Figure S4), possibly because the former produced more organic acids (Huang et al., 2016; Liu et al., 2016). Correspondingly, highly recalcitrant substrates do not yield a significant amount of anaerobic decomposition metabolites due to their slow decomposition rates (Shrestha et al., 2021).

In addition, previous studies have reported that soil-borne pathogens can be restored with plant cultivation (Zhao et al., 2017; Liu et al., 2018). After two planting seasons, the number of cultivable Fusarium in most of the soils (Gl, Al, Ri, and Su) was still maintained at a lower level, while that in Et was the highest. Correlation analysis showed that the number of cultivable Fusarium was positively correlated with Org EOC, and negatively correlated with soil TOC (Dignam et al., 2018; Cao et al., 2022). This finding suggests that heuristically, the higher Org EOC of carbon source involved in RSD treatment, the more likely pathogen reproduction occurs during the subsequent crop cultivation. According to previous research, complex-carbon is comprised of lignin, cellulose, and hemicellulose, and therefore much more difficult to decompose and utilize than simple-carbon, thereby exhibiting persistent inhibition of pathogen reproduction (Huang et al., 2019b). Meanwhile, the number of cultivable Fusarium was also negatively correlated with Fungal Chao1 and Fungal PC1. As commonly accepted, species richness may promote antibiotic production as well as community-wide antagonistic interactions, which can help suppress pathogens (Saleem et al., 2019). Thus, the lowest level of fungal diversity and richness in Et after two consecutive seasons of planting, suggests possible mechanisms by which microbial diversity loss may directly affect pathogen selection and persistence (Flanagan et al., 2007). Although earlier studies confirmed the role of Org EOC in antifungal efficiency at the RSD treatment stage, our study found that carbon source with relatively lower Org EOC is more conducive to pathogen reproduction inhibition during the subsequent crop cultivation process. Furthermore, we demonstrated for the first time, the links between fungal community richness and pathogen reproduction, which further highlights the vital role of fungi in the RSD-cropping system amended with different carbon sources.



4.3. The impact of carbon source property on crop performance

It is well known that RSD can ameliorate barrier soil physiochemical properties (Di Gioia et al., 2017; Meng et al., 2022), however, crop performance after consecutive crop cultivation in RSD-treated soils incorporated with different carbon sources remains poorly understood. In this study, we found that crop yield of pepper plants was positively affected by Org TN and negatively affected by Org C/N among the complex-carbon soils (Al, Wh, Ri, and Su) after the first season. Similarly, Shrestha et al. (2021) also revealed that C/N of carbon source (Org C/N) amended in RSD exerts a strong influence on soil inorganic N and crop performance. After the first season, crop yield was highest in Al, and lower in Ri and Su. According to Spohn (2015) and Sinsabaugh et al. (2013), C/N of organic substrate above 20 results in microbial N limitations on decomposition and reduces soil inorganic N availability. Alfalfa, with the lowest Org C/N (16.21), could favor biological decomposition and improve microbial activity when amended in soil for RSD, then mineralize sufficient N to satisfy plant growth demands (Luo et al., 2018; Mao et al., 2022). Correspondingly, the highest TN and AN content were found in Al after RSD treatment, with the highest crop yield after cultivation. On the contrary, soil TN and AN content were lower in Ri (Org C/N = 84.66) and Su (Org C/N = 118.85) after RSD treatment, and the crop yield of the first season in Ri and Su also showed lower amount than in other soils. However, no significant correlation was found between crop yield and carbon source property in the second season, indicating that the direct effect of carbon source property on crop yield only lasted for one season. The results of correlation analysis revealed that the crop yield at the second season was significant affected by soil TN and C/N, and it was highest in Al, and lower in Su. Moreover, lower crop yield was also found in Et after two consecutive seasons of planting. On one hand, soil TOC was lowest in Et with the highest Org EOC (303.30). As soil TOC is a key factor in nutrient storage and cycling, plenty of research have demonstrated the important role of organic C in maintaining crop yeild (Pan et al., 2009; Oldfield et al., 2019; Kopittke et al., 2022). Compared to the simple-carbon, complex-carbon with lower decomposition efficiency usually has a retention effect in soil (Liu et al., 2016), and the result in Figure 5 provides direct evidence that soil TOC was negatively correlated with Org C/N and Org EOC. On the other hand, soil TOC decrease adversely affected fungal community assemblages, such as the sharp decrease of Fungal Shannon and Chao1 indices, which further aggravated Fusarium reproduction (Saleem et al., 2019). Finally, the combination of these factors may lead to the lower crop yield in Et. Although no direct correlation was detected between carbon source property and crop yield after consecutive cropping, Org C/N and Org EOC of carbon source could regulate soil chemical and biological properties, then play important roles in crop performance.




5. Conclusion

A conceptual diagram (Figure 6) was constructed to show the influence of carbon source on soil microbial community reestablishment, soil chemical properties, pathogen reproduction, and crop performance in a RSD-cropping system. Bacterial community structure was significantly affected by soil chemical property, carbon source property, and crop cultivation, while fungal community structure was only influenced by carbon source property and crop cultivation. Carbon source properties, such as Org C/N and Org EOC, were the most import factors affecting the distribution of bacterial and fungal communities. After two planting seasons, Fusarium reproduction was positively correlated with Org EOC, and negatively correlated with soil TOC, fungal Chao1 and fungal PC1. Crop yield was highest in Al, and lower in Et and Su after consecutive cropping, and it was significantly correlated with soil TN and C/N. Comprehensively, Org C/N and Org EOC of carbon source incorporated in RSD, are very important for soil microbe reestablishment, pathogen reproduction, and crop performance. Future studies should focus on the effects of carbon source properties on soil functional core microbiome during RSD process, and link them to soil disease resistance and growth promotion.
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FIGURE 6
 Conceptual diagram describing the influence of carbon source on soil microbial community reestablishment, soil chemical properties, pathogen reproduction, and crop performance in a RSD-cropping system.
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The plant and soil microbial communities are influenced by variability in environmental conditions (e.g., nitrogen addition); however, it is unclear how long-term nitrogen addition and litter manipulation affect soil microbial communities in a semiarid sandy grassland. Therefore, we simulated the impact of N addition and litter manipulation (litter removal, litter doubling) on plant and soil microbial communities in Horqin grassland, northern China through an experiment from 2014 to 2019. Our results revealed that in the case of non-nitrogen (N0), litter manipulation significantly reduced vegetation coverage (V) (p < 0.05); soil bacterial communities have higher alpha diversity than that of the fungi, and the beta diversity of soil fungi was higher than that of the bacteria; soil microbial alpha diversity was significantly decreased by nitrogen addition (N10) (p < 0.05); N addition and litter manipulation had significantly interactive influences on soil microbial beta diversity, and litter manipulation (C0 and C2) had significantly decreased soil microbial beta diversity (p < 0.05) in the case of nitrogen addition (N10) (p < 0.05). Moreover, bacteria were mostly dominated by the universal phyla Proteobacteria, Actinobacteria, and Acidobacteria, and fungi were only dominated by Ascomycota. Furthermore, the correlation analysis, redundancy analysis (RDA), and variation partitioning analysis indicated that the soil fungi community was more apt to be influenced by plant community diversity. Our results provide evidence that plant and soil microbial community respond differently to the treatments of the 6-year N addition and litter manipulation in a semiarid sandy land.
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1. Introduction

Plant and soil microorganisms play important roles in regulating food and timber production, soil carbon (C) sequestration, and nutrient cycling in terrestrial ecosystems (Cui et al., 2020; Delgado-Baquerizo et al., 2020). The plant and soil microbial community is highly vulnerable to environmental changes in the context of global changes, such as increased atmospheric N deposition and land desertification (Liu et al., 2011, 2020; Zuo et al., 2012; Guo et al., 2019). Horqin sandy land is a typical semiarid sandy land in northern China, with relatively high dry N deposition (Lue and Tian, 2007). Due to the effect of strong wind in the process of land desertification, the spatial distribution pattern of litter on the ground surface takes place secondary distribution. Research showed that increased atmospheric N deposition and uneven litter distribution are likely to solely or interactively affect various biotic factors [e.g., plant aboveground biomass (AB), plant productivity, plant functional group composition, soil respiration (Zhao X. et al., 2020), microbial respiration] and abiotic factors (e.g., soil temperature, soil moisture, soil microbial biomass C, and soil microbial biomass N) (Shen et al., 2016; Liu et al., 2017; Gao et al., 2018; Gamadaerji et al., 2020; Zhao X. et al., 2020). Estimating the ecological consequences of N deposition and uneven litter distribution, as well as determining the influence on plant and soil microbial community in a semiarid sandy land are thus urgently needed.

N deposition has been an important component in the global N cycle, and anthropogenic N emission was increased since the industrial revolution (Galloway et al., 2008; Liu et al., 2011). China has become the third largest N deposition area since the late 1980s or early 1990s (Goulding et al., 1998). At the same time, N is the major limiting factor for plant growth in most terrestrial ecosystems (Gamadaerji et al., 2020), and a large number of studies have shown that increased atmospheric N deposition can increase plant community productivity, relieve nutrient limitation of microorganisms, promote activity of microorganisms, influence the bacterial and fungal community compositions, and accelerate the decomposition of litter, but significantly decrease plant species diversity in a community (Clark and Tilman, 2008; Isbell et al., 2013; Yue et al., 2016; Wang et al., 2017; Wang J. Q. et al., 2021). Some studies indicated that N deposition led to a change in plant functional group composition in a semiarid grassland (Gamadaerji et al., 2020).

Litter is one of the important carbon pools in the terrestrial ecosystem, and its decomposition process, as an important nutrient release pathway, connects the aboveground and underground carbon cycle process (Sayer et al., 2011). Global changes (e.g., N deposition), human activities, and changes in land use patterns are significantly affecting terrestrial ecosystem net primary production (NPP) and altering aboveground litter input to soil (LeBauer and Treseder, 2008; Fang et al., 2018). Previous studies showed that the litter quantity and decomposition rate would directly affect the process of nutrient absorption and utilization by plants and soil microorganisms, and further regulated the structure and function of an ecosystem (Wardle et al., 2004; Zhang et al., 2018). Focusing on sandy ecosystems, studies have shown that litter crusts can promote nutrient cycling in sandy ecosystems by mediating the restoration of bacterial taxa, rather than fungi, to enhance soil nutrient availability (Liu X. et al., 2021; Liu Y. et al., 2021). So the responses of soil microbial community to litter alteration in different terrestrial ecosystems has not yet reached a universal conclusion. One study indicated that N deposition affected litter decomposition by affecting soil N availability, litter yield and quality, soil biological factors, and factors in relation to litter decomposition (Yang et al., 2017). It’s well known that N addition promotes plant growth and increases litter production. It is noteworthy that when litter and N addition work collectively, how will it affect the plant and soil microbial community in the semiarid sandy land ecosystem?

Previous studies have shown that increased litter input and N addition significantly increased the community productivity in a semiarid grassland (Gamadaerji et al., 2020), litter addition suppressed the AB responses to N addition under ambient precipitation conditions by affecting soil moisture (Shen et al., 2016), and increased N deposition slightly weakened the inhibition of litter removal on soil respiration (Zhao X. et al., 2020). The biomass of perennial bunch grass (PB) and perennial rhizome grasses (PR) increased significantly with the increment of litter and nitrogen in a semiarid grassland after 6 year observation (Gamadaerji et al., 2020). Study on nitrogen and litter addition showed that litter addition increased AB and belowground net primary productivity (BNPP) in Inner Mongolia grassland after a two-year observation (Shen et al., 2016). In summary, when studying the impact of N addition and litter manipulation on plant and soil microbial communities, most researchers have focused on a single factor [e.g., N addition (Hou et al., 2021)] and have analyzed only one community [e.g., either bacteria or fungi, (van Diepen et al., 2017; Liu et al., 2020)]. But it is unknown how plant and microbial communities respond to N addition and litter manipulation in consecutive years. Thus, in this study, we examined the impact of N addition and litter manipulation (litter removal, litter doubling) on plant and soil microbial communities in a semiarid sandy land in northern China from 2014 to 2019. We hypothesized that (1) N addition can significantly affect plant and soil microorganisms, while litter treatment has interaction with N addition on the plant and soil microbial communities. (2) Fungal communities were more susceptible to N addition and litter treatment than that of bacteria in this semiarid sandy land over these 6 years. (3) The effect of plant community on soil fungal and bacterial community under N addition and litter manipulation was significantly different.

In this work, on the one hand, we can fill in the knowledge gap of the impact of long-term nitrogen addition and litter treatment on soil microbial communities in semi-arid sandy land. And on the other hand, we can improve our understanding of how sandy land ecosystems in semi-arid areas respond to environmental changes. It will provide reference for the follow-up research on the soil-plant-microbe interaction mechanism in semi-arid areas under long-term nitrogen deposition and aboveground litter change treatments.



2. Materials and methods


2.1. Study area

The study was conducted at a semiarid sandy land near Inner Mongolia Naiman Agroecosystem National Observation and Research Station (42°55′N, 120°41′E), in the southwestern part of the Horqin sandy land. The mean annual temperature is between 6.4 and 6.9°C. The mean annual precipitation is between 343 and 451 mm, with > 75% falling in the growing season (May to September). The mean annual wind speed is from 3.5 to 4.5 ms–1, the windy days are between 20 and 60 days, and sandstorms often occur in spring (about 10–15 days). It is mostly northwest wind in winter and spring and southwest in summer. The local geomorphic types are dominated by slowly-fluctuating sandy lands, with fixed dunes, semi-mobile dunes, mobile dunes, and inter-dune lowlands (Zhao et al., 2008). Affected by climate change and human activities, the region has experienced a different degree of desertification (Zuo et al., 2012; Zhao et al., 2014). The zonal soils are sandy chestnut soils with loose structures and vulnerable to wind erosion (Li Y. L. et al., 2016; Zuo et al., 2018). The soil is poor and mostly aeolian soil, and in the 0–30 cm soil layer, the soil nitrogen content was 0.057∼0.199 g.kg–1, the soil bulk density was 1.29∼1.59 g.cm–3 (Mao et al., 2012). In the 0–10 cm soil layer, the soil bulk density was about 1.41 g.cm–3, total nitrogen was about 0.57 g.kg–1, total carbon was about 4.16 g.kg–1 (Lv et al., 2021), and organic carbon was about 1.72 g.kg–1 (Chen et al., 2016). The dominant plant species are Cleistogenes squarrosa (Trin.) Keng, Chenopodium acuminatum Willd, Pennisetum centrasiaticum Tzvel, and Setaria viridis (L.) Beauv.



2.2. Experiment design

The field experiment of N addition and litter manipulation was established in 2014. The experiment was conducted in a randomized block design of six replicate blocks. In each block, we created six 10 m × 10 m plots and the plots were all spaced by 1 m apart to avoid cross effects between treatments. In this study, we only selected the experimental plots treated with nitrogen addition and litter manipulation for observation (Supplementary Figure 1). For the purpose of this study the experimental platform had set up 3 L manipulation levels [litter removal (C0), control (C1) and litter doubled (C2)] and 2 N addition levels [non-nitrogen addition (N0) and nitrogen addition (N10)], and composed of 6 treatments: N0C0, N0C1, N0C2, N10C0, N10C1, N10C2. So every treatment has six replicates. According to a typical practice of N treatment in many scientific simulation experiments of N deposition (Hasselquist et al., 2012; Gao et al., 2018), the experiment of N addition had been conducted at the beginning of May each year in the form of urea [CO(NH2)2] and the amount of N addition was 10 g N m–2 year–1. The urea was dissolved in 10 L purified water and sprayed evenly to each nitrogen addition (N10) plot, with a backpack sprayer. An equal amount of water was applied to the non-nitrogen addition (N0) areas. The experiment of litter manipulation was implemented at the end of November each year including N0 and N10. C0 has removed all litter materials on the soil surface, C1 was in a natural condition and remained intact. C2 has evenly added the litter collected in C0 to the corresponding plot of the same size. The main species of litter collected are Artemisia scoparia Waldst. et Kit., P. centrasiaticum Tzvel., S. viridis (L) Beauv., and C. squarrosa (Trin.) Keng.



2.3. Soil sampling

By the end of the plant growth season in September 2019, we collected 5 subsamples of soil at a depth of 10 cm using a soil corer with a diameter of 2.5 cm in each plot. The 5 samples were thoroughly mixed into a composite sample in the field, and then sieved with a 2 mm mesh to remove any roots or stones. The soil was stored at −80°C for analyzing the bacterial and fungal communities.



2.4. Measurement of plant community

At each block, 1 m × 1 m plots were established for vegetation surveys, and we surveyed plant species richness (S) and vegetation coverage (V) in September 2019. Four general diversity indexes are selected for calculation and analysis of plant diversity: Species richness (S, Equation 1), Shannon–Wiener’s diversity index (H, Equation 2), Pielou’s evenness index (E, Equation 3), and Simpson’s dominance index (λ, Equation 4) to evaluate plant community characteristics (Zhan et al., 2019). The calculation equations are:
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where, Pi is the ratio of the number of individuals of the i-th species in the 1 m × 1 m plots to the total number of all species in the sample plot (Zhan et al., 2019; Zhou et al., 2021).



2.5. Measurement of soil microbial community

Total genomic DNA was extracted from 0.4 g of well-mixed soil using the Power Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) in accordance with the manufacturer’s specifications. Total genomic DNA was subjected to high-throughput sequencing using an IlluminaMiSeq platformat the Novogene Cooperation (Beijing, China). A detailed procedure can be found in the Supplementary information (Supplementary measurement of soil microbial community).



2.6. Statistical analysis

Statistical analyses were performed using SPSS22.0 (USA). We used multi-factor variance analysis to test the significance of the impact of N addition and litter manipulation on plant and soil microbial communities. Then, the effect of different litter manipulation levels on all response variables was tested using one-way ANOVA, and the effect of N addition levels on all response variables was tested by independent sample t-tests. Significant differences were assessed at p < 0.05. We performed non-metric multidimensional scaling (NMDS) analysis of soil microbial communities through the vegan package in R (version 3.6.2) using Bray–Curtis. Furthermore, we performed analysis of similarities (ANOSIM) to test whether the responses of microbial community profiles were significant through the vegan package in R (version 3.6.2). The correlation analysis of plant community diversity with soil microbial alpha diversity and community composition was conducted by OriginPro2021 (USA). The redundancy analysis (RDA) was performed using the “vegan” package in R (version 3.6.2), and p-values of the influence of each plant factor on soil microbial species distribution were calculated by the Envifit function. Variation partitioning analysis (VPA) was performed to determine the relative contributions of vegetation coverage, species richness, and plant diversity indexes (H, E and λ) to shaping the soil fungal and bacterial community composition.




3. Results


3.1. Responses of plant community diversity to N addition and litter manipulation

N addition and litter manipulation had no significantly interactive influences on plant community diversity indexes at the end of 6-year (Supplementary Figure 2). Compared with non-nitrogen (N0), the nitrogen addition (N10), respectively, increased vegetation coverage (V), Pielou’s evenness (E) and Simpson’s dominance (λ) index by 7.16, 16.84, and 5.36% (Supplementary Figures 2A, C, E), and decreased species richness (S) and Shannon–Wiener’s diversity (H) by 15.06 and 2.46% (Supplementary Figures 2B, D). Compared with litter control (C1), litter removal (C0) greatly reduced vegetation coverage (V) and species richness (S) but increased Pielou’s evenness (E) index (Supplementary Figures 2A–C). Furthermore, in the case of non-nitrogen (N0), litter manipulation significantly reduced vegetation coverage (V) (Supplementary Figure 2A, p < 0.05).



3.2. Responses of soil microbial alpha and beta diversity to N addition and litter manipulation

Microbial alpha diversity was used to describe the composition of microbial community for a single habitat or treatment, and beta diversity was used to describe the assembly of microbial communities among different habitats or treatments. In our study, the alpha diversity of fungi was lower than that of bacteria. N addition and litter manipulation had no significantly interactive influences on soil fungal and bacterial alpha diversity at the end of 6-year (Figure 1 and Supplementary Figure 3). Nitrogen addition (N10) significantly reduced fungal alpha diversity (Figure 1 and Supplementary Figure 3, p < 0.05). Similarly, nitrogen addition (N10) significantly decreased bacterial Simpson, chao1, and Coverage estimators based on abundance (ACE) index (Figure 1 and Supplementary Figure 3, p < 0.05). Furthermore, in the case of nitrogen addition (N10), Shannon index was increased by litter doubling (C2), but decreased by litter removal (C0) in fungi (Figure 1A, p < 0.05).
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FIGURE 1
The 6-year of soil fungal and bacterial Shannon diversity index and chao1 richness in N addition and litter manipulation treatments during 2014–2019. Significance levels were presented to show the effect of N addition (N) and altered litter input (C) treatments and their interaction (N × C) on these parameters (nsp > 0.1; #p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001). The uppercase letters indicate the significant difference between two nitrogen treatments (p < 0.05), different lowercase letters indicate significant difference among three altered litter input treatments in the case of same nitrogen (p < 0.05). (A–D) Represents the α diversity indices of soil fungi and bacteria (Shannon index and Chao1 index), respectively.


The beta diversity of soil fungi was higher than that of bacteria. In fungi, beta diversity was significantly reduced by nitrogen addition (N10) (Figure 2, p < 0.05). In contrary, nitrogen addition (N10) significantly increased soil bacteria beta diversity (Figure 2, p < 0.05). The beta diversity of fungi and bacteria were significantly decreased by litter manipulation (C0 and C2) (Figure 2, p < 0.05). N addition and litter manipulation had significantly interactive influences on soil fungal and bacterial beta diversity at the end of 6-year (Figure 2, p < 0.05). In the case of non-nitrogen addition (N0), the beta diversity of fungi was significantly decreased by litter doubling (C2) (Figure 2, p < 0.05). Furthermore, in the case of nitrogen addition (N10), the beta diversity of fungi and bacteria were significantly decreased by litter manipulation (C0 and C2) (Figure 2, p < 0.05). To further explore the differences in beta diversity, NMDS analysis was carried out. In fungi and bacteria, the Bray–Curtis dissimilarity from the nitrogen addition (N10) and non-nitrogen (N0) treatments was separated along the X- or Y-axis (Figure 3, stress = 0.173, stress = 0.109). Furthermore, the ANOSIM highlighted that the soil fungal and bacterial communities with the nitrogen addition (N10) were substantially different from those of non-nitrogen (N0) treatments (p < 0.05). The clear differences in soil fungal and bacterial communities under N addition and litter manipulation during 2014–2019 were shown in Supplementary Table 1.
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FIGURE 2
The 6-year of soil fungal and bacterial beta diversity in N addition and litter manipulation treatments during 2014–2019. Significance levels were presented to show the effect of N addition (N) and altered litter input (C) treatments and their interaction (N × C) on these parameters (nsp > 0.1; #p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001). The uppercase letters indicate the significant difference between two nitrogen treatments (p < 0.05), different lowercase letters indicate significant difference among three altered litter input treatments in the case of same nitrogen (p < 0.05).
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FIGURE 3
Non-metric multidimensional scaling (NMDS) analysis of soil fungal and bacterial beta diversity in N addition and litter manipulation treatments during 2014–2019. R and p-values under the non-nitrogen (N0) and nitrogen addition (N10) treatments comes from the ANOSIM analysis.




3.3. Responses of soil microbial community composition to N addition and litter manipulation

The Venn diagrams represent the numbers of specific bacterial and fungal species (represented by OTUs) associated with different treatments (Figure 4). A total of 3,139 soil fungal operational taxonomic unit (OTU) species and 6,217 bacteria were detected in our study. In the case of non-nitrogen addition (N0), a greater number of treatment-specific fungal species were detected in each treatment than bacterial species (Figure 4). In fungi, the core common species dominated the study area and represented 69.25∼85.30%. In addition, compared with non-nitrogen (N0), nitrogen addition (N10) reduced the OTU species from 1,505.67 to 1,300.67 (Figure 4 fungi). In comparison, the core common bacterial species accounted for 86.97∼92.34%, whereas there was little difference between nitrogen addition (N10) and non-nitrogen (N0) (Figure 4 bacteria).
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FIGURE 4
Venn diagram of the soil fungal (left) and bacterial (right) OTU in N addition and litter manipulation treatments during 2014–2019. The numbers within circles represent the specific OTU in that treatment, the core number represents the common OTU present in all treatment.


N addition and litter manipulation had an influence on the relative abundance of many common taxa (top 10%) at the phylum level in soil fungi and bacteria (Supplementary Table 2). Soil fungal communities changed lesser along with different treatments than bacteria. Specifically, the Ascomycota (49.20∼65.63%) was relatively dominant in fungi (Figure 5 fungi), then the Basidiomycota was 2.50∼7.61% and Mortierellomycota was 3.29∼7.96%. In comparison, the bacterial community was getting more diverse among different treatments. The Proteobacteria (26.08∼34.03%), Actinobacteria (27.73∼33.58%), Acidobacteria (10.24∼18.09%), and Firmicutes (3.46∼7.83%) were the most abundant bacterial phyla (Figure 5 bacteria). Meanwhile, the result of the independent sample t-test for N addition treatment showed that nitrogen addition (N10) treatment significantly increased the relative abundance of Ascomycota, but decreased the relative abundance of Chytridiomycota (p < 0.05) in fungi (p < 0.05) (Supplementary Figures 4A, B, p < 0.05). Similarly, nitrogen addition (N10) treatment significantly increased the relative abundance of Proteobacteria, Firmicutes, Bacteroidetes, and Thaumarchaeota (Supplementary Figures 4C, D, p < 0.05), but decreased the relative abundance of Acidobacteria (p < 0.05) in bacteria (Supplementary Figure 5, p < 0.05).
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FIGURE 5
Soil microbial community proportion at phylum level in N addition and litter manipulation treatments during 2014–2019 (mean).




3.4. Relationship between the soil microbial community and plant community diversity under N addition and litter manipulation

The correlation analysis result revealed that Shannon, chao1 and ACE indexes of fungi were positively correlated with species richness (S) (Supplementary Figure 6, p < = 0.05). Similarly, Simpson index of bacteria was positively correlated with species richness (S) (Supplementary Figure 6, p < = 0.05). Furthermore, the Pielou’s evenness (E) decreased significantly with an increasing relative abundance of Mucoromycota in fungi (Supplementary Figure 6 fungi, p < 0.05). Whereas vegetation coverage (V) increased significantly with the increasing relative abundance of Gemmatimonadetes in soil bacteria (Supplementary Figure 6 bacteria, p < 0.05).

The effect of N addition and litter manipulation on soil microbial community was analyzed using RDA (Figure 6). The cumulative percentage variance of the first and second axes was 24.95 and 22.85% for fungi, and 27.31 and 20.45% for bacteria, respectively, indicating that the soil microbial species distribution was significantly affected by the plant community diversity (Figure 6). And the Envifit function results indicated that species richness (S) and vegetation coverage (V) were the most important influential factors to the changes in soil microbial species distribution (p < 0.01). Furthermore, Shannon–Wiener’s diversity (H) and Simpson’s dominance (λ) had significant effect on soil fungal species distribution (p < 0.01), and Pielou’s evenness (E) had a significant effect on soil bacterial species distribution (p < 0.05).


[image: image]

FIGURE 6
Redundancy analysis (RDA) of plant community diversity and soil microbial species distribution in community under N addition and litter manipulation. Significance levels of each plant community factor were calculated by Envifit function (nsp > 0.1; #p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001).


A variation partitioning analysis further demonstrated that the soil bacterial and fungal communities were highly explained by vegetation coverage, species richness, and diversity indexes (Figure 7). For fungi, a total of 22.69% of the community variation could be explained by plant variables, and the species richness explained 17.74% of the variation. For bacteria, a total of 12.02% of the community variation could be explained by plant variables, and plant diversity indexes explained 5.98% of the variation (Figure 7).
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FIGURE 7
Variation partitioning analysis (VPA) of the fungal and bacterial community explained by vegetation coverage, species richness and plant’s diversity indexes (H, E, and λ) and their interactions. The value of black circle is the common explanation of the factors at both ends.





4. Discussion


4.1. Effects of N addition and litter manipulation on plant community diversity

In our study, nitrogen addition (N10) had no significant influences on vegetation coverage (V) and plant community diversity, and there are small effects. The reason, on the one hand, N is a key limiting factor in the growth of plants in arid and semiarid regions, and the required nitrogen for plant growth mainly comes from the soil or plant’s nitrogen fixation (Yang et al., 2017). Nitrogen addition will ease the limiting factor, increase the absorption of CO2 in the atmosphere by plants, significantly improve photosynthesis efficiency (Gao Y. et al., 2013), and is conducive to plant growth. So vegetation coverage (V), Pielou’s evenness (E) index, and Simpson’s dominance (λ) were increased in the semiarid sandy land. On the other hand, the addition of nitrogen greatly intensifies interspecific competition in the plant community, tall plants produce photoinhibition to short plants (Li C. B. et al., 2016), at the same time, the increase of plant vegetation coverage (V) under nitrogen addition weakens the surface solar radiation (Kan et al., 2015; Zhao X. X. et al., 2020), which is not conducive to the growth of bottom plants. So nitrogen addition (N10) reduced species richness (S) and Shannon–Wiener’s diversity (H). The plant community did not show significant difference at the end of the 6-year N addition in the semiarid sandy land. The discrepancies could due to that plant diversity responses may also vary depending on the N deposition levels (Lu et al., 2011), different plants with divergent N utilization (Gherardi et al., 2013) and experimental duration (De Schrijver et al., 2011).

Our study presented that litter removal (C0) greatly reduced vegetation coverage (V) and species richness (S). In contrast, litter doubling (C2) slightly increased vegetation coverage (V) and species richness (S) in nitrogen addition (N10), and slightly reduced vegetation coverage (V) and species richness (S) in non-nitrogen (N0). The results addressed part of our first hypothesis: litter manipulation had no significant influence on the plant community. The explanation for the observed differences might be that: First, litter removal (C0) inhibited seed activity of some species or prolonged seed dormancy by increasing soil temperature and reducing soil moisture, thereby significantly inhibiting seed germination (Cuena-Lombrana et al., 2016). Second, litter removal (C0) increased near-surface photosynthetically active radiation, accelerated water loss, reduced photosynthetic rate, and indirectly increased seedling mortality (Bajwa et al., 2017; Zhang, 2019). So litter removal (C0) greatly reduced vegetation coverage (V) and species richness (S). Third, nitrogen addition alleviated the N limitation of plant growth in this area, and litter doubling (C2) slowed evaporation of soil surface moister, promoted the growth of annual species in semiarid areas, and hence increased vegetation coverage (V) and species richness (S). However, in the non- nitrogen addition, the smaller seeds of one or two annual plants stayed in the litter layer (Wang et al., 2013), leading to delay or failure of germination and reducing vegetation coverage (V) and species richness (S).



4.2. Effects of N addition and litter manipulation on soil microbial diversity

Bacteria has higher alpha diversity than fungi in many ecosystems (Anderson et al., 2017; Chen et al., 2020). Our study confirmed this statement in the semiarid sandy land, and fungal alpha and beta diversity were significantly decreased by nitrogen addition (p < 0.05). In fact, fungi typically has lower nutrient requirements than bacteria (Zhou et al., 2017). By contrast, bacteria grow faster and prefer substrates of low C: N ratios. Plants provide soil microbes with C in exchange for other soil nutrients, such as N (Vasar et al., 2017). N availability is increased due to N deposition in soil, plants release lesser amounts of C to soil microbes (Johnson and Thornley, 1987), lesser C could be allocated to belowground parts, resulting in a decrease in the soil C storage in a long term. Consequently, with the addition of nitrogen, when the soil C/N ratio was low, the effect on fungi is greater than bacteria. Our study showed that soil bacterial and fungal alpha and beta diversity index changed to different degrees under nitrogen addition. A explanation for the discrepancies may be the fact that bacteria and fungi are the two major microbial taxa in soils, and they respond differently concerning their morphological traits, utilization strategies, and sensitivities to the environment (Chen et al., 2020).

Litter accumulation can promote the formation of soil organic carbon and affect the community of soil microorganisms (Wang L. Y. et al., 2021). In our study, litter manipulation (C) had no significant influence on soil microbial alpha diversity. This is inconsistent with some studies showing that after the removal or addition of litter in soil, the alpha diversity indexes of soil microbial community have changed significantly (Wang L. Y. et al., 2021). One study indicated that the input of plant litter did not affect the soil organic carbon content (SOC) content in the observation of two temperate forests, even after 11 years of treatment (Holub et al., 2005). And one study indicated that the underground root system may provide a more stable carbon source for the soil than the above-ground litter (Sokol et al., 2019). Therefore, we should consider the influence of underground litter and/or the coupled impacts with the above ground litters on soil microbial community in the later study.



4.3. Effects of N addition and litter manipulation on soil microbial community composition

The microbial OTU taxonomic composition excavates the specific difference along with environmental change. As our Venn diagrams indicated that the core common species accounted for 86.97∼92.34% of the total OTU species in soil bacteria, which were less specific and more adaptable along with environmental change than the fungal species that the core common species represented 69.25∼85.30% of the total soil fungi. In addition, Ascomycota’s proportion was greater than 48% in fungal at the phylum level. Proteobacteria, Actinobacteria, and Acidobacteria were relatively dominant in bacteria. These results confirmed that most soil bacterial taxa occupied a wide range, On the other hand, most soil fungal taxa occupied a narrower range. Therefore, soil bacteria adapted to the environment by changing the proportions of their taxa, while fungi changed their rare taxa in response to environmental change. This was consistent with the results that soil bacterial and fungal communities adapted to the natural aridity gradient in desert grassland ecosystems (Wang S. K. et al., 2021).

Furthermore, nitrogen addition (N10) significantly increased the relative abundance of Ascomycota, Proteobacteria, Firmicutes, Bacteroidetes, and Thaumarchaeota (p < 0.05), but significantly decreased the relative abundance of Acidobacteria (p < 0.05). There are several possible explanations for this result. On the one hand, nutrient enrichment may alter the interactions among microbial species, shifting from symbiosis to competition with increased nutrient supply (Hoek et al., 2016), leading to changes in soil microbial community composition. On the other hand, as the fact that, microbial taxa can have niche preferences, even within the same phylum (Faust and Raes, 2012). For example, our study showed that in semi-arid sandy land, continuous 6 years nitrogen addition was beneficial to Copiotrophic taxa, Proteobacteria’s reproduction, but was not apt to oligotrophic taxa Acidobacteria’s survival.



4.4. Relationship of plant community diversity with soil microbial community under N addition and litter manipulation

Plant species are the main driving factor for microenvironmental change, affecting soil nutrient availability (Schiedung et al., 2017) and ultimately the microbial community (Zuo et al., 2016; Wang et al., 2018). We found that only the species richness (S) was significantly positively associated with some alpha diversity indices of soil microorganisms, and RDA showed that the soil microbial species distribution was significantly affected by the plant community diversity. A variation partitioning analysis further demonstrated that plant variables explained the change in soil fungal and bacterial community by 22.69 and 12.02%. These results indicated that plant community diversity influenced soil fungi more than bacteria. One explanation for this association is that shared environmental factors contribute to relationships between soil microorganisms and plant community composition (Prober et al., 2015). First, plants provide microhabitats as well as organic substrates for soil microorganisms, and such changes in plant community composition lead to changes in both habitats and carbon resources for soil microhabitats (Ramirez et al., 2012), and translating into changes in soil microbial communities. Second, changes in the soil microbial community can affect the plant community. For instance, plant-soil feedback is associated with the processes of soil organic matter decomposition and mineralization, or pathogenic and beneficial interactions (De Deyn and Van der Putten, 2005; Brigham et al., 2022). Third, fungi are often more directly dependent on plant products and mycorrhizal fungi are more dependent on direct symbiotic relationships with plants (Gao C. et al., 2013; Prober et al., 2015). As in this study, soil fungi Shannon, chao1 and ACE indices were significantly positively correlated with species richness (S).

Our results showed that N addition and litter manipulation had no significantly interactive influences on plant and soil microbial community except that soil microbial beta diversity. There are several possible explanations for this result. On the one hand, N addition was dependent on the water condition (Zong et al., 2019). The interannual variability of precipitation in the semi-arid area fluctuates greatly, which will affect the nitrogen use efficiency. On the other hand, as a nutrient provider, litter needs to accumulate in a certain time scale during its decomposition process and its nutrient utilization. Thence to further explore the interaction between N addition and litter manipulation, we need more long-term data accumulation or consideration of factors such as moisture, precipitation, and time in the data analysis process. In this work, we focused on sandy ecosystems in semi-arid regions and filled in the gaps in knowledge about the effects of nitrogen deposition and aboveground litter treatment on soil microbial communities on long-term scales. However, soil microbial communities are mainly regulated by multiple environmental factors, such as climate, topography, soil properties, and vegetation type (Bodelier, 2011; Yang et al., 2018). Nitrogen addition causes soil acidification, if at the end of nitrogen addition, accompanied by a large amount of natural precipitation, the semiarid sandy soil has poor water and fertilizer retention capacity and is prone to leaching, which will affect the utilization of nitrogen by plants and shallow soil microorganisms. So to more rigorously distinguish the effects of abiotic environments on plant communities and soil microbial communities, and the relationship between plant communities and soil microorganisms, it is necessary to conduct experiments that simultaneously manipulate plant communities, soil microorganisms, and related abiotic factors.




5. Conclusion

This study demonstrated that continued N addition and litter manipulation for 6 years had no significant interactive influences on plant and soil microbial community except for soil microbial beta diversity in a semiarid sandy land. Whereas soil microbial alpha and beta diversities were significantly decreased by nitrogen addition (p < 0.05) except for bacterial beta diversity. Furthermore, soil bacterial and fungal communities responded differently, bacterial communities showing higher alpha diversity than fungi, and the beta diversity of soil fungi higher than bacteria. In particular, soil bacteria were dominated by the universal phyla, while fungi were dominated only by the phylum Ascomycota. Results from our study also indicated that most soil bacteria (of the same taxa) occupied a wide range and adapted to the environment by changing the proportions of their taxa, while fungi changed their rare taxa in response to environmental change. Finally, the soil microbial species distribution was significantly affected by the plant community diversity. A variation partitioning analysis further demonstrated that plant variables explained the changes in soil fungal and bacterial communities by 22.69 and 12.02%.
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Soil organisms are abundant, phylogenetically and functionally diverse, and interact to catalyse and regulate critical soil processes. Understanding what structures belowground communities is therefore fundamental to gaining insight into ecosystem functioning. Dominant plants have been shown to influence belowground communities both directly and indirectly through changes in abiotic and biotic factors. In a field study, we used piecewise structural equation modelling to disentangle and compare the effects of a dominant allelopathic plant, Ligularia virgaurea, and a dominant facilitative plant, Dasiphora fruticosa, on understory plant, soil microbial and nematode community composition in an alpine meadow on the Tibetan plateau. Dasiphora fruticosa was associated with changes in edaphic variables (total nitrogen, soil organic carbon, pH and ammonium), understory plant and soil bacterial communities, whereas Ligularia virguarea was associated with increased soil ammonium content and soil fungal richness relative to dominant plant-free control plots. Moreover, nematode richness was significantly greater under D. fruticosa, with no change in nematode community composition. By contrast, nematode richness under Ligularia virgaurea was similar to that of dominant plant-free control plots, but nematode community composition differed from the control. The effects of both plants were predominantly direct rather than mediated by indirect pathways despite the observed effects on understory plant communities, soil properties and microbial assemblages. Our results highlight the importance of plants in determining soil communities and provide new insight to disentangle the complex above- and belowground linkages.
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Introduction

Soil organisms play a major role in ecosystem functions (Neher, 1999; Bongiorno et al., 2019). Soil microbes govern essential processes including litter decomposition, carbon (C) and nutrient cycles, energy transforms, and hence plant growth (Miransari, 2013; Gougoulias et al., 2014; Krishna and Mohan, 2017). The larger soil fauna regulates microbial activities and contributes to soil functioning more broadly (Bardgett et al., 1999; Schuldt et al., 2018; Zhou et al., 2022). Nematodes are small semi-aquatic multicellular animals and the most abundant animals in terrestrial ecosystems (Bardgett and van der Putten, 2014; van den Hoogen et al., 2019). Nematode communities are very diverse in most soils, spanning multiple trophic levels from primary consumers to predators (Yeates et al., 1993; Lazarova et al., 2021). Nematodes occupy a central position in the soil food web linking primary producers and primary consumers with higher trophic levels (Yeates, 2010; Li et al., 2014; Wan et al., 2022). They influence plant productivity (Lafont et al., 2007), the growth, distribution and metabolic activities of microorganisms (Grewa and Wright, 1992; Ruess and Dighton, 1996) and microbial community composition (Djigal et al., 2004), thereby regulating the decomposition pathways (Hu et al., 2015), decomposition rate (De Mesel et al., 2003) and nutrient cycling (Sohlenius et al., 1988; Chen et al., 2019). Moreover, omnivores and predators feed on other soil biota, which can affect the community composition of soil biota communities more broadly (Laakso and Setälä, 1999).

There is increasing interest in the linkages between plants and belowground communities given the observed effects on ecosystem functioning (Abgrall et al., 2018; Shao et al., 2018; Wang et al., 2018). At large scales, factors such as climate and soil type play a significant role in shaping belowground communities (Stevnbak et al., 2012; Tsiafouli et al., 2017), whereas plant species diversity and composition (Johnson et al., 2003; Wardle et al., 2003; De Deyn et al., 2004) and edaphic properties (Fierer, 2017; Jia et al., 2020) moderate composition at smaller scales. Dominant plants are particularly important given their role as ecosystem engineers, influencing belowground communities through changes in resource inputs and via their effect on understory communities and edaphic properties (Hortal et al., 2015). More broadly, dominant plants influence the surrounding environment by buffering microclimates and providing protection from wind, ultraviolet radiation and large herbivores (Li et al., 2011; McIntire and Fajardo, 2014; Saixiyala et al., 2017). This can have ecosystem-wide effects on belowground communities and biochemical cycles.

Soil nematode communities are highly diverse both spatially and temporally (Pen-Mouratov et al., 2004) and have attracted much attention as bio-indicators (Bongers and Ferris, 1999; Neher, 2001). Nematode community composition is influenced by the spatiotemporal variability in vegetation, soil properties, and microbial communities (Neher, 1999; Kardol et al., 2010; Kerfahi et al., 2016; Wilschut et al., 2019). For example, changes in the aboveground plant community alter nematode community composition (Yeates et al., 1993). Wang et al. (2019) demonstrated that nematode biomass was related to soil nitrogen (N) content, soil carbon (C) content, ammonium and pH. A recent global study found that soil characteristics explain most of the variation in nematode abundances, with greater numbers in soils with high organic C content and lesser when soil pH is very low (van den Hoogen et al., 2019). Moreover, soil water content has a positive effect on nematode abundances at least where water availability is low (Ruan et al., 2012). Dominant plants are known to influence both understory communities, edaphic properties and microbial assemblages (Hortal et al., 2015) and may thus influence nematode communities through shifts in these.

Dasiphora fruticosa is a common woody shrub in the alpine meadows of the Tibetan Plateau that plays an important role in preventing grassland degradation (Qian et al., 2021). Wang et al. (2019) showed that D. fruticosa affects bacterial and fungal richness and through this influences soil nematode richness. Ligularia virgaurea is another common dominant perennial plant in the same ecosystem but it affects the ecosystem rather differently. Specifically, L. virguarea produces allelochemical compounds that affect the germination and growth of neighboring plants (Wu et al., 2011; Zhang et al., 2011) as well as soil physicochemical properties and microbial communities (Kalemba and Kunicka, 2003; Shi et al., 2011). Although the effect of allelopathic and facilitative plants on soil biota has been explored by other studies (Tewksbury and Lloyd, 2001; Rodríguez-Echeverría et al., 2013; Jabran et al., 2015), few studies have directly contrasted their direct and indirect effects on soil nematode communities.

In this study, we compared the direct and indirect pathways through which Ligularia virgaurea and Dasiphora fruticosa influence understory plant and belowground communities in an alpine meadow on the Tibetan plateau. We used high-throughput sequencing to assess richness and composition of soil microbes and nematodes. Morphological identification of nematodes is time-consuming and requires excellent taxonomic skills, and is generally limited by incomplete description of local nematode species (Morise et al., 2012). High-throughput sequencing technology has been shown to overcome these weaknesses (Kerfahi et al., 2016; Geisen et al., 2018; Wilschut et al., 2019). Compared with traditional methods, molecular methods for studying nematode communities have potential advantages in terms of resolution, yield, cost, and time (Bongiorno et al., 2019). We applied piecewise structural equation modelling to assess the direct and indirect effects of the two contrasting dominant plants on nematode community composition through changes in the soil properties, understory plant community and soil microbial communities.

We hypothesized that: (i) Ligularia virgaurea decreases understory plant, bacteria and nematode richness (Ade et al., 2021), and increases fungal richness (Shi et al., 2011), which both directly and indirectly affect soil nematode assemblages and (ii) Dasiphora fruticosa facilitates understory plants thereby increases resource availability, soil microbial and nematode richness, and influences soil nematode communities mainly indirectly through biotic (understory composition and microbial communities) and abiotic (soil properties) factors (Wang et al., 2018).



Materials and methods


Study site

The study site is a relatively flat alpine meadow of the Gansu Gannan Grassland Ecosystem National Observation and Research Station of Lanzhou University (Azi Branch Station) in Maqu (33°40′N, 101°51′E), Gannan Tibetan Autonomous Prefecture on the eastern edge of the Tibetan Plateau, Gansu Province. Azi Branch Station is located 3,500 m above sea level. The annual precipitation is 620 mm, and the rain falls mainly during the short, cool summer. There are approximately 2,580 h of cloud-free solar radiation annually (Wang et al., 2018). The study site is a typical sub-alpine meadow dominated by a few shrubs, including the shrubs, and annual herbaceous plants.



Experimental design

In June 2016, a 30 m × 50 m grazed site with a healthy population of both Dasiphora fruticosa (> 200 individuals) and Ligularia virgaurea (> 100 individuals) was selected for the study. Five D. fruticosa and five L. virgaurea, all with similar crown sizes, were randomly picked for further investigation. The crown size for all plants sampled was around 1 m in diameter. To fit the sampling squares well within the crown coverage while avoiding the plant stem, we used a 30 × 30 cm square for understory vegetation surveys and collection of soil samples. Additionally, we established five 30 cm × 30 cm plots randomly in areas without D. fruticosa and L. virgaurea (>1 m from existing D. fruticosa and L. virgaurea canopy edges) to act as controls.



Soil sampling and vegetation survey

In August 2016, at the end of the growing season, we recorded the species and number of plants within the 30 cm × 30 cm quadrate. Following the vegetation survey, we harvested all understory plant species, dried them at 65°C for 3 days, and calculated plant biomass. We also collected three soil cores from the centre of each plot using a soil auger (4 cm diameter, 20 cm depth), removed large stones and then hand-mixed the soil to form a composite sample in plastic bags. Soils were kept at 4°C until processing. A subsample of the soil from the mixed sample was transferred to a sterile 15 ml centrifuge tube and stored at −80°C for molecular analyses.



Soil properties

Soil water content was measured by drying 30 g of soil for 72 h at 105°C. The remaining soil was air-dried, avoiding direct sunlight following the removal of gravel and plant residues by hand, and then sieved through a 100 mesh (0.15 mm). Soil pH was measured in a 1:2.5 soil: deionized water slurry using a pH meter (PHSJ-3F, Shanghai INESA Scientific Instrument Co., Ltd., China). Soil organic matter was measured following the dichromate oxidation procedure (Kalembasa and Jenkinson, 1973). Soil total nitrogen and phosphorus were estimated following digestion by concentrated H2SO4, and measured by semi-micro Kjeldahl and Mo-Sb antispetrophotography, respectively, using an auto chemistry analyzer (SmartChem 200, AMS Alliance) (Hendershot, 1985; Baillie, 1990). Soil ammonium and nitrate nitrogen were measured from 2 M KCl extracts using the auto chemistry analyzer (SmartChem 200, AMS Alliance) (Cui et al., 2022).



Soil microbial identification

Genomic DNA was extracted from 0.25 g well-mixed soil according to the method on the DNeasy PowerSoil Kit (QIAGEN) (MoBio Laboratories, Carlsbad, CA, United States). Then we measured the DNA concentration using NanoDrop and performed 1% agarose gel electrophoresis on the DNA sample to ensure that the DNA samples could be used in the subsequent analyses. The DNA samples were sequenced using Illumina Miseq PE300 High-Throughput Sequencing. The primer pairs 341F (CCTACGGGNGGCWGCAG) and 785R (GACTACHVGGGTATCTAATCC) with barcodes were used for amplifying bacterial V3-V4 fragments (Klindworth et al., 2013). ITS1F (GATTGAATGGCTTAGAGG) and ITS2R (CTGCGTTCTTCATCGAT) with barcodes were used for amplifying fungal partial rDNA and ITS fragments (McGuire et al., 2013). The primers included Illumina adapters with the reverse primers also having an error-correcting 12-bp barcode unique to each sample to permit multiplexing of samples (Barberan et al., 2015). We used QIIME for quality-filtering (Caporaso et al., 2010). To remove the interference sequence, we (1) split the sequence into samples according to the barcode and removed the barcode, (2) deduplicated the double-end sequences by the “Trimmomatic” software: removed bases with a tail quality value lower than 25; a 50 bp sliding window was set, with a 1 bp step, and the average base quality in the window was not less than 25; sequences less than 100 bp were removed, and (3) connected high-quality double-end sequences, with a minimum overlap region of 10 bp and a maximum mismatch rate of 0.2, then removed sequences containing ambiguous base N by the “flash” software. The remaining sequences were clustered into OTUs using the uparse software1 according to their similarity. We used 97% similarity for phylogentic alignments, which generally represent microbial taxonomy at the species level. Bacterial phylogeny was assigned using the RDP database,2 and fungal ITS were compared with the Unite database3 We used the RDP classifier to compare the OTU representative sequence with the corresponding database to obtain the OTU species information, at a confidence threshold of 80%.



Soil nematode identification

Nematode DNA extraction was consistent with that described above, with nematode sequences amplified from the genomic DNA. While using DNA extracted from 0.25 g soil sub-samples should be interpreted with cautions, recent papers have shown that insights can be provided using this approach (Baidoo et al., 2017; Sikder et al., 2020; Wu et al., 2021). Specifically, the approach appears robust in providing a fingerprint of nematode communities, including DNA from species that are present in the system at large but are not present in the sub-sample itself (i.e., extracellular nematode DNA) (Peham et al., 2017). In order to improve amplification efficiency, we repeated DNA amplification before sequencing. The primers NemF and 18Sr2b (Sikder et al., 2020) were used in a pre-amplification step followed by amplification with primers NF1 and 18Sr2b in a semi-nested procedure (Sapkota and Nicolaisen, 2015) (Supplementary Table S1). NF1 and 18Sr2b were tag encoded using the forward primer 5 -CGTATCGCCTCCCTCGCGCCATCAG-MID-NF1–3 and the reverse primer 5 -CTATGCGCCTTGCCAGCCCGCTCAG-18Sr2b-3 (Sapkota and Nicolaisen, 2015). Reactions contained 12.5 μL of 2 × Taq PCR mixture with loading dye reaction buffer (GenStar), 2.5 μL each of forward primer and reverse primer, 1 μL of DNA template, and 6.5 μL ddH2O in a final volume of 25 μL. Amplification with NemF and 18Sr2b used an initial DNA denaturation step of 94°C for 5 min, followed by 20 cycles at 94°C for 30 s, 53°C for 30 s, 72°C for 1 min and a final elongation at 72°C for 10 min (Sapkota and Nicolaisen, 2015). After amplification, DNA samples were subjected to 1% agarose gel electrophoresis to check whether they can be used for Illumina Miseq PE300 High-Throughput sequencing. Quality-filtering was consistent with soil microbial methods. Valid sequences without chimeras were subsequently clustered into different OTUs (Operational Taxonomic Units) by uparse (see text footnote 1) according to their similarities, and a 99% similarity level was selected here. The RDP classifier was used to compare the OTU representative sequence with the Silva 18S (version 123) database to obtain OTU species information. The confidence threshold used by the RDP classifier to compare species databases was 80%.



Data analyses

We calculated OTUs richness for soil microbes and nematodes. For plants, we calculated understory species richness. We used Levene’s test to test the homogeneity of variance and Shapiro–Wilk test to test the normality of data. If the data showed normal distribution and homogeneity of variance, nematode richness, soil variables, microbial richness and understory species richness and biomass were assessed for differences between treatments using one-way analysis of variance (ANOVA) followed by Tukey HSD post hoc tests when main effects were observed. If the data did not conform to the assumptions of normal distribution and variance homogeneity, we used permutation analysis of variance tests followed by Dunn’s post hoc comparison (if necessary).

Non-metric multidimensional scaling (NMDS) based on the Bray–Curtis dissimilarity index was used to visualize differences in nematode, plant, bacterial and fungal communities among treatments. Non-parametric multivariate analysis of variance (NPMANOVA) with 9,999 permutations was used to test for differences in plant, soil microbe, and soil nematode community composition between plant treatments.

Our small sample size limits the capacity to fit complex models; hence, we carried out piecewise structural equation modelling (piecewise SEM) to explore the possible underlying mechanisms behind the effects of plants on soil nematodes ranging from direct effects to indirect effects induced through changes in edaphic, understory and microbial communities. The goodness of piecewise SEM was evaluated by Shipley’s test of d-separation through Fisher’s C statistic, and Fisher’s C was statistically nonsignificant (p > 0.05) means a good model fit (Shipley, 2009). Soil physico-chemical properties were standardized using min-max normalization prior to model fitting. The soil biota and plant matrix were subjected to a Principal Component Analysis (PCA) with Hellinger-transformed to extract PC1, which summarized the variation in community composition.

We used an a priori model as a framework for the piecewise-SEM analysis (Veen et al., 2010) following these premises: (1) soil nematode richness and community composition can be affected by soil physicochemical properties, understory plants (richness and community composition), soil microbes (richness and community composition), and dominant plant species (Yeates et al., 1993; Wang et al., 2018), (2) understory plants and soil microbial richness and community composition can be affected by soil physicochemical properties, and dominant plant species (Hortal et al., 2015), and (3) soil physicochemical properties can be affected by dominant plant (Wang et al., 2018).

All data were analyzed using R software, version 4.1.3 (R Core Team). The variance homogeneity was checked using the ‘car’ package (Cui et al., 2022), the permutation test was conducted with the ‘lmPerm’ package (Wang et al., 2018), the Dunn’s test was conducted with the ‘pgirmess’ package (Khodaei and Long, 2019), PCA and NMDS were conducted with the ‘vegan’ package (Benito et al., 2018), piecewise SEM was calculated with ‘piecewiseSEM’ package (Cui et al., 2022). The figures were plotted using the ‘ggplot2’ package (Yang et al., 2021).




Results


Understory vegetation

The presence of L. virgaurea and D. fruticosa had no effect on understory plant richness (Figure 1B), but plant biomass was significantly affected (Supplementary Figure S3), with greater biomass under L. virgaurea than D. fruticosa (Supplementary Figure S3, p < 0.05). Specifically, the biomass of Poa pachyantha was greater under D. fruticosa than in the control treatment (Supplementary Table S2, p < 0.001), while the biomass of Potentilla anserine was lower under D. fruticosa than in the control treatment (Supplementary Table S2, p < 0.05). The abundance of Elymus nutans (p < 0.01) was greater under L. virgaurea than D. fruticosa and in the control treatment (Supplementary Table S3). Non-metric multidimensional scaling (NMDS) and non-parametric multivariate analysis of variance (NPMANOVA) results showed that understory plant community composition based on presence/absence data differed significantly between D. fruticosa and the control treatment (Figure 2B, p < 0.01), while there was no significant difference between L. virgaurea and the control treatment (p > 0.1).
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FIGURE 1
 Mean (± SE) (A) nematode OTU richness, (B) understory plant richness, (C) bacterial OTU richness, and (D) fungi OTU richness across the treatments. Different letters indicate significant differences among treatments (p < 0.05) as determined by Tukey HSD test.
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FIGURE 2
 Community composition (Mean ± SE) of (A) nematodes, (B) understory plants, (C) bacteria, and (D) fungi associated with each plant treatment (i.e., L. virgaurea and D. fruticosa) based on non-metric multidimensional scaling (NMDS) using Bray–Curtis similarity index (stress<0.2). Significant results of one-way non-parametric multivariate analysis of variance (NPMANOVA) using Bray–Curtis similarity index are indicated on the right or left bottom part of each graph. **: p < 0.01, *: p < 0.05, (.): p < 0.1, NS: p > 0.05.




Soil physicochemical properties

Soil total nitrogen (p < 0.05), soil organic carbon (p < 0.05), and soil ammonium nitrogen (p < 0.01) were greater in the presence of D. fruticosa relative to the control treatment, while soil pH (p < 0.01) was lower. Soil ammonium nitrogen (p < 0.01) was greater in the presence of L. virgaurea relative to the control treatment (Table 1). Neither D. fruticosa nor L. virgaurea significantly changed soil water content, total phosphorus and nitrate (p > 0.05). There was no significant difference between L. virgaurea and D. fruticosa in soil physico-chemical properties.



TABLE 1 Effects of different plant types on soil physicochemical properties (Mean ± SE).
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Soil biota

For bacteria, we retained a total of 683,830 sequences after filtering and removing chimeras. The total number of bases was 313,003,151, and the average sequence length 457.72 at 97% similarity. For fungi, we retained a total of 657,833 sequences after filtering and removing chimeras. The total number of bases was 224,765,243, and the average sequence length 341.68 at 97% similarity. There was no difference in bacterial richness among the treatments (Figure 1C). Fungal richness was greater under Ligularia virgaurea (Figure 1D, p < 0.01), but not D. fruticosa, relative to the control (Figure 1D). Non-metric multidimensional scaling (NMDS) and non-parametric multivariate analysis of variance (NPMANOVA) results showed that bacterial community composition under D. fruticosa was significantly different from that under control (Figure 2C, p < 0.05). However, there was no significant difference in fungal community composition among dominant plant types and the control treatment (Figure 2D).

The three most relatively abundant bacterial phyla detected in this study were Proteobacteria, Acidobacteria and Verrucomicrobia (Supplementary Figure S2C). The presence of D. fruticosa was associated with an increased relative abundance of Bacteroidetes but decreased relative abundance of Planctomycetes (Supplementary Table S4). The presence of L. virgaurea was associated with an increased relative abundance of Proteobacteria but decreased relative abundance of Planctomycetes (Supplementary Table S4). The three most relatively abundant fungal phyla detected in this study were Basidiomycota, Ascomycota and Glomeromycota (Supplementary Figure S2D). There were no differences in the relative abundance of the dominant fungal phyla among the treatments (Supplementary Table S5).

For Eukarya, we retained a total of 4,143,079 sequences after filtering and removing chimeras. The total number of bases was 1,536,595,586, and the average sequence length 370.88 at 99% similarity. Following the classification of OTUs, we found that the average nematode content was 41.81%, with other metazoan and fungi making up the remaining 58.19% (Supplementary Figure S2A). We found a significant positive effect of D. fruticosa on nematode richness (Figure 1A, p < 0.001), while L. virgaurea had no effect on nematode richness (Figure 1A). By contrast, L. virguarea had a significant effect on nematode community composition, associated with a decrease in the proportion of Araeolaimida (Supplementary Figure S2B; Supplementary Table S6), whereas Dasiphora fruticosa had no effect of nematode communities composition (Figure 2A).



Piecewise structural equation modelling

The piecewise SEM model (n = 10) assessing the effects of L. virgaurea on nematode richness explained 29% of the variation. L. virgaurea had no effect on nematode richness. Although L. virgaurea had a direct and positive effect on soil fungal richness, there was no significant relationship between nematode richness and fungal richness (Figure 3A). The piecewise SEM model (n = 10) assessing the effect of L. virguarea on nematode community composition explained 72% of the variation. The presence of L. virgaurea had a direct effect on nematode community composition while no indirect effects were observed (Figure 3B).
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FIGURE 3
 Results of the piecewise SEM analyses indicating direct and indirect effects of L. virgaurea on nematode (A) richness (Fisher’s C = 8.013, p = 0.237, AIC = 52.013, df = 6) and (B) community composition (Fisher’s C = 2.632, p = 0.621, AIC = 46.632, df = 4) and D. fruticosa on nematode (C) richness (Fisher’s C = 5.699, p = 0.458, AIC = 49.699, df = 6) and (D) community composition (PC1) (Fisher’s C = 3.115, p = 0.794, AIC = 47.115, df = 6). Square boxes display variables included in the model: Plant richness, understory plant richness; Plant community, understory plant community composition (PC1); Bacteria community, bacterial community composition (PC1); Fungi community, fungal community composition (PC1); Nematode community, nematode community composition (PC1). Black line means positive correlation and red line means negative correlation; grey line mean no significant correlation. Solid arrows indicate significant effects (p < 0.05), and dashed arrows indicate marginally significant effects (p < 0.1). Arrow width corresponds directly to the standardized path coefficient. R2 values associated with response variables indicate the proportion of explained variation by relationships with other variables. Values associated with solid arrows and dashed arrows represent standardized path coefficients.


The piecewise SEM model (n = 10) assessing the effects of D. fruticosa explained 91% of the variation in soil nematode richness. The presence of D. fruticosa had a direct positive effect on nematode richness with no indirect effects observed (Figure 3C). The piecewise SEM (n = 10) assessing the effects of D. fruticosa explained 63% of the variation of nematode community composition, with no effect of D. fruticosa on soil nematode community composition. There was a strong correlation between the community of understory and bacteria under D. fruticosa. Although we found D. fruticosa had a significant direct effect on understory plant community composition and a marginally significant direct effect on soil fungal community composition, and an indirectly effect on soil bacterial community composition, there was no significant correlation between nematode and understory plant and soil microbial community composition (Figure 3D).




Discussion

Our study provides new insights into the influences of dominant plants on belowground communities. We found that some aspects of understory composition, edaphic properties and microbial communities differed between the two dominant plants. Moreover, nematode richness was greater in soils underneath D. fruticosa, while nematode communities in soils under L. virgaurea differed in composition relative to dominant plant-free controls. The effects of D. fruticosa on nematode richness and L. virguarea on nematode community composition were, however, not linked to observed changes in the understory plant community, microbial communities or edaphic variables. Our study thus provides evidence that dominant plants can have contrasting effects on soil nematode communities that should be explored in more detail in future studies.


The effects of Ligularia virguarea on understory plants and soil biota

Our results indicate that L. virgaurea increases fungal richness and contributes to shifts in understory plant (marginally) and nematode community composition. Understory plant biomass was significantly greater under L. virgaurea than D. fruticosa, possibly due to understory plants benefitting from reduced influence of grazing because herbivores avoid L. virgaurea more than D. fruticosa (Shi et al., 2011), which may also have contributed to changes in understory plant abundance by altering competitive interactions. For example, the abundance of Elymus nutans (Poaceae), a preferred resource of herbivores, was significantly higher under L. virgaurea than under D. fruticosa (Supplementary Table S3). The increase in plant biomass would result in more litter returned belowground, which might explain the effect on fungal richness given that fungi are capable of actively decomposing recalcitrant components in leaf litter (Osono, 2020). Moreover, Ligularia virgaurea has been shown to release large amounts of volatile allelopathic compounds (Wu et al., 2011; Zhang et al., 2011; Arjmand et al., 2013) and to influence soil fungal community composition (Shi et al., 2011) and host-specific fungal endophytes (Aschehoug et al., 2014). Monoterpenoids are the main allelopathic substances produced by L. virgaurea, accounting for 16.6% of the total volatiles, with other allelopathic compounds including phenolic, terpenoid, alkane and aromatic compounds (Ma et al., 2005), which can also affect soil organisms (Misra et al., 2023). While both L. virgaurea roots and leaves produce allelopathic compounds, and leaf-derived allelopathic substances may enter soil through rainwater leaching, the allelopathic effect of roots has been shown to be stronger than that of leaves (Ma et al., 2006; Wu et al., 2011).

Although L. virgaurea did not significantly affect the soil bacterial community in our study, we found significant shifts in the relative abundance of Proteobacteria, Planctomycetes and Parcubacteria. Similarly, Liang et al. (2021) found that L. virgaurea increased the relative abundance of Proteobacteria. This might have important effects on ecosystem function as Proteobacteria are known to play a key role in soil C, N and sulphur cycling (Kersters et al., 2006).

The direct effect of L. virgaurea on the composition of nematode communities may be due to the release of allelochemicals, given that soil nematodes vary widely in their sensitivity to environmental disturbances (Hu et al., 2015). In particular, we found a reduction in the relative abundance of Araeolaimida (Supplementary Table S6). Similarly, root exudates of the allelopathic plant Lantana camara L. (Verbinaceae) have been shown to cause mortality of Meloidogyne javanica juveniles (Shaukat et al., 2003) and marigold (Tagetes patula) can produce allelopathic compounds toxic to plant parasitic nematodes (Marahatta et al., 2012). While our study indicates that allelopathic plants can affect soil nematode communities, further work is required to verify how leachate from L. virguarea affects nematode communities and which compounds might be involved.



The effects of Dasiphora fruticosa on understory plants and soil biota

Our results further indicate that D. fruticosa increases soil nutrients and affects understory plant and bacterial community composition, indicating changes in resources that may result in cascading bottom-up effects (Peschel et al., 2019). Accordingly, we found an increase in nematode species richness but no other cascading effects on community composition. The positive response of nematode richness to D. fruticosa is likely through changes in root exudates (Bais et al., 2006) and input of litter (Chen et al., 2007; Chauvin et al., 2015). Soil organic carbon, total nitrogen and ammonium content were significantly greater under D. fruticosa than the controls (Table 1), which conforms with the “fertile island” effect observed in other studies (He and Li, 2016; Cai et al., 2020). Dasiphora fruticosa has been shown to release acidic substances into the rhizosphere that can alter soil pH and the solubility of nutrients (Gao et al., 2019), and can enhance nutrient availability by acquiring nutrients from deeper soil horizons that are ultimately returned to the upper soil horizons via litter or exudates (He and Li, 2016).

Dasiphora fruticosa had no significant effect on understory plant biomass, but influenced community composition, which might be caused by reduced grazing by herbivores and competition among plants. It is well known that shrub canopies can affect understorey community structure (Lozano et al., 2020). We found that under D. fruticosa, Poa pachhyantha biomass and abundance were considerably higher compared to the control treatment while Potentilla anserine biomass and abundance were significantly lower (Supplementary Tables S2 and S3). Similarly, Li et al. (2011) found that D. fruticosa facilitated some plant species in the herb layer, but this can result in increased competition for limited nutrients, soil water, light and space (Abd-ElGawad et al., 2020).

The presence of D. fruticosa also had a significant effect on bacterial community composition mediated predominantly by the effect of D. fruticosa on the understory plant community. Similarly, Hortal et al. (2013) found that the presence of the facilitative plant Retama sphaerocarpa increased the relative abundance of the gram-negative Proteobacteria and Bacteroidetes. A higher relative abundance of Proteobacteria and Bacteroidetes suggests that the soil communities are less disturbed and are considered a better resource for microbial grazers (Fierer et al., 2007).

We found that D. fruticosa had a direct effect on soil nematode richness. Wang et al. (2018) demonstrated a similar direct effect of D. fruticosa on soil nematode abundance at the same site. Dominant species can affect resource inputs (Bokhari, 1977; Stoler and Relyea, 2020) and stimulate the growth of microorganisms in the rhizosphere (Bardgett and Wardle, 2003); hence, the direct effect of D. fruticosa on soil nematode richness might be caused by increasing root activity, root leachate and plant litter. Our piecewise SEM indicated that D. fruticosa had a weak and marginally significant (p < 0.1) influence on soil fungal communities, but this was not supported by the NPMANOVA. This difference likely occurs because the path analysis accounts for other influences on the soil nematode community which the NPMANOVA does not. While the influence is relatively weak, this would be worthwhile exploring in more detail, including additional measurements of other variables that might drive community composition. In addition, our results did not indicate bottom-up cascade effects on the soil food web; however, a larger sample size is required to verify this finding. Future experiments should test the influence of L. virguarea and D. fruticosa on the complete soil food web more rigorously.




Conclusion

Our study revealed that dominant plants with contrasting functional characteristics have markedly different impacts on soil nematode communities. The facilitative plant D. fruticosa increased soil nutrients and decreased soil pH, and had a positive effect on nematode richness. Dasiphora fruticosa also influenced understory plant and soil bacterial communities but had no significant effect on nematode community composition. The allelopathic plant L. virguarea increased soil ammonium and fungal richness, and influenced nematode community composition, largely due to a reduction in the relative abundance of Araeolaimids. Despite both plants affecting other ecosystem properties, our piecewise SEM revealed that the effects on nematode richness and community composition were unrelated to the influences on soil biotic and abiotic properties. Our study highlights the importance of dominant plants in determining soil community diversity and provides new insight to disentangle the complex above- and below-ground relationship.
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Bacteria is one of the most important drivers of straw degradation. However, the changes in bacterial community assemblage and straw-decomposing profiles during straw decomposition are not well understood. Based on cultivation-dependent and independent technologies, this study revealed that the “common species” greatly contributed to the dynamic variation of bacterial community during straw decomposition. Twenty-three functional strains involved in straw decomposition were isolated, but only seven were detected in the high-throughput sequencing data. The straw decomposers, including the isolated strains and the agents determined by functional prediction, constituted only 0.024% (on average) of the total bacterial community. The ecological network showed that most of the identified decomposers were self-existent without associations with other species. These results showed that during straw composition, community assembly might be greatly determined by the majority, but straw decomposition functions might be largely determined by the minority and emphasized the importance of the rare species in community-specific functions.
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Introduction

Straw is an important resource for agricultural production. It contains a high amount of nitrogen (N), phosphorus (P), potassium (K), and micronutrient elements. Thus, it is a potential substitute for chemical fertilizers (Sun et al., 2022a), and studies have found that straw returning efficiently improved soil structures and increased soil nutrient levels and crop yield (Sun et al., 2015; Chen et al., 2017, 2022). However, the direct straw return may also result in environmental and production risks in agricultural systems, such as stimulating CH4 emission and aggravating plant pest infestation (Li et al., 2018; Kerdraon et al., 2019). These issues are closely associated with the low rate of straw decomposition. Thus, accelerating straw decomposition is of great importance for the eco-friendly utilization of straw.

Microbes are the primary drivers for straw decomposition. Microbes decompose the components of straw by producing enzymes such as glucosidase, cellobiohydrolase, and xylanase (Reddy et al., 2013; Zhou et al., 2021). In addition, some microbes, such as some mycelial fungi, can physically damage the straw through the massive growth of hyphae. However, straw is made up of various complex organic substances. Besides cellulose, hemicellulose, and lignin, types of proteins, lipophilic compounds, starches, low-molecular carbohydrates, and other organic compounds have been identified in straws (Van Hung et al., 2020; Rosado et al., 2022). Thus, straw decomposition is associated with diverse microbes targeting the different components, and the microbial communities vary greatly during degradation. For example, Orlova et al. (2020) found that bacterial diversity increased during the process of oats straw decomposition, and Proteobacteria, Firmicutes, and Bacteroidetes dominated in the early stage (3rd day), while Actinobacteria dominated in the late stage (161st day). A study in a paddy field found that bacterial diversity showed a bell-shaped curve during the 2 years. Straw decomposition was dominated by copiotrophic phylotypes, such as Bacilli and Flavobacteriia, in the early stages and evolved to be dominated by oligotrophic phylotypes, such as Acidobacteria, Anaerolineae, Deltaproteobacteria, Saccharibacteria, and Sphingobacteriia, in the later stages (Wang et al., 2022).

As cellulose, hemicellulose, and lignin are straw’s main components, accounting for about 75% of rice straw’s biomass, and these biopolymers are normally decomposed slowly, the microbes targeting these components have attracted more attention than other functional types. These cellulose/lignin-decomposing microbes primarily decompose straw by producing degrading enzymes, including cellulases, hemicellulases, and lignin-degrading enzymes (Bayer et al., 2006; Floudas, 2021). Enhancing the function of these microbes is the primary pathway to accelerate straw decomposition. Many approaches have been developed to enhance microbial activities to accelerate the speed of straw decomposition, such as adding trace elements (Jin et al., 2022) or nanomaterials (Qiu et al., 2019) and improving planting strategies (Zhou et al., 2021). In addition, the construction of microbial consortiums with high straw degradation capacity is also considered a potential straw treatment method (Gong et al., 2020; Sarma et al., 2022). However, most of the present studies were performed in controlled systems; regulating microflora to enhance straw decomposition is still a great challenge in practical production. The microbial community is a complex consortium; the members are closely associated with each other (Liu et al., 2019), so it is difficult to regulate the functional groups involved in straw decomposition without considering other groups. Although many straw-decomposing strains have been isolated, and they show high capacity in straw decomposition in controlled experiments (Gupta et al., 2012; Lestari et al., 2020; Sun S. et al., 2020), how to make them perform the functions in practical systems is still a difficult problem that had not been solved, as the isolated straw-decomposing strains are difficult to colonize in the natural environments due to the great effects of environment filter and the strong competition from the indigenous residents (Sun R. et al., 2020).

Straw-decomposing microbes are widely distributed in types of ecosystems and habitats, especially in agricultural soils, but they are not alone; their growth, multiply, and functions are greatly impacted by other species (Bayer et al., 2006). Thus, understanding the associations between straw-decomposing agents and other species is crucial for regulating microbial community functions. Although many studies have revealed the variation of microbial communities during straw decomposition, we still know little about the dynamic changes of functional agents in the whole community and the relationships between the functional agents and other microbial types. This study explores the dynamic variation of bacterial community assemblage and straw-decomposing agents based on cultivation-dependent and independent techniques and the correlations between functional agents and other microbial groups. The results from this study will give new information about the microbial mechanisms of straw degradation.



Materials and methods


Experiment design and soil sampling

A field experiment was established in June 2019 in the National Innovative and High Technology Agricultural Park of Anhui Agricultural University, Anhui Province, China (N 31°93′, E 117°20′). The soil type is Luvisols.

The field is under rice-wheat rotation. The basic properties of the studies soil were as follows, pH 6.15, soil organic matter (SOM) 11.40 g/kg, total nitrogen (TN) 0.48 g/kg, alkali-hydrolyzable nitrogen (AHN) 45.80 g/kg, available phosphorus (AP) 6.28 mg/kg, and available potassium (AK) 0.16 g/kg.

After desiccating by a dryer, wheat straw was cut into pieces (1–3 cm) and then put into nylon bags (15 cm × 20 cm, mesh size was 0.075 mm). Each bag contained 20 g wheat straw. Before rice transplanting in June 2019, the nylon bags were embedded into soils with a depth of 5–20 cm. The experiment contained three replicate plots (12 m2), and each plot contained 12 nylon bags. After treatment, rice was transplanted, and the field was managed as the local strategy.

Three nylon bags were removed from each plot at 7, 15, 60, and 120 days. Each sample was divided into two parts. One was stored at 4°C to isolate cellulose- and lignin-decomposing bacteria and the other was stored at −80°C for DNA extraction.



Isolation of cellulose- and lignin-decomposing bacteria

An enrichment culture was performed before the strain isolation. A 0.5 g sample was added to a 100 mL enrichment medium. The medium for cellulose-decomposing bacteria enrichment contained sodium carboxymethylcellulose (CMC-Na) 20 g/L, microcrystalline cellulose 5 g/L, cellulose powder 5 g/L, K2HPO4 1 g/L, KNO3 1 g/L, MgSO4·7H2O 0.2 g/L, CuCl2·2H2O 0.1 g/L, and FeCl3 0.02 g/L. The medium for lignin-decomposing bacteria enrichment contained sodium lignin sulfonate 3 g/L, NH4SO4 2 g/L, K2HPO4 1 g/L, MgSO4·7H2O 0.2 g/L, CaCl2 0.1 g/L, MnSO4 0.02 g/L, KH2PO4 1 g, FeSO4 0.05 g/L. The cellulose- and lignin-decomposing bacteria enrichment cultures were incubated at 36°C (180 rpm) and 28°C (200 rpm) for 3 days, respectively.

The functional strains were isolated using a dilution plate method (Fathallh Eida et al., 2012). 10 mL of enrichment culture was added into 90 mL sterile distilled water, and the mixture was then shaken at 150 rpm for 30 min at room temperature. Ten-fold serial dilutions were then prepared in sterilized distilled water. One-hundred microliters from the 10−6, 10−7, and 10−8 dilutions were spread on the isolation medium. The medium for cellulose-decomposing bacteria isolation contained CMC-Na 15 g/L, NH4NO3 1 g/L, yeast extract 1 g/L, MgSO4·7H2O 0.5 g/L, KH2PO4 1 g/L, and agar 15 g/L, and that for lignin-decomposing bacteria isolation contained sodium lignosulphonate 3 g/L, NH4SO4 1 g/L, KH2PO4 1 g/L, MgSO4·7H2O 0.2 g/L, CaCl2 0.1 g/L, MnSO4 0.02 g/L, MnSO4 0.02 g/L, KH2PO4 1 g, FeSO4 0.05 g/L, and agar 15 g/L. The cellulose- and lignin-decomposing bacteria isolation plates were incubated at 36°C and 28°C for 5 days, respectively.

After incubation, the cellulose- and lignin-decomposing colonies were isolated and transferred to CMC-Na Congo red medium (CMC-Na 1.88 g/L, K2HPO4 0.5 g/L, MgSO4 0.25 g/L, gelatin 2 g/L, Congo red 0.2 g/L, agar 15 g/L) and aniline blue medium (yeast extract powder 10 g/L, glucose 10 g/L, aniline blue 0.1 g/L, agar 15 g/L) respectively to confirm the decomposition capacity. All the colonies containing decomposition capacity were transferred to the LB plate to obtain a pure culture.



PCR amplification and sequencing of isolated bacteria

Colony PCR was used for the amplification of bacterial 16S rRNA using the primer sets of 27F (5′- GAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′). The amplification was performed in a 50-μL system with the thermal cycle of the initial denaturation step at 94°C for 2 min, 30 cycles with denaturation at 98°C for 10 s, annealing at 51°C for 30 s, and extension at 72°C for the 90 s, then a final extension at 72°C for 5 min. The 50-μL PCR system contained 25 μL PCR premix (Ex TaqTM; Takara, Shiga, Japan), 1 μL (10 μM) of the forward and reverse primers, and 23 μL sterile double-distilled water. After being purified using a QIAquick PCR Purification Kit (Qiagen, Hilden, Germany), the PCR products were sequenced using a 3730xl DNA analyzer (Applied Biosystems).



Total DNA extraction, PCR, and high-throughput sequencing

The bacterial community was detected as described in previous studies (Sun et al., 2022b,c). In short, total DNA was extracted from a 0.5 g sample using a FastDNA SPIN Kit (MP Biomedicals, Santa Ana, CA, United States). Before DNA extraction, the samples were frozen using liquid nitrogen and then grinded thoroughly. Primer sets 515F/907R targeting the V4-V5 region of 16S rRNA gene were used for PCR amplification, which was performed in a 25-μL system containing 12.5 μL PCR premix (Ex TaqTM; Takara, Shiga, Japan), 0.5 μL (10 μM) of each primer, 0.5 μL DNA template (20 ng), and 11 μL sterile double-distilled water with the thermocycler of an initial denaturation at 94°C for 10 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C/56°C (16S rRNA/ITS) for 45 s, and extension at 72°C for 1 min, followed by a final extension at 72°C for 10 min. After purification, the PCR products were sequenced using the Illumina HiSeq2000 platform (Illumina, San Diego, CA, United States).



Bioinformatic analysis of the high-throughput sequencing data

Bioinformatic analysis was performed primally using the VSEARCH package (version 2.21.1) (Rognes et al., 2016) according to the pipelines described in a previous study (Sun et al., 2023). The adept and primer sequences were cut using Cutadapt (version 4.2) (Martin, 2011). Then the paired-end reads were merged, and low-quality reads (length < 150 bp, expected errors per base >0.001) were filtered. After removing chimeric reads using the UCHIME algorithm (Edgar et al., 2011), the clean reads were denoised using the UNOISE algorithm (version 3), and zero-radius operational taxonomic units (zOTUs) were generated. Taxonomic assignment of each zOTU was performed using SINTAX (Edgar, 2016) based on the Silva database (version 138). The unidentified zOUTs were removed, and the zOTU table was rarified to 19,000 reads per sample for downstream analysis.

The V4-V5 region of the 16S rRNA sequences of the isolated strains was extracted using Cutadapt (version 4.2) (Martin, 2011). Then the trimmed sequences were clustered with the sequence of each zOTU at the similarity of 100% to find which zOTU they matched.

FAPROTAX (Louca et al., 2016) was used for the functional prediction of the bacterial community, and the function categories involved in straw decomposition were selected for further analysis.



Statistical analysis

R (version 4.0.2) was used for statistical analysis using the relevant libraries (Sun et al., 2019, 2021). The Kruskal–Wallis rank sum test was used to check the significance of the difference between treatments using the “dplyr” library. Principal coordinate analysis (PCoA) based on Bray–Curtis distance was performed using the “vegan” library to show the variation of bacterial community among treatments. The abundance-based beta-null model was used to determine the role of niche and neutral processes in shaping bacterial communities during straw decomposition (Tucker et al., 2016). The bacterial ecological network was inferred using SPIEC-EASI (Sparse InversE Covariance Estimation for Ecological Association Inference) (Kurtz et al., 2015). Only the zOTUs detected in more than 75% of the samples were incorporated in the construction of the network to strengthen its reliability of the network (Sun R. et al., 2020). The characteristics of the network were calculated using the “igraph” library. The beta-null deviation was calculated to infer the changes in deterministic and stochastic processes in shaping bacterial community assembly (Tucker et al., 2016).




Results


Variation of bacterial community during rice straw degradation

The bacterial community in the studied samples was dominant by Bacteroidota, Firmicutes, Proteobacteria, Spirochaetota, Acidobacteriota, Actinobacteria, Chloroflexi, and Desulfobacterota, accounting for 95.89% of the total reads (Figure 1A). The composition of the bacterial community varied obviously during rice straw degradation. The dominance of Bacteroidota and Firmicutes decreased during the experiment, while the relative abundance of Proteobacteria and Acidobacteriota was significantly higher in the late stage (60 and 120 days) than in the early stage (7 and 15 days) (Figure 1A). The dynamic variation of the bacterial community was illustrated clearly in the 2D PCoA plot (Figure 1B), in which the bacterial community from different stages separated from each other. The bacterial community from D60 and D120 was far separated from that from D7 and D15, showing the great variation of the bacterial community after 15 days (Figure 1B).
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FIGURE 1
 Variation of bacterial community composition during experimental session (A). A PCoA plot of the bacterial community in different stage (B). Dynamic variation of bacterial diversity during experimental session (C). Different letters indicate significant differences as checked by the Kruskal-Wallis rank sum test (p < 0.05).


The Shannon index was calculated to explore the variation of bacterial diversity during the experiment. During the 120 days, bacterial diversity showed a bell-shaped curve (Figure 1C). Bacterial diversity increased from D7 to D60, then decreased from D60 to D120.

In total, 3,314 zOTUs were detected in all the samples, and 782 zOTUs were shared in all samples. The number of unique zOTUs in D7, D15, D60, and D120 was 30, 19, 267, and 214, respectively (Figure 2). The unique zOTUs in each sample were rare species in the whole community; the total relative abundance of unique zOTUs in D7, D15, D60, and D120 was 0.37, 0.24, 8.74, and 8.26%, respectively. Differently, the community was dominated by the shared zOTUs, which accounted for 88.32, 85.01, 47.11, and 60.17% of the community in relative abundance for D7, D15, D60, and D120, respectively. Most of the shared OTUs were assigned as Bacteroidota, Firmicutes, Proteobacteria, Cyanobacteria, Actinobacteriota, and Acidobacteriota (Figure 2), but the taxonomic composition of the bacterial community varied greatly during the experiment. The relative abundance of shared Bacteroidota and Cyanobacteria decreased with time, while that of shared Proteobacteria, Actinobacteriota, and Acidobacteriota increased with time.
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FIGURE 2
 A Venn diagram showing the zOTU distribution in different stages. The bar charts denoted with stage name indicate the taxonomic composition and their accumulated relative abundance of the unique zOTUs in the stage. The bar charts at the bottom of the figure showed the variation of the dominant phyla of the shared zOTUs. Different letters indicate significant differences as checked by the Kruskal-Wallis rank sum test (p < 0.05).




Bacterial community assembly during straw decomposition

By calculating the beta-null deviation of the bacterial community in each stage, the contribution of niche and neutral processes in shaping the bacterial community was inferred. The beta-null deviations in all the samples were positive, showing the bacterial community as less similar than expected by chance and reflecting communities structured by non-neutral assembly mechanisms. Overall, the beta-null deviation of the bacterial community was increased during the experimental session (Figure 3). Beta-null deviations in D7 and D15 were significantly lower than in D60 and D120, and the biggest beta-null deviation was observed in D120. This result showed that the contribution of niche processes increased in structuring bacterial community during straw decomposition.
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FIGURE 3
 Abundance-based beta-null deviation for bacterial communities based on the Bray–Curtis distance. Different letters indicate significant differences as checked by the Kruskal-Wallis rank sum test (p < 0.05).




Variation of functional profiles involved in straw decomposition

Three functional categories involved in straw decomposition were detected through functional prediction, including cellulolysis, ligninolysis, and aromatic compound degradation. The dynamic variation of the relative abundance of zOTUs involved in cellulolysis showed an inverted bell curve during the experiment, which was significantly higher in D7 and D120 than in D15 and D60 (Figure 4A). The species involved in ligninolysis were only detected in the samples from D15 and D120, and their relative abundance was quite low (Figure 4B). Differently, the species with aromatic compound degradation capacity increased with experiment time (Figure 4C).
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FIGURE 4
 Variation of the functional profiles involved in straw decomposition determined by functional prediction. (A) Cellulolysis function. (B) Ligninolysis function. (C) Aromatic compound degradation. Different letters indicate significant differences as checked by the Kruskal-Wallis rank sum test (p < 0.05).


Twenty-three strains with the potential of straw decomposition were isolated, including 15 cellulose-decomposing strains and 8 lignin-decomposing strains. By comparing the sequence information of 16S rRNA, seven strains were detected in the community determined by high-throughput sequencing, which matched 5 zOTUs in the community (Table 1). The relative abundance of these functional strains was low in the whole bacterial community, and they varied during the experimental session (Table 1). The relative abundance of cellulose-decomposing zOTU increased with experimental time, while the changes of zOTUs involved in lignin decomposition were various (Table 1).



TABLE 1 Changes in relative abundance (%) of cellulose and lignin degrading bacteria during straw degradation.
[image: Table1]



Associations between straw decomposing agents and other bacterial species

An ecological network with 161 zOTUs (nodes) and 140 edges was constructed to infer the associations between the community members (Figure 4). Eighteen zOTUs with the capacity for cellulose, lignin, and aromatic compound degradation were incorporated into the ecological network. Only 3 zOTUs were associated with other zOTUs, and the other 15 zOTUs had no association with other zOTUs (Figure 5).

[image: Figure 5]

FIGURE 5
 Ecological network showing the associations among community components. Nodes represent zOTUs, and the size of the node indicates the relative abundance of the zOTU. Nodes colored with yellow, blue, and red indicate zOTUs involved in cellulose, lignin, and aromatic compound degradation, respectively. Edges indicate associates between zOTUs.





Discussion

Straw is a carbon-rich resource containing valuable nutrients for plant growth. Thus, the effective utilization of straw is of great importance for agricultural production and environmental protection, especially for large agricultural countries such as China (Chen et al., 2022). However, the low speed of decomposition strongly restricts the effects of the direct return of straw on agricultural production. As the key driver for straw decomposition, microbes are the potential solution for this issue. Understanding the mechanisms of microbial community assembly and function dynamics is the premise for microbial community regulation. The variation of microbial composition and diversity during straw decomposition has been widely reported (Orlova et al., 2020; Zhong et al., 2020; Zhang et al., 2021). In this study, through the beta-null model, we further demonstrated that the contribution of the niche process was increased during the decomposition (Figure 3). This may be partly associated with the changes in competitive intensity between community members. In the early stage, all the microbes have almost equal opportunity (without regard to their difference in population) to decompose straw. In addition, the competition between community members is weak due to the high content of readily decomposable carbon fractions in the early stage (Preston et al., 2009). Thus, the community in the early stage was more likely randomly assembled. As decomposition goes on, recalcitrant carbon fractions, such as cellulose, lignin, waxes, and tannins, gradually accumulate (Wang et al., 2022). As a result, the effect of substrate limitation becomes stronger and stronger, and the microbes targeting these substrate gains a competitive advantage and show an increase in relative abundance (Orlova et al., 2020). We also observed the gradual enrichment of aromatic compound-decomposing bacteria during the experiment (Figure 4C). Thus, the contribution of the niche processes in shaping bacterial communities increased.

The role of abundant and rare species in community assembly, diversity, and ecological functions is a key topic in microbial ecology research (Magurran and Henderson, 2003; Zhang et al., 2020, 2022). The contribution of the species with different abundance in community variation and straw decomposition is little known. The results from the present study showed that the variation of the bacterial community was primarily associated with the “common species” (Figure 2), which was the species that existed during the whole process of straw decomposition and was termed as “core microbiome” too. The core microbiome is important for community function and microbial associations (Neu et al., 2021). However, in the present study, within the core bacterial community, the species directly associated with straw decomposition, including cellulolysis and aromatic compound degradation, was not dominant in relative abundance. The average relative abundance of zOTUs involved in cellulolysis and aromatic compound degradation was 0.056 and 0.048%, respectively (Supplementary Table S1), indicating that most common species were not directly associated with straw decomposition. Even with the respect of the whole community, the species directly associated with straw decomposition were also a minority (Figure 3). These results indicate that the decomposition of straw may largely depend on minority species. Due to the high functional redundancy of microbial communities (Allison and Martiny, 2008), microbial communities’ whole potential functional profiles were more stable than the taxonomic profiles. For example, Bao et al. (2020) found that the functional composition of the microbial community associated with straw decomposition was more stable than taxonomic composition. However, this conclusion was obtained based on the broad functional profiles of the microbial community. For some specific functions, the conclusion may be different. By growing many bacterial communities under the same environmental conditions, Rivett and Bell (2018) revealed the negative statistical interactions among abundant phylotypes drive variation in broad functional measures (respiration, metabolic potential, cell yield), whereas positive interactions between rare phylotypes influence narrow functional measures (the capacity of the communities to degrade specific substrates).

In contrast, rare phylotypes positively interacted with narrow functional measures (the capacity to degrade specific substrates), demonstrating that unique components of complex communities are associated with different ecosystem functioning. In general, unique species are rare in the community. Thus, the specific function of the community may be largely determined by the rare species, which also indicates the low redundancy of the specific functions.

The low abundance of species directly involved in straw decomposition may be one important reason for the low speed of straw decomposition. However, low abundance does not mean low activity. Studies have found that low-abundance species display disproportionately high activity for specific functions (Pascoal et al., 2020). For example, the high activity of sulfate reduction was driven by the rare biosphere microorganism in a peatland (Pester et al., 2010). The rare biosphere bacteria played a predominant role in phenanthrene degradation (Sauret et al., 2014), as some low-abundance microorganisms can be highly transcriptionally active without growth (Hausmann et al., 2019). Thus, how to increase the activity of the rare species involved in straw decomposition is a significant issue for the acceleration of straw decomposition.

The interactions between microbial community components affect microbial functions (Liu et al., 2019). Our previous study revealed that the organic phosphorus-mineralizing microbial taxa were regulated by the keystone taxa of the microbial community (Chen et al., 2020). The present study showed that few of the identified straw-decomposing species were associated with other species. In contrast, most of the functional species were independent in the ecological network (Figure 5), showing the diversiform survival types of the functional species. This may be important for sustaining microbial straw-decomposing capacity in complex and dynamic environments. Understanding the role of these functional species in straw decomposition would provide crucial information for regulating microbial straw-decomposing functions.

Although many achievements in microbial community assembly and functions have been obtained during the past years, especially from devising high-throughput sequencing technologies, we may still be far from the truth, as the sequencing technologies contain large biases, and most of the microorganisms are still unculturable. In the present study, 23 functional strains were isolated. Still, only seven were detected in the high-throughput sequencing data, indicating that many species had been omitted in the sequencing data. The low coverage of the primers may be the primary issue, and using PCR-bias-free technologies, such as metagenomic sequencing, may provide more accurate results (Sun et al., 2021). In addition, due to the limitations of microbial isolation and culture technologies, types of functional strains are still unculturable. As a result, many functional microbes are omitted and the role of the functional microbes in community assemblage and ecological functions may be underestimated. However, the great challenge of strain isolation and culture may be the stumbling block lasting for a long time. What’s more, straw decomposition is associated with types of microbes, especially fungi (Krishna and Mohan, 2017; Bani et al., 2018), thus understanding the associations between different microbial types is also important.



Conclusion

Understanding the mechanisms of microbial community assembly and functional profiles is vital for managing straw decomposition by regulating microbial communities. This study revealed the dynamic variations of bacterial community assembly and straw-decomposing function during straw decomposition. Results showed that the variations of bacterial community greatly resulted from the changes of “common species,” and the contribution of niche process in structuring bacterial community increased during the decomposition. The relative abundance of the functional bacterial agents involved in straw decomposition was low in the whole bacterial community, and only a few of them were associated with other species, indicating that the rare species may greatly determine the functional profiles involved in straw decomposition and most of the functional agents were self-existent.
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Introduction: The stimulation of plant and microbial growth has been widely observed as a result of elevated CO2 concentrations (eCO2), however, this stimulation could be influenced by various factors and their relative importance remains unclear.

Methods: A global meta-analysis was performed using 884 lines of observations collected from published papers, which analyzed the eCO2 impact on plant and microbial biomass.

Results: A significant positive impact of eCO2 was observed on various biomass measures, including aboveground biomass (20.5%), belowground biomass (42.6%), soil microbial biomass (10.4%), fungal biomass (11.0%), and bacterial biomass (9.2%). It was found that eCO2 levels above 200 ppm had a greater impact on plant biomass compared to concentrations at or below 200 ppm. On the other hand, studies showed that positive effects on microbial biomass were more prominent at lower eCO2 levels (≤200 ppm) than at higher levels (>200 ppm), which could be explained by soil nitrogen limitations. Importantly, our results indicated that aboveground biomass was controlled more by climatic and experimental conditions, while soil properties strongly impacted the stimulation of belowground and microbial biomass.

Discussion: Our results provided evidence of the eCO2 fertilization effect across various ecosystem types, experimental methods, and climates, and provided a quantitative estimate of plant and soil microbial biomass sensitivity to eCO2. The results obtained in this study suggest that ecosystem models should consider climatic and edaphic factors to more accurately predict the effects of global climate change and their impact on ecosystem functions.
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 rising CO2 level, plant biomass, soil microbial biomass, fungal biomass, bacterial biomass, meta-analysis


Introduction

Starting from the Industrial Revolution, human activities have been altering the composition of the atmosphere on a global scale. This has led to a significant disturbance in the functioning of terrestrial ecosystems, which provide crucial services that support human life and health, such as carbon storage to combat climate change and food security. The atmospheric CO2 concentration has risen by almost 50% compared to preindustrial levels (Legg, 2021). The growing concerns about the effects of elevated levels of atmospheric carbon dioxide (eCO2) have boosted research on ecosystem processes, including plant biomass production and global biogeochemical cycles (Reich et al., 2006b; Terrer et al., 2021). The effects of eCO2 on plant biomass production have been widely studied, but the response of different plant components, such as aboveground and belowground biomass, as well as associated microbial communities, is still a topic of debate.

In the last 30 years, many studies have aimed to measure how plants respond to increasing levels of atmospheric carbon dioxide by exposing them to eCO2. In the global carbon cycle, terrestrial ecosystems are essential because they sequester around one-third of the CO2 emissions induced by human activities (Legg, 2021). Elevated CO2 concentrations can lead to an increase in plant biomass production and subsequent carbon sequestration. This can occur through direct improvements in photosynthesis as well as indirect improvements in resource use efficiency, such as water and nitrogen (Luo et al., 2006; Zou et al., 2020; Xia et al., 2021). Studies have shown varying results on the effects of eCO2 on plant biomass production. Nutrient and water limitations, as well as acclimation, can contribute to inconsistent results. Elevated CO2 levels can exacerbate nutrient limitations and may not increase plant biomass production in water-limited ecosystems (Norby et al., 2005; Reich et al., 2006a). Additionally, plants may adjust their physiology and allocation patterns in response to elevated CO2 levels, leading to no significant increase in aboveground biomass production (Drake et al., 2011). Although a number of variables, including the landuse type, the experimental design, and the climate have been recognized as control factors that can regulate the response of plant biomass to eCO2 (Luo et al., 2006), it is still unknown how significant any of these variables is, which creates uncertainty in the projections for future climates.

Although much of the research on ecological reactions to global climate change has focused on plants (Peterson et al., 1999; Ainsworth and Rogers, 2007; Wang et al., 2012; Du et al., 2019; Cui et al., 2020; Wang et al., 2022), research studies examining the influences of global climate change on soil microorganisms has been increased in recent years (Sun et al., 2021; Li et al., 2022; Lin et al., 2022; Peng et al., 2022). Similar to plants, soil microorganisms are sensitive to global changes such as rising atmospheric CO2 concentrations. As a result, changes in the community structure and diversity of microorganisms can impact ecosystem processes that are influenced by these microorganisms (Garcia-Palacios et al., 2015). The complex, diversified communities that makeup soil biota can alter in abundance, composition, and physiology as a result of climate change (Eisenhauer et al., 2012; Li et al., 2022). Diverse results have been reported on the responses of soil microbial biomass (including fungal biomass and bacterial biomass) to eCO2 (Gorissen et al., 1995; Hu et al., 2001; Yang et al., 2021), which could be attributed to differences in experimental design, including varying levels and durations of eCO2 exposure (Reich et al., 2006b), as well as different climatic conditions (Yue et al., 2017) and landuse types (Luo et al., 2006). The methods employed for CO2 enrichment, which might produce distinct microclimates in the soil, further complicate how eCO2 affects soil microbial biomass (Huang et al., 2017). Different CO2 concentrations used in CO2 fumigation experiments play a critical role in regulating soil microbial biomass (Yang et al., 2021; Li et al., 2022), as high CO2 levels can promote plant nutrient uptake, leading to reduced soil nutrient availability and lower microbial abundance (Luo et al., 2004; Xiao et al., 2017; Zou et al., 2020; Terrer et al., 2021). Abundance measurements are commonly used to assess soil biota responses to eCO2 and are easier to standardize across studies and taxa (Treseder, 2004, 2008; Blankinship et al., 2011). In controlled environments, where nutrient limitations are absent, the response of soil microbial biomass to eCO2 may be positive, unlike in natural ecosystems (Hu et al., 2017). Despite extensive research on the effects of eCO2 on soil microbial biomass, our understanding of the underlying factors and their relative importance is still limited.

The effects of eCO2 on plant biomass production and associated microbial communities are complex and vary depending on several factors. Therefore, further studies are needed to better understand the mechanisms behind these effects and to refine hypotheses regarding the response of different plant components and associated microbial communities to eCO2. In this study, we conducted a meta-analysis of data from various global change experiments to assess how significant the effects of eCO2 are on plant and microbial biomass and identify the factors that regulate these effects. Our specific objectives were to: (i) quantify the magnitude of the effects of elevated CO2 on above-and belowground plant biomass, as well as total microbial, fungal, and bacterial biomass; and (ii) assess the relative significance of the factors that regulate these responses to elevated CO2.



Materials and methods


Data collection

We conducted a literature search using the Web of Science,1 Google Scholar,2 and CNKI (China National Knowledge Infrastructure)3 to identify relevant studies. The search terms we used were “CO2 fumigation” or “elevated CO2” or “CO2 enrichment” or “rising CO2 concentration” or “carbon dioxide” and “total biomass” or “plant production” or “aboveground biomass” or “belowground biomass” or “plant biomass” or “microbial biomass” or “fungal biomass” or “bacterial biomass” or “microbial abundance” or “microbial community.” Studies had to adhere to the following standards in order to be considered for our analysis: (1) experimental design including the experimental method has been reported; (2) last at least one growing season; (3) initial species composition between control and treated plots should be no difference; and (4) means, standard deviation, and sample sizes have been reported or can be calculated. For multifactor global change experiments, we only considered the control and CO2-fumigated plots that were subject to equivalent experimental conditions. For individual experiments that obtained multiple measurements on the same variable, we included only the most recent data. Web Plot Digitizer4 was used to obtain data from graphs. In total, 844 lines of observations reporting plant and microbial biomass results from global terrestrial ecosystems, mainly aboveground biomass (443 lines of observations), belowground biomass (98 lines of observations), microbial biomass (207 lines of observations), fungal biomass (47 lines of observations), and bacterial biomass (49 lines of observations), were included in the meta-analysis (Figure 1). The observations were categorized according to the following three factors: CO2 magnitude (≤200, and >200 ppm), landuse type (cropland, forest, and grassland), experimental method [(Free-Air CO2 Enrichment) FACE, (Open-Top Chamber) OTC, and (Growth Chamber) GC].
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FIGURE 1
 Global distribution of the study sites.


We collected various environmental and experimental factors for each experiment in our dataset, including latitude, longitude, mean annual temperature (MAT), mean annual precipitation (MAP), CO2 concentration change (ΔCO2), land use type, pH, soil organic carbon content (SOC), soil total nitrogen content (TN), and carbon: nitrogen ratio (CN). If not reported in the reference, we obtained data on MAT and MAP from the WorldClim database.5 To calculate the aridity index (AI), we divided the annual precipitation by potential evaporation, which we obtained from the same database. For SOC and TN (0–20 cm depth), we used the HSWD 2.0 database6 if data were not reported in the reference. In total, we included 12 factors in our research as predictors of eCO2 impacts (see Supplementary Table S1).



Meta-analysis

For each individual observation, the calculation of the response ratio (RR) and its variance (VRR) was performed using the natural logarithm transformation. Further details on these calculations can be found in (Hedges et al., 1999; Zou et al., 2020).
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The variables [image: image] and [image: image] represent the mean values of each variable for the plots exposed to eCO2 and ambient conditions, respectively. The corresponding number of replicates for the eCO2 and ambient treatment are ne and nc, respectively. The sample standard deviations for eCO2 and ambient treatment are represented by se and sc, respectively.

Weighting factor (wij), weighted mean response ratio (RR++), and confidence interval (95% CI) were calculated as follows:
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The within-study variance and the between-study variance, which are caused by sampling errors and changes in experimental circumstances, are the two variables that make up the weighted mean effect size in the random effects model. Observations with smaller variances are given more weights (Borenstein et al., 2009). This was carried out using MetaWin 2.1 (Rosenberg et al., 2000) for meta-analysis, while the moderators employed in fitting random effects models were land use type, method, and CO2 magnitude. Significant effects of eCO2 concentrations on plant and microbial biomass variables were determined if the 95% confidence interval for the response ratio did not overlap with 0. Percentage changes were estimated using the formula (expRR++ − 1) × 100%. We conducted random forest analysis to quantify the relative importance of 12 predictors to biomass by using the “randomForest” package in R (Chen et al., 2019).




Results

We found that eCO2 significantly increased aboveground biomass by 20.5% (Figure 2, 95% confidence interval: 18.4–22.6%) and belowground biomass by 42.6% (33.6–52.2%). There was no significant difference in CO2 response between different experimental methods, CO2 magnitude, and landuse type, respectively, for belowground biomass (Figure 2B). However, there were significant differences in CO2 response between OTC (24.9, 95% confidence interval: 21.3–28.7%) and FACE (15.3, 95% confidence interval: 12.0–18.6%) methods for aboveground biomass (Figure 2A). Significant differences in CO2 response between forest (27.5, 95% confidence interval: 22.5–32.7%) and grassland (14.8, 95% confidence interval: 10.6–19.3%) were also observed for aboveground biomass. The increase in aboveground biomass was larger at high ΔCO2 concentration (>200 ppm) than at low ΔCO2 concentration (≤200 ppm; Figure 2A).
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FIGURE 2
 Meta-analysis of the effect of eCO2 on aboveground biomass (A) and belowground biomass (B) across different factors. Error bars represent 95% confidence intervals; sample sizes are shown in parentheses. FACE, Free-Air CO2 Enrichment.


The impacts of eCO2 on above-and belowground biomass were different for each of these factors (Figure 3), with aboveground biomass predicted better by ΔCO2 concentration, experimental method, MAT, Latitude, and MAP, while belowground biomass predicted better by pH, SOC, Latitude, TN, and CN ratio. These relationships indicated that the stimulation of aboveground biomass was controlled more by climatic and experimental conditions, while soil properties controlled belowground biomass stimulation.

[image: Figure 3]

FIGURE 3
 The relative importance of predictors for the effect of eCO2 on aboveground biomass (A) and belowground biomass (B). MAT, mean annual temperature; MAP, mean annual precipitation; ΔCO2, CO2 concentration change; SOC, soil organic carbon content; TN, soil total nitrogen content; CN, SOC: TN ratio; AI, aridity index.


We found that eCO2 significantly increased soil microbial biomass by 10.4% (Figure 4, 95% confidence interval: 7.7–13.3%), fungal biomass by 11.0% (5.6–16.7%), and bacterial biomass by 9.2% (3.0–15.7%), respectively. Across all the studies, there was no significant difference in CO2 response between different experimental methods, between the two CO2 magnitudes, and between different landuse types, respectively, for microbial, fungal, and bacterial biomass (Figure 4). When ΔCO2 concentration was ≤200 ppm, the microbial, fungal, and bacterial biomass were significantly increased by 12.6% (8.7–16.6%), 13.5% (6.5–21.0%), and 15.0% (5.4–25.4%), respectively, while only significant increase was observed for microbial biomass (8.2%) at high ΔCO2 concentration (>200 ppm; Figure 4).
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FIGURE 4
 Meta-analysis of the effect of eCO2 on microbial biomass (A), fungal biomass (B), and bacterial biomass (C) across different factors. Error bars represent 95% confidence intervals; sample sizes are shown in parentheses. FACE, Free-Air CO2 Enrichment.


When compared to the OTC method, the application of the FACE method resulted in a notable rise in microbial biomass (17.2%), as well as in fungal biomass (12.4%) and bacterial biomass (13.7%). There was no significant effect of eCO2 on microbial biomass, fungal biomass, and bacterial biomass by the method of growth chamber. Moreover, significant increases in microbial biomass (10.7%) and fungal biomass (10.4%) were observed by the method of FACE (Figure 4).

Microbial biomass was increased by 7.6% (3.0–12.4%) in grassland, 9.9% (5.6–14.3%) in cropland, and 15.7% (9.8–22.0%) in forest, respectively in response to eCO2. Fungal biomass was increased by 15.2% (7.2–23.8%) in cropland, and bacterial biomass increased by 15.3% (5.0–26.7%) in grassland, respectively in response to eCO2 (Figure 4).

Across these variables, the effects of eCO2 on soil microbial biomass were better predicted by TN, ΔCO2, CN ratio, SOC, and latitude; the effects of eCO2 on fungal biomass were better predicted by MAT, MAP, CN ratio, landuse type, and SOC; while the effects of eCO2 on bacterial biomass were better predicted by TN, longitude, CN ratio, pH, and latitude. It seems that N availability (TN/CN ratio) seems to have a dominant role in regulating the impact of eCO2 on total microbial, fungal, and bacterial biomass (Figure 5).
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FIGURE 5
 The relative importance of predictors for the effect of eCO2 on microbial biomass (A), fungal biomass (B), and bacterial biomass (C). See Figure 3 for abbreviations.




Discussion

In total, 844 lines of observations presenting findings around the globe were included in the database we used for our research (Figure 1; Supplementary Table S1). The majority of the experiments were carried out in the northern hemisphere. The ranges of CO2 concentration changes are consistent with the projections of the end of the century, which were primarily between 100 and 500 ppm (Supplementary Table S1). Through our empirical evidence-based meta-analysis, we present a global-scale evaluation of the impact of eCO2 on plant and soil microbial biomass. Our findings are generally consistent with prior studies that have reported increased biomass production and microbial biomass in response to eCO2 (De Graaff et al., 2006; Luo et al., 2006; Wang et al., 2012; Garcia-Palacios et al., 2015; Terrer et al., 2021). Our analysis revealed that plant aboveground biomass production is primarily driven by climatic and experimental conditions, whereas belowground /microbial biomass is more influenced by soil properties such as TN/CN, pH, and SOC (Figure 3; Figure 5).

Rising atmospheric CO2 concentration generally stimulates photosynthesis by 30–70% (Wang et al., 2012), and the consequent outcome of increased plant biomass production is estimated to be around 30% according to Luo et al. (2006) and Terrer et al. (2021). This study reported a 20.5% increase in aboveground biomass under elevated CO2, which is similar to these estimates. Notably, our meta-analysis revealed that eCO2 increased aboveground biomass by 24.9% in OTC experiments, which is significantly higher than the increase in FACE experiments (15.3%). Higher ΔCO2 concentration (>200 ppm) showed to have a larger impact on plant biomass than at lower ΔCO2 concentration (≤200 ppm). Additionally, aboveground biomass was substantially more affected by eCO2 in forests than in grasslands (Figure 2A). The mechanisms underlying the observed differences in the effect of eCO2 on aboveground biomass between OTC and FACE experiments, as well as between different ecosystems, are complex and not yet fully understood. However, several hypotheses have been proposed based on experimental evidence. One possible explanation for the greater effect of eCO2 on aboveground biomass in OTC experiments compared to FACE experiments is that OTC experiments provide a more controlled environment with less variability in CO2 concentrations and other environmental factors. This may lead to a more consistent and larger response of plants to eCO2, as they are not subject to the same level of environmental fluctuations and stressors as in FACE experiments (Norby and Zak, 2011). Additionally, OTC may alter microclimatic conditions such as temperature and humidity, which may further amplify the response of plants to eCO2 (Norby et al., 2001). The possible mechanism for the greater effect of eCO2 on aboveground biomass at higher ΔCO2 concentrations (>200 ppm) is that plants may reach a saturation point in their response to CO2 enrichment at lower levels. This saturation point may vary among plant species and ecosystems, and may be influenced by factors such as nutrient availability and water availability (Norby et al., 2005). Finally, the greater effect of eCO2 on aboveground biomass in forests compared to grasslands may be because that compared to grasses, forest trees have lower nutrient uptake efficiency and stronger competition with soil microbes (Kaye and Hart, 1997; Cheng and Bledsoe, 2004). Whereas other research reported that the sensitive response of forest fine roots to high CO2 may increase nutrient uptake efficiency and heighten competition with soil microbes (Nambiar and Sands, 1993; Dybzinski et al., 2011).

Previous research reported that eCO2 stimulated the root biomass production by ~28.3% (De Graaff et al., 2006), which is lower than the increase reported in our study. Roots are crucial in controlling ecosystem carbon (C) and nitrogen (N) cycling, and rhizodeposition could increase soil C due to increased root biomass (Bader et al., 2009). Because root-derived materials offer an immediate substrate for microbial activity, increased CO2 probably has a more direct impact on soil C and N cycling through root-derived materials than aboveground litter decomposition (Zak et al., 2000). The allocation of belowground biomass by plants and alterations in C distribution in ecosystems are crucial in predicting future plant responses to rising atmospheric CO2 (Cotrufo and Gorissen, 1997; Iversen, 2010). According to our results, the stimulation of eCO2 on root biomass is stronger than aboveground biomass (Figure 2), which is thought to be due to increased photosynthesis and carbon allocation to belowground tissues as well as changes in nutrient availability and uptake (Norby and Zak, 2011). In order to meet the growth demand of nutrients under eCO2, plants tend to increase the growth of deeper roots which were favor the ability to absorb nutrients and sequester more carbon (Cotrufo and Gorissen, 1997; De Graaff et al., 2006; Iversen, 2010). Previous research reported inconsistent results that root may not always present higher biomass production compared to shoot biomass production (Nowak et al., 2004). Since data regarding simultaneous measurements of root and shoot biomass is still extremely limited, it is still difficult to definitively answer the question regarding the relative response of roots and shoots to eCO2.

Our results showed that eCO2 had a favorable influence on bacterial and fungal biomass (Figures 4B,C), which is similar to the stimulation of total soil microbial biomass that have been widely reported in literature (Eisenhauer et al., 2012). This is likely due to the increased input of soil carbon resulting from above-and belowground litterfall under the conditions of elevated CO2 concentrations. However, our synthesis reveals that this trend only holds true when the increase in CO2 concentration (ΔCO2) is below 200 ppm, indicating that no significant impacts were observed beyond this threshold level (Figure 4). N limitation induced by high eCO2 treatment levels is a probable explanation for this observation (Oren et al., 2001; Luo et al., 2004; Norby et al., 2010; Zou et al., 2020).

Initially, improved carbon (C) availability likely benefits microbes, but their biomass turnover is relatively rapid (Zak et al., 2000; Heath et al., 2005; Lukac et al., 2009). Additionally, increased N immobilization in growing plant biomass (Luo et al., 2004) may also limit microbial growth (Hu et al., 2001, 2006). Our results highlight the crucial role of N availability in controlling soil microbial biomass (Figure 5). Moreover, eCO2 generally increases the CN ratios as the carbon pool increased larger than N pools (Luo et al., 2006; Zou et al., 2020; Xia et al., 2021), which reduces the N availability and leads to the acclimation of microbial biomass growth to high levels of CO2. Therefore, microbial biomass did not show significant increase under high ΔCO2 concentration (>200 ppm) despite the increase in plant biomass production and associated C inputs. In addition, previous research by Dieleman et al. (2010) showed that eCO2 reduced the mineral N or N mineralization, but contradict results has also been reported that mineral N or N mineralization being promoted under eCO2 conditions. Therefore, more work is needed to investigate the N availability and transformation in order to fully understand how eCO2 influence the N processes and further the plant growth. Our findings suggest that eCO2 makes plants more effective at immobilizing N, resulting in microbial growth becoming N-limited as usually larger C inputs typically result in more N uptake, even in ecosystem where the N is insufficient (Finzi et al., 2007). The stimulation of soil microbial biomass by eCO2 observed in our study in OTC experiments (Figure 3A), which regulates microclimate (Huang et al., 2017). A previously published meta-analysis has described the different impact of CO2 fertilization on plant and soil microbial biomass in various ecosystem types, including croplands, forests, and grasslands (Li et al., 2022). However, we found that plant and soil microbial biomass in certain ecosystems showed to have no significant responses to eCO2 as insufficient data were available for these ecosystems (Figures 2A, 4B,C).



Conclusion

Our study indicates that increasing atmospheric CO2 concentrations will significantly affect both plant growth and soil microbes. The effects of eCO2 on plant and microbial biomass were found to be dependent on the specific eCO2 level. The stimulation of aboveground biomass was more influenced by climatic and experimental factors, while the stimulation of belowground biomass was more influenced by soil characteristics. Our findings underscore the crucial role of N availability in regulating microbial responses to elevated CO2 concentration. Our synthesis provided empirical evidence on the impact of CO2 fertilization across a range of ecosystem types, experimental methods, and climates. Furthermore, it provided a quantitative estimate of plant and soil microbial biomass sensitivity to eCO2, which can aid in predicting soil microbial responses to future increases in atmospheric CO2 concentrations.
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Rhizosphere microbiota play an important role in regulating soil physical and chemical properties and improving crop production performance. This study analyzed the relationship between the diversity of rhizosphere microbiota and the yield and quality of flue-cured tobacco at different transplant times (D30 group, D60 group and D90 group) and in different regions [Linxiang Boshang (BS) and Linxiang ZhangDuo (ZD)] by high-throughput sequencing technology. The results showed that there were significant differences in the physicochemical properties and rhizosphere microbiota of flue-cured tobacco rhizosphere soil at different transplanting times, and that the relative abundance of Bacillus in the rhizosphere microbiota of the D60 group was significantly increased. RDA and Pearson correlation analysis showed that Bacillus, Streptomyces and Sphingomonas were significantly correlated with soil physical and chemical properties. PIGRUSt2 function prediction results showed that compared with the D30 group, the D60 group had significantly increased metabolic pathways such as the superpathway of pyrimidine deoxyribonucleoside salvage, allantoin degradation to glyoxylate III and pyrimidine deoxyribonucleotides de novo biosynthesis III metabolic pathways. The D90 group had significantly increased metabolic pathways such as ubiquitol-8 biosynthesis (prokaryotic), ubiquitol-7 biosynthesis (prokaryotic) and ubiquitol-10 biosynthesis (prokaryotic) compared with the D60 group. In addition, the yield and quality of flue-cured tobacco in the BS region were significantly higher than those in the ZD region, and the relative abundance of Firmicutes and Bacillus in the rhizosphere microbiota of flue-cured tobacco in the BS region at the D60 transplant stage was significantly higher than that in the ZD region. In addition, the results of the hierarchical sample metabolic pathway abundance map showed that the PWY-6572 metabolic pathway was mainly realized by Paenibacillus, and that the relative abundance of flue-cured tobacco rhizosphere microbiota (Paenibacillus) participating in PWY-6572 in the D60 transplant period in the BS region was significantly higher than that in the ZD region. In conclusion, different transplanting periods of flue-cured tobacco have important effects on soil physical and chemical properties and rhizosphere microbial communities. There were significant differences in the rhizosphere microbiota and function of flue-cured tobacco in different regions, which may affect the performance and quality of this type of tobacco.
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1. Introduction

Good soil conditions are needed for high-quality tobacco production (Mallikharjuna Rao et al., 2016; Begum et al., 2021; Shen et al., 2022). To achieve sustainable tobacco production, soil quality must be improved (Wang et al., 2019; Yan et al., 2019; Wang et al., 2022). However, due to the extensive use of chemical fertilizer and a series of bad farming measures in tobacco planting regions, the soil microbial abundance and diversity have been reduced, leading to soil acidification, hardening, fertility decline and other outstanding problems, which not only seriously affect crop yield but also adversely affect the sustainable development within the ecosystem and the green environment (Wang Q. et al., 2017; Kavamura et al., 2018; Li et al., 2019). The root system represents the most direct “contact” plants have with the soil (Rich and Watt, 2013). Microbiota can affect the growth, development and morphological characteristics of flue-cured tobacco root systems by improving the physical and chemical properties of soil. Rhizosphere microbiota are an important part of the soil ecosystem and play an important role in the formation and development of soil, the soil nutrient cycle, fertility evolution and plant growth (Niu et al., 2016, 2017; Zheng et al., 2021). The term rhizosphere microbiota refers to the microbiota closely attached to the rhizosphere soil particles, including bacteria and fungi, with bacteria accounting for more than 90% of the total number of microbiota. As a complex ecosystem, the rhizosphere microbiota play a key role in regulating terrestrial carbon dynamics, nutrient cycling and plant productivity (Qu et al., 2020; Zheng et al., 2021; Alegria Terrazas et al., 2022; Jacquiod et al., 2022).

The interaction modes of rhizosphere microbiota include nutritional interdependencies, enhanced dispersion and quorum sensing. Nutritional dependency is an interactive relationship of nutrient-deficient microbiota in the community that compensate for their own metabolic defects by exchanging extracellular metabolites and promoting their own growth (Zengler and Zaramela, 2018; Du et al., 2022; Iven et al., 2022). The Bacillus cereus metabolite peptidoglycan can promote the growth of rhizosphere microbiota. This form of interaction can expand the basic niches of microbiota, enabling them to survive in a nutrient-poor environment (Peterson et al., 2006; Hassani et al., 2018). This interaction strategy plays an important role in building soil microbial networks. Quorum sensing is a signal transduction mechanism. It depends on the population density of the microbiota and regulates the expression, metabolism and other physiological processes of specific genes of bacterial members. In addition to quorum sensing mechanisms, many microbial compounds, such as volatile organic compounds, oxalic acid, glucose, etc., can also act as signal molecules to trigger microbial interactions (Schaefer et al., 2013; Mukherjee and Bassler, 2019). These interactions involve many microbiota, and the sum of the interactions determines the composition and function of the rhizosphere microbiome.

In addition, rhizosphere microbiota and plants are symbiotic, interacting and promoting each other through the plant rhizosphere. During plant growth, inorganic and organic substances secreted from the rhizosphere provide nutrients for microbiota or change soil environmental conditions, thus regulating the growth and structural composition of rhizosphere microbiota (Jin et al., 2019; Kong et al., 2020; Feng et al., 2021). Microbes gather around the rhizosphere, release carbon dioxide or metabolize acid by respiration, which helps to dissolve insoluble minerals and increase the absorption of phosphorus and other mineral elements by plants. Microbes synthesize a variety of proteases to degrade and transform organic matter and provide effective nutrients for plants (Huang et al., 2019). At the same time, microbiota can also produce amino acids, vitamins, antibiotics, and growth stimulators, which inhibit the propagation of pathogenic bacteria and promote plant growth (Renu Gupta et al., 2019). As an important indicator of soil ecosystems, rhizosphere microbiota are closely related to crop yield and quality. Increasing evidence indicates that the plant rhizosphere microbiome plays an important role in promoting host growth, health and tolerance. Excavating and utilizing the beneficial members of the rhizosphere microbiome and processing them into microbial inoculants or fertilizers is a very promising new pesticide and fertilizer preparation avenue (Hu et al., 2016). The transplanting period is the main means to regulate the growth of tobacco in suitable climatic conditions and to ensure that the whole tobacco field growth period is in suitable light, temperature, precipitation and other climatic conditions. A suitable transplanting period is one of the important links in the production of high-quality tobacco leaves (Sreeramulu et al., 2000; Gu et al., 2012). The results of previous studies on the transplanting period are quite consistent. If the transplanting is too early, the tobacco plant is prone to early flowering when it encounters low temperature, and the yield and quality of the tobacco leaves will be reduced. Tobacco plants cannot complete their normal growth cycle when they are transplanted too late and meet high temperatures (Sinha et al., 1984). There are many microorganisms and nutrients in the soil, which is one of the important ecological environmental conditions that affect the quality of tobacco leaves. Under the appropriate ecological conditions, selecting a good soil structure and nutrient status is the key factor in improving the quality of tobacco leaves (Richardson and Simpson, 2011; Hemkemeyer et al., 2021). However, there are few studies on the effects of different transplanting periods on the microbial community and physical and chemical properties of flue-cured tobacco rhizosphere soil. In this study, 16S rRNA gene sequencing technology was used to study the effects of different transplant times and different regions on the yield and quality of flue-cured tobacco, the physical and chemical properties of rhizosphere soil, and the microbial community structure of rhizosphere soil to provide a basis for improving the quality and performance and promoting the sustainable development of flue-cured tobacco in Southwest China.



2. Materials and methods


2.1. Experimental regions and soil physicochemical properties

Since 2020, this experiment has been carried out in Linxiang Boshang and Linxiang Zhangduo, Lincang City, Yunnan Province. The altitude, longitude and latitude of the test plot and soil agrochemical properties are shown in Supplementary Table S1. The flue-cured tobacco variety was Yunyan 87.



2.2. Experimental design

Two fields in the Linxiang Boshang (BS) and Linxiang Zhangduo (ZD) experimental regions were selected. In winter and spring, the fields were not replanted with rape or maize in winter and spring, and the land was prepared after the rape and maize were harvested. The base fertilizer was 600 kg/hm2 (N-P2O5-K2O = 12–14-24) before transplanting and 360 kg/hm2 (N-P2O5-K2O = 15–0-30) after transplanting. Other production measures were the same as in local conventional management, but no herbicides or other plant or soil regulators were applied. Each treatment was replicated three times for a total of 36 plots, with 300 tobacco plants planted in each plot at a row spacing of 120 cm * 50 cm. It should be noted that in this study, we first analyzed the differences in soil physical and chemical properties and microbial composition in different transplant periods (D30: Day 30 transplant, D60: Day 60 transplant and D90: Day 90 transplant). Then, the differences in microbial communities, economic value and production performance in the rhizosphere soil of flue-cured tobacco in the Boshang and Zhangduo regions were compared and analyzed.



2.3. Sample collection

At 30, 60 and 90 days after transplanting the flue-cured tobacco plant, the quincunx five-point sampling method was used to cut and collect the soil at the root of the flue-cured tobacco plant. For sample collection, the tobacco plant was uprooted, the 2–3 cm soil layer above was removed with a circular knife, the large pieces of soil were removed by shaking the roots, and the small soil particles attached to the roots were collected and put into an aluminum box to serve as rhizosphere soil samples. The aluminum box was taken back to the laboratory to determine the physicochemical properties and the diversity of microbiota in the rhizosphere soil.



2.4. Physicochemical properties of the flue-cured tobacco rhizosphere soil

At 30, 60, and 90 days after transplanting, the rhizosphere soil was collected by the quincunx 5-point sampling method and then dried and sieved naturally. Determination of soil pH (potentiometric method with water/soil ratio of 2.5:1), organic matter (potassium dichromate capacity external heating method), available nitrogen (alkali hydrolysis diffusion method), available phosphorus (NaHCO3 extraction molybdenum antimony resistance colorimetry method), and available potassium (NH4OAC extraction flame photometric method) was conducted (Ferreras et al., 2006; Ma et al., 2020). After curing, the tobacco was graded and harvested according to the 42 level national flue-cured tobacco grading standard, and the yield was calculated according to the varieties. The yield, output value, average price and proportion of medium- and top-grade tobacco were calculated according to the purchase price of local flue-cured tobacco.



2.5. Rhizosphere microbiota of the flue-cured tobacco plants


2.5.1. Extraction of genomic DNA from the flue-cured tobacco rhizosphere microbiota

The soil microbial genomic DNA (gDNA) was extracted with an E.Z.N.A. TM kit, then the extracted genomic DNA was detected with 0.8% agarose gel electrophoresis, and the DNA was quantified with a NanoDrop 2000.



2.5.2. 16S rRNA PCR amplification of tobacco rhizosphere soil bacteria

TransGen AP221-02: TransStart Fastpfu DNA Polymerase was used for PCR. The primer sequences were as follows: 338F: ACTCCTACGGGGAGCA, 806R: GGACTACHVGGGTWTCTAAT. The PCR system consisted of the following reaction volume: 25 μl, 12.5 μl 2 × Taq-PCR-MasterMix, 3 μl BSA (2 ng/μL), 1 μl (5 μmol/l) of each primer, 2 μl template DNA, and 5.5 μl ddH2O, and was amplified on the Mastercycler Gradient PCR (Eppendorf, Germany). The circulation parameter was 95°C for 5 min, then it was cycled at 95°C for 45 s, 55°C for 50 s, 72°C for 45 s, and finally it was prolonged at 72°C for 10 min. Each sample was repeated 3 times. The AxyPrepDNA gel recovery kit was used to cut and recover the PCR products, and Tris–HCl elution was performed. The PCR products of the same sample were mixed and detected by 2% agarose gel electrophoresis.



2.5.3. Preparation of sequencing library and high-throughput sequencing

The TruSeq Nano DNA LT Library Prep Kit from the Illumina Company was used, and the sequencing library was prepared according to the manufacturer’s instructions. Before sequencing, the Agilent High Sensitivity DNA Kit was used to inspect the library, and the qualified library used the Quantit PicoGreen dsDNA Assay Kit to detect and quantify the library on the Promega QuantiFluor fluorescence quantitative system. The Illumina MiSeq sequencing platform was used to perform double-ended sequencing on the V3-V4 region of the library according to the operation instructions.



2.5.4. Bioinformatics analysis

First, the original high-throughput sequencing offline data were preliminarily screened according to the sequence quality. The problem samples were retested and retested. The original sequence passing the quality preliminary screening was divided into libraries and samples according to the index and barcode information, and the barcode sequence was removed. Sequence denoising and OTU clustering were carried out according to the QIIME2 DADA2 analysis process. Through statistics on the ASV/OTU table after leveling, the specific composition table of the microbial community in each sample at each classification level was obtained. With this table, we were able to first calculate the number of taxa contained in different samples at each classification level. The alpha diversity level of each sample was evaluated according to the distribution of ASV/OTUs in different samples. Alpha diversity refers to the diversity of a specific region or ecosystem. The diversity index includes the Chao1 index, observed specifications index, Simpson index and Shannon index, which reflect the richness and diversity of samples. At the ASV/OTU level, the distance matrix of each sample was calculated, the difference and significance of beta diversity among different samples (groups) was measured by unconstrained sorting combined with corresponding statistical test methods, and the PICRUSt method was used to predict the functional potential of the microbial population based on 16S rRNA sequence (Douglas et al., 2020).




2.6. Statistical analysis

SPSS 24.0 was used for statistical analysis of the data differences. A visual analysis of the data was performed using GraphPad Prism 8.0. Statistical analyses of two groups and three groups were performed by Student’s t test and one-way ANOVA, respectively. * indicates a significant difference, p < 0.05; ** indicates a very significant difference, p < 0.01; *** indicates an extremely significant difference, p < 0.001; NS indicates that there is no significant difference between the data, p > 0.05.




3. Results


3.1. Physicochemical properties of the flue-cured tobacco rhizosphere soil

In the Boshang and Zhangduo flue-cured tobacco rhizosphere soil, there was no significant difference in pH values in flue-cured tobacco rhizosphere soil among the D30, D60, and D90 groups (p > 0.05) (Figure 1A). The C/N ratio of D60 in the rhizosphere soil was significantly higher than that in the other two time nodes (p < 0.001) (Figure 1B). The contents of available nitrogen, available phosphorus, available potassium, catalase and alkaline phosphatase in the rhizosphere soil decreased with the increase in transplanting time (p < 0.01 or p < 0.001) (Figures 1C–G). The activity of soil sucrase in the rhizosphere soil increased with the increase in transplanting time (p < 0.001) (Figure 1H). The amylase activity and nitrate reductase activity in the rhizosphere soil decreased first and then increased with the increase in transplanting time (p < 0.001) (Figures 1I,J).
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FIGURE 1
 Physicochemical properties of rhizosphere soil of flue-cured tobacco at different transplantation stages. (A). pH of rhizosphere soil of the flue-cured tobacco. (B). C/N ratio of rhizosphere soil of the flue-cured tobacco. (C). Rapidly available nitrogen content of rhizosphere soil of the flue-cured tobacco. (D). Rapidly available phosphorus content of rhizosphere soil of the flue-cured tobacco. (E). Rapidly available potassium content of rhizosphere soil of the flue-cured tobacco. (F). Catalase activity of rhizosphere soil of flue-cured tobacco. (G). Alkaline phosphatase activity of rhizosphere soil of flue-cured tobacco. (H). Sucrase activity of rhizosphere soil of flue-cured tobacco. (I). Amylase activity of rhizosphere soil of flue-cured tobacco. (J). Nitrate reductase activity of rhizosphere soil of the flue-cured tobacco.




3.2. Alpha and beta diversity analysis of the flue-cured tobacco rhizosphere microbiota at different transplantation stages

Figure 2A shows that the alpha diversity index of the rhizosphere microbiota of flue-cured tobacco showed a decreasing trend with the increase in transplanting time (p < 0.05 or p < 0.01 or p < 0.001), indicating that the diversity and richness of the rhizosphere microbiota decreased gradually with the increase in transplanting time. The beta diversity index focuses on the comparison of diversity among different ecosystems, representing the differences among samples. In this study, nonmetric multidimensional scale analysis was used, which simplifies the data structure by reducing the dimension of the sample distance matrix to describe the distribution characteristics of samples at a specific distance scale. In the nonmetric multidimensional scale analysis chart (Figure 2B), the difference in soil microbial communities in the rhizosphere among the three groups was small, and the community composition was more similar. The comparison between groups shows that the composition of soil microbial communities in the rhizosphere at the three time points was quite different, indicating that the structure of soil microbial communities in the rhizosphere was significantly affected by the transplantation time.
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FIGURE 2
 Diversity analysis of the rhizosphere microbiota of flue-cured tobacco at different transplantation stages. (A). Alpha diversity of the rhizosphere microbiota of flue-cured tobacco. (B). Nonmetric multidimensional scaling (NMDS) of rhizosphere microbiota of the flue-cured tobacco. (C). Composition and distribution of rhizosphere microbiota of flue-cured tobacco at the phylum level. (D). Composition and distribution of rhizosphere microbiota of flue-cured tobacco at the genus level.




3.3. Species composition and distribution of the flue-cured tobacco rhizosphere microbiota at different transplantation stages

The diversity of microbial communities in the rhizosphere soil of flue-cured tobacco at different transplantation stages was studied by means of high-throughput sequencing technology. Sequence alignment and annotation showed that at the phylum level, most of the rhizosphere microbiota in the three groups belonged to more than 30 phyla. Figure 2C (the first 10 phyla) shows that the dominant bacteria were Actinobacteria, Proteobacteria, Chloroflexi, Acidobacteria and Firmicutes. At the phylum level, the main microflora compositions of the three groups were similar. Further analysis found that the relative abundance of Firmicutes in the rhizosphere microbiota of flue-cured tobacco at the D60 transplantation time point increased significantly, while the relative abundance of Acidobacteria decreased significantly. At the D90 transplantation time point, the relative abundance of Actinobacteria in the rhizosphere microbiota of flue-cured tobacco decreased significantly, while the relative abundance of Proteobacteria increased significantly. At the genus level, the rhizosphere microbiota of the three groups covered more than 300 groups. Figure 2D (the first 20 genera) shows the structure and relative abundance of these three groups of microbiota. Dominant bacteria mainly include Bacillus sp., Sphingomonas, Arthroactor, Saccharimonadales and JG30-KF-AS9. Further analysis showed that the major genera of the two groups were similar at the genus level. The relative abundance of Bacillus sp. and Arthrobacter at the D60 transplantation time point increased significantly (p < 0.01 or p < 0.001), while the relative abundance of JG30-KF-AS9 decreased significantly. The relative abundance of Sphingomonas and Saccharimonadales at the D90 transplantation time point was significantly increased (p < 0.01 or p < 0.001), while the relative abundance of Bacillus sp. was significantly decreased compared with the D60 transplantation time point (p < 0.001).



3.4. Species differences and marker species of the flue-cured tobacco rhizosphere microbiota at different transplantation stages

The results show (Figure 3A) that there were 31,129, 24,182, and 22,576 ASV/OTUs in the D30, D60 and D90 groups of samples, respectively, and there were 7,388 ASV/OTUs in total in the three groups. The LDA value distribution histogram of species with significant differences in the LEfSe analysis was used to show the species significantly enriched in each group and their importance. The LEfSe analysis results showed that Actinomycetes, Firmicutes and Proteobacteria were significantly enriched and important species in the D30, D60 and D90 samples (Figure 3B). RDA results showed that SAN (soil available nitrogen content), SAP (soil available phosphorus content), S-CAT (soil catalase activity), S-ALP (soil available potassium content) and C/N-R (C/N ratio) were mainly related to the D60 group, and SAK (soil alkaline phosphatase activity), S-NR (soil nitrate reductase activity), S-AL (soil amylase activity), pH and S-SC (soil scrase activity) were mainly related to the D30 and D90 groups (Figure 3C). Online analysis software (https://www.OmicShare.com/Tools, Pearson correlation analysis) was used to analyze the correlation between the top 10 genera in the D30, D60 and D90 groups and soil physical and chemical property indices. The correlation analysis results show (Figure 3D) that microbial communities such as Terrabacter, Gemmatimonas, Bryobacter, Sphingomonas and Saccharimonadales in the rhizosphere soil of flue-cured tobacco were positively correlated with physical and chemical property indicators such as pH, S-SC, S-AL and S-NR in the rhizosphere soil of flue-cured tobacco but negatively correlated with physical and chemical property indicators such as C/N-R, SAN, SAP, S-CAT, S-ALP and SAK. In addition, Streptomyces had a significant positive correlation with physical and chemical indicators such as SAN, SAP, S-CAT, S-ALP, and SAK.
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FIGURE 3
 Species differences and marker species of the rhizosphere microbiota of flue-cured tobacco at different transplantation stages. (A). Venn diagram of the rhizosphere microbiota of flue-cured tobacco. (B). LEfSe analysis of rhizosphere microbiota of the flue-cured tobacco. (C). RDA redundancy analysis between microbiota and physicochemical properties of the flue-cured tobacco rhizosphere soil. (D). Correlation analysis between microbiota and physicochemical properties of the flue-cured tobacco rhizosphere soil.


[image: Figure 4]

FIGURE 4
 Differences in KEGG metabolic pathways of the flue-cured tobacco rhizosphere microbiota at different g transplantation stages. (A). Differences in KEGG metabolic pathways of the flue-cured tobacco rhizosphere microbiota at the Day 30 and 60 transplantation stages. (B). Differences in KEGG metabolic pathways of the flue-cured tobacco rhizosphere microbiota at the Day 60 and 90 transplantation stages.




3.5. Differences in metabolic pathways involved in the soil microbiota in the rhizosphere of flue-cured tobacco at different transplantation stages

The PICRUSt2 function prediction results showed that there were significant differences between the D30 and D60 flue-cured tobacco soil microbiota involved in metabolic pathways. D60 flue-cured tobacco soil microbiota significantly increased the superpathway of pyrimidine deoxyribonucleoside salvage, allantoin degradation to glyoxylate III and pyrimidine deoxyribonucleotides de novo biosynthesis III metabolic pathways (Figure 4A). Similarly, there was also a significant difference in the metabolic pathways involving the microbiota in the D60 and D90 flue-cured tobacco soils. The microbiota in the D90 flue-cured tobacco soils had significantly upregulated ubiquinol-8 biosynthesis (prokaryotic), ubiquinol-7 biosynthesis (prokaryotic) and ubiquinol-10 biosynthesis (prokaryotic) metabolic pathways (Figure 4B).
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FIGURE 5
 Differences in the flue-cured tobacco production characteristics and rhizosphere microbiota diversity in different regions. (A). Proportion of middle- and top-grade flue-cured tobacco in different regions. (B). Production of flue-cured tobacco in different regions. (C). Average price of flue-cured tobacco in different regions. (D). Output price of flue-cured tobacco in different regions. (E). Composition and distribution of rhizosphere microbiota of flue-cured tobacco at the phylum level in different regions and stages. (F). Composition and distribution of rhizosphere microbiota of flue-cured tobacco at the genus level in different regions and stages. (G). Difference analysis of metabolic pathways involved in the rhizosphere microbiota of flue-cured tobacco in different regions at the Day 60 transplantation stage. (H). Species composition and distribution of metabolic pathways (PWY-6572) involved in the rhizosphere microbiota of flue-cured tobacco in different regions at the Day 60 transplantation stage.




3.6. Differences in the flue-cured tobacco production characteristics and its rhizosphere microbiota diversity in different regions

The production characteristics of flue-cured tobacco in different regions were different. The proportion of middle and high grades, yield, average price and export value of flue-cured tobacco in the BS region were significantly higher than those in the ZD region (p < 0.05 or p < 0.01 or p < 0.001) (Figures 5A-D). In terms of microbial composition and distribution at the phylum level, the relative abundance of Proteobacteria in the BS region was significantly lower than that in the ZD region on the 60th day (p < 0.05), while the relative abundance of Firmicutes in the BS region was significantly higher than that in the ZD region on the 60th day (p < 0.05) (Figure 5E). At the genus level, the relative abundance of Bacillus in the BS region was significantly higher than that in the ZD region on the 60th day (p < 0.01) (Figure 5F). Further analysis was performed on the differences in metabolic pathways involving microbial communities in the rhizosphere soil of flue-cured tobacco in the BS and ZD regions on the 60th day (Figure 5G). The results showed that the PWY-6572 pathway was significantly upregulated in the BS region compared with the ZD region (p < 0.001), the PWY-6572 pathway was mainly contributed by Paenibacillus, and the relative abundance of Paenibacillus in the BS region was significantly higher than that in the ZD region (p < 0.01) (Figure 5H).




4. Discussion

The rhizosphere microbiome is a microorganism community designated to inhabit a narrow area (<10 mm) around the root system and plays an important role in maintaining crop health (Berendsen et al., 2012). In recent years, the important role of the rhizosphere microbiome in promoting the transformation of nutrient elements and inhibiting pathogens has been gradually revealed (Takenaka et al., 2008). There is an interaction between rhizosphere microorganisms and plant roots. The growth and reproduction of rhizosphere microorganisms provide nutrients for plant growth, while plant roots also provide a living environment for the growth of microorganisms, indirectly selecting and promoting the “survival of the fittest” rhizosphere microorganisms (Jouni et al.). Rhizosphere microorganisms can mineralize organic matter secreted by plant roots or in soil near roots and promote the circulation and turnover of nutrient elements (Alegria Terrazas et al., 2016). This promotes the release of nutrient elements in soil through the rhizosphere stimulation effect and affects the competitiveness of different plants (Bakker et al., 2018; Yin et al., 2018; Jat et al., 2019). In terms of plant disease control, beneficial microorganisms in the rhizosphere can directly act on pathogens through niche competition, production of antimicrobials, production of cell wall-degrading enzymes and other ways to reduce their abundance in the soil and can also directly act on plants themselves through production of plant growth hormone, fixation and decomposition of nutrient elements, induction of systemic resistance and population induction, thereby reducing the risk of plant disease (Liang et al., 2014; Wang L. et al., 2017; Ferreira et al., 2019). In this study, 16S rRNA high-throughput sequencing technology was used to analyze the differences in the rhizosphere microbiota of flue-cured tobacco in different transplant periods and different regions to provide a basis for improving the quality and performance and promoting the sustainable development of flue-cured tobacco in Southwest China.

The chemical properties of soil determine the growth of crops. There was no significant difference in the pH value of flue-cured tobacco rhizosphere soil at different transplanting stages, but there was a large difference in the C/N ratio of flue-cured tobacco rhizosphere soil at different transplanting stages. The activity of soil microorganisms changes the physical and chemical properties of soil and the soil microenvironment. The improvement of soil physical and chemical properties promoted the growth of tobacco plants and eventually led to changes in the growth and development of the tobacco. A high C/N ratio in soil will lead to the enrichment of fungi, and most of them will participate in the synthesis of antibiotics. Rhizosphere microbiota play a vital role in maintaining soil fertility and crop production (Carbone et al., 2014). The number of rhizosphere microbiota and the composition of the community structure will change with changes in the soil ecological environment (Hansel et al., 2008). Actinobacteria and Proteobacteria were the dominant bacteria in the rhizosphere soil of flue-cured tobacco at different transplanting stages. Actinobacteria can accelerate the decomposition of animal and plant remains in soil and accelerate the increase in inorganic content in soil. Proteobacteria mainly plays the role of nitrogen fixation. The increase in Proteobacteria is beneficial to the effective transformation of nitrogen in soil (Moulin et al., 2001). Moreover, the relative abundance of Bacillus in the rhizosphere of flue-cured tobacco at the D60 transplanting stage was significantly higher than that at the D30 and D90 transplanting stages. The change in the bacterial community (especially Bacillus, Streptomyces and Sphingomonas) in the rhizosphere soil of flue-cured tobacco is closely related to the content of available phosphorus, available potassium, organic matter and the soil C/N ratio. The physical and chemical properties of the flue-cured tobacco rhizosphere soil at different transplanting stages are different, resulting in different responses of soil microorganisms to different soil nutrients. In addition, the participation of rhizosphere microorganisms in the metabolic pathway of flue-cured tobacco in different transplanting periods was significantly different, mainly manifested in the superpathway of pyrimidine deoxyribonucleoside salvage, allentoin degradation to glycoxylate III and pyrimidine deoxyribonucleotides de novo biosynthesis III metabolic pathways, ubiquitol-8 biosynthesis (prokaryotic), ubiquinol-7 biosynthesis (prokaryotic) and ubiquinol-10 biosynthesis (prokaryotic) metabolic pathways.

The economic characteristics of flue-cured tobacco directly affect the income from tobacco leaves. Research shows that increasing the number of fungi, bacteria and Actinobacteria in the soil will improve the yield, output value, proportion of superior tobacco and average price of flue-cured tobacco to varying degrees (Sreevidya et al., 2016; Namwongsa et al., 2019). The yield, output value, average price and proportion of first-class tobacco in Boshang, Linxiang were significantly better than those of Zhangduo, Linxiang. The reason may be the difference in soil microbial communities between the two places. The relative abundance of Bacillus in the rhizosphere microbiota of flue-cured tobacco during D60 transplantation in Boshang, Linxiang, was significantly higher than that in Zhangduo, Linxiang. Bacillus contains many probiotics, such as Bacillus subtilis, Lactobacillus lactis and Bacillus amylosus. These microorganisms have strong probiotic functions, which can not only inhibit plant pathogens but also stimulate plant immunity to enhance the quality and performance of plants (Pieterse et al., 2014; Wu et al., 2019; Hu et al., 2020). Further analysis found that the rhizosphere microbiota of Linxiang Boshang flue-cured tobacco during the D60 transplantation had significantly upregulated PWY-6572 and PWY-5656 metabolic pathways (compared with the microbiota of the Linxiang Zhangduo area), with the PWY-6572 and PWY-5656 metabolic pathways being related to carbohydrate degradation and organic matter biosynthesis, respectively, which may be the key to promoting the quality and performance of Linxiang Boshang flue-cured tobacco to be better than that of the Linxiang Zhangduo area.



5. Conclusion

In this study, different transplanting periods of flue-cured tobacco had important effects on soil physical and chemical properties and rhizosphere microbial communities. There were significant differences in the rhizosphere microbiota and function of flue-cured tobacco in different regions, which may affect the performance and quality of flue-cured tobacco.
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Manure is a potential substitute for chemical phosphate fertilizer, especially in intensive agriculture, such as greenhouse farming, but the associations between soil phosphorus (P) availability and the soil microbial community under manure application instead of chemical phosphate fertilizers are still rarely addressed. In this study, a field experiment in greenhouse farming with manure application instead of chemical phosphate fertilizers was established, including five treatments: a control with conventional fertilization and chemical phosphate fertilizer substitution treatments using manure as the sole P resource at 25% (0.25 Po), 50% (0.50 Po), 75% (0.75 Po), and 100% (1.00 Po) of the control. Except for 1.00 Po, all the treatments applied with manure harbored similar levels of available P (AP) as the control. Most of the bacterial taxa involved in P transformation were enriched in manure treatments. Treatments of 0.25 Po and 0.50 Po significantly enhanced bacterial inorganic P (Pi) dissolution capacity, while 0.25 Po decreased bacterial organic P (Po) mineralization capacity. In contrast, the 0.75 Po and 1.00 Po treatments significantly decreased the bacterial Pi dissolution capacity and increased the Po mineralization capacity. Further analysis revealed that the changes in the bacterial community were significantly correlated with soil pH, total carbon (TC), total nitrogen (TN), and AP. These results revealed the dosage effect of the impact of manure on soil P availability and microbial P transformation capacity and emphasized that an appropriate dosage of organic manure is important in practical production.
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Introduction

As typical intensive agriculture, greenhouse farming is a potential approach to cope with food demand in future (Aznar-Sánchez et al., 2020). Greenhouse production has rapidly developed in the past several decades, especially in developing countries, such as China. Greenhouse farming supplies types of agricultural products, especially vegetables and fruits, which are a great complement to traditional agriculture. However, the high input in greenhouse farming also results in many environmental problems, such as heavy metal contamination and nutrient loss (Yang et al., 2014). Thus, controlling pollution and nutrient flows is key for the sustainability of greenhouse farming (Zikeli et al., 2017).

P is a macroelement for plants. To increase plant production, high amounts of P fertilizers are applied to the soil. As a result, approximately 80% of global phosphate rock is consumed as fertilizer (Van Vuuren et al., 2010). However, phosphate rock is a nonrenewable resource; thus, P shortages may become one of the greatest challenges for sustainable agriculture in future (Cordell et al., 2009).

Manure is a good substitute for mineral P fertilizers, as it is rich in P. A large amount of manure produced by livestock production largely changes the P cycle in agriculture (Bouwman et al., 2013). Integration of manure in crop production is beneficial to the reduction in nutrient flow. The P in manure is bioavailable; thus, manure directly increases the soil AP content by supplying a high amount of AP. In addition, manure also contains other types of matter, such as organic carbon, which indirectly impacts soil P availability by changing soil properties and microbial P transformation capacity. For example, manure application could decrease the AP content by neutralizing soil acidity, as some manures are alkaline (Sun et al., 2015b). The high content of organic carbon in manure also changes the soil resource supply, thus changing the soil microbial community, especially for heterotrophic microbes, such as fungi (Sun et al., 2016), and impacting microbial P transformation (Shen et al., 2011). In addition, the types of organic substances in manure change soil absorption and desorption features targeting P, resulting in changes in P dynamics in soil (Von Wandruszka, 2006).

Microbes are the primary drivers of P transformation in soil (Li et al., 2021). The microbial community and P transformation features are sensitive to agricultural fertilization (Dai et al., 2020). Our previous studies have found that manure incorporation greatly changes soil fungal community assemblages by altering soil characteristics, especially the soil carbon pool (Sun et al., 2016, 2020). Another study revealed that manure addition enhances soil microbial organic P mineralization by supplying labile carbon, which increases the abundance of microbial taxa involved in organic P mineralization (Chen et al., 2020). However, compared with chemical fertilizers, manure is considered a friendlier substrate for soil microbial ecology, as many studies have shown that manure is more beneficial to the stabilization of soil microbial assemblages (Sun et al., 2015a, 2023b); thus, using manure to substitute mineral fertilizers may also be conducive to improving soil microbial diversity and ecological functions. Our recent study showed that the substitution of manure for mineral P fertilizers significantly increased soil P availability and enhanced microbial organic P mineralization capacity (Sun et al., 2022a). The results confirmed the feasibility of applying manure instead of mineral P fertilizers in greenhouse farming. However, the high AP content may also increase the risk of P leaching. Thus, finding the optimal dosage of manure in substituting mineral P fertilizer to balance agricultural production and environmental effects is important. In addition, how manure impacts the soil microbial community and P transformation features is still unknown. In this study, the bacterial community assemblage and P transformation features under a series dosage of manure input were determined. This study aimed to (i) determine the dosage effect of manure on the soil bacterial community and P transformation features, (ii) reveal the key factors influencing the soil bacterial community assemblage, and (iii) explore the optimal dosage of manure for mineral P fertilizer substitution.



Materials and methods


Experimental design

The design of the experiment was detailed in a previous study (Sun et al., 2022a). The field experiment was performed in a solar greenhouse in Raoyang County, Hebei Province, China (38°15′N, 115°44′E). The soil was silt loam. A total of five treatments were set up in 2017, including one control (conventional fertilization) and four treatments using manure substitute mineral P fertilizers with total P inputs of 25% (0.25 Po), 50% (0.50 Po), 75% (0.75 Po), and 100% (1.00 Po). The control treatment was fertilized with mineral nitrogen (N, 90 kg N·ha−1·year−1), P (90 kg P2O5·ha−1·year−1), and potassium (K, 90 kg K2O·ha−1·year−1) fertilizers and cattle manure (84 t ha−1·year−1). The manure-amended treatments were fertilized with the same amount of mineral N and K fertilizers as the control but with manure instead of mineral P fertilizers. The amount of manure applied to the 0.25 Po, 0.50 Po, 0.75 Po, and 1.00 Po treatments was 33.6, 67.2, 100.8, and 134.4 t ha−1·year−1, respectively. Each treatment contained three replicate plots. The size of each plot was 20 m2 (8 m × 2.5 m). The plant system in all treatments was tomato and muskmelon rotation. Except for the fertilization strategy, all the treatments were under the same management.



Soil sampling, DNA extraction, PCR, and high-throughput sequencing

Soil sampling and soil bacterial community measurement were performed according to the methods described in previous studies (Sun et al., 2022; Sun et al., 2023a). In total, five soil cores (0–20 cm) were collected from each plot on 10 June 2020. They were mixed thoroughly as a single sample. After sieving through a sifter (bore diameter of 2 mm) to remove impurities, all the samples were divided into two parts: one for physicochemical property measurement and the other for DNA extraction.

A FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, the United States) was used for soil total DNA extraction. DNA was extracted from 0.5 g of fresh soil following the user guide.

The primer set 515F/806R was used to amplify the V4 region of the bacterial 16S rRNA gene. The polymerase chain reactions (PCRs) were performed in a 50-μL system with a thermal cycle of initial denaturation at 95°C for 10 min; 30 cycles in a series of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min; and a final extension at 72°C for 10 min. The PCR system consisted of 25 μl PCR premix (TaKaRa Ex Taq), 1 μl forward primer (10 μM), 1 μl reverse primer (10 μM), 1 μl DNA template (20 ng), and 22 μl PCR grade water. After quality checks and purification, the PCR products were sequenced using an Illumina HiSeq 2,500 System.



Bioinformatic analysis of the high-throughput sequencing data

Bioinformatic analysis of the sequencing data was primarily performed using the VSEARCH package (Rognes et al., 2016) according to the protocols described in previous studies (Liu et al., 2020; Sun et al., 2022b). After removing adapt and primer bases using Cutadapt (Martin, 2011), the paired-end reads were merged; then, the low-quality and chimeric reads were filtered. The clean reads were then denoised using the UNOISE algorithm (version 3), and zOTUs (zero-radius operational taxonomic units) were generated. Taxonomic assignment of each zOTU was performed using SINTAX (Edgar, 2016) against SILVA rRNA database (version 138). The zOTUs assigned as mitochondria or chloroplast were removed; then, the zOTU table was rarefied to 48,000 reads per sample for statistical analysis.



Determination of microbial P transformation profiles

The functional profiles of the bacterial community were predicted using PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved Stats; Douglas et al., 2020). Genes involved in P transformation were selected for further analysis.

Soil alkaline phosphatase activity was determined using a Soil Alkaline Phosphatase (S-AKP/ALP) Activity Assay Kit (Beijing Solarbio Science & Technology Co., Ltd., China) following the user’s manual.

The inorganic P dissolution potential of the soil microbial community was measured using an incubation method according to the previous study (Sun et al., 2022b). In short, 1 g of soil was added to 90 ml of sterilized water to make a soil suspension, and 1 ml of the soil suspension was added to a 150 ml conical flask filled with 50 ml sterile PVK liquid medium. Then, the flask was incubated at 28°C (180 rpm) for 5 days. Dissolved P in the medium was measured at 0, 12, 24, 48, 72, 96, and 120 h.




Statistical analysis

Statistical analysis was performed using R platform (version 4.0.2) according to the previous studies (Sun et al., 2021, 2023a). The significance of the variable difference was checked by Kruskal–Wallis rank-sum test (0.05 level). Non-metric multidimensional scaling (NMDS) based on Bray–Curtis distance was performed to illustrate the variation of the bacterial community under different treatments. Beta-null model deviation was calculated to show the changes in deterministic and stochastic processes in soil microbial community assembly (Tucker et al., 2016; Sun et al., 2020). Pearson’s correlation coefficients between bacterial community and soil properties were calculated using the Mantel test, and the best subset of environmental variables having the maximum (rank) correlation with community dissimilarities was determined using ‘bioenv’ function in Vegan library.



Results


Effects of manure treatment on soil properties and crop yield

As shown in Table 1, soil pH showed no significant difference between manure treatments and the control. However, soil pH decreased with a high amount of manure application, and soil pH at 1.00 Po was significantly lower than that at 0.25 Po and 0.50 Po. Soil conductivity (EC) varied little among treatments, except for significantly lower EC in 0.50 Po than in the other treatments. Soil total carbon (TC) was significantly higher in the 0.75 Po and 1.00 Po treatments than in the other treatments. The soil total nitrogen (TN) and soil organic matter (SOM) in the manure treatments were similar to those in the control, but 0.50 Po contained significantly lower TN than the other treatments and significantly lower SOM than 0.75 Po and 1.00 Po. Soil ammonia (NH4+‑N) and nitrate nitrogen (NO3‑N) in 0.25 Po and 0.50 Po were significantly lower than that in the control, while 0.75 Po and 1.00 Po contained similar levels of NH4+‑N and NO3‑N as the control.



TABLE 1 Soil properties under different treatments.
[image: Table1]

All the manure treatments contained higher AP than the control, and the AP content increased with a high amount of manure application, but only the increase in AP at 1.00 Po was statistically significant.

Tomato yields did not differ significantly between the control and manure treatments (Table 1), and muskmelon yields increased with a high amount of manure application, but the difference was not significant (Table 1).



Variation in the bacterial community under different treatments

The bacterial community in the studied soil was dominated by Proteobacteria, Acidobacteriota, Chloroflexi, Firmicutes, Bacteroidota, Planctomycetota, Actinobacteriota, Gemmatimonadota, Myxococcota, and Verrucomicrobiota, which accounted for 92.47% of the total reads (Figure 1A). The variation in the bacterial community under different treatments was illustrated by a 2D NMDS plot (Figure 1B), in which the samples from different treatments were separated from each other, suggesting that different treatments shaped distinct bacterial communities.

[image: Figure 1]

FIGURE 1
 Taxonomic composition of the bacterial community under different treatments (A). NMDS plots show the variation in the bacterial community (B). Chao1 richness (bar plot) and Heip’s evenness (point plot) of the bacterial community under different treatments (C). Bars with different letters (shown above each) are significantly different (p < 0.05) as revealed by the Kruskal–Wallis rank-sum test.


Chao1 richness and Heip’s evenness were calculated to assess the impact of different treatments on bacterial diversity (Figure 1C). The Chao1 richness was not significantly different between manure treatments and the control, but 1.00 Po harbored significantly lower bacterial richness than 0.50 Po. In contrast, Heip’s evenness was lower in manure treatments than in the control, and 0.75 Po and 1.00 Po resulted in significantly lower bacterial evenness than the control.



Impact of manure treatment on soil bacterial functional profiles involved in P transformation

Using PICRUSt2, 20 genes involved in P transformation were predicted (Figure 2A). In general, manure treatment increased the abundance of most of the functional genes, except for that of the ppaX and appA genes. In addition, the dosage effect of manure on these functional genes was also observed. For example, 0.25 Po, 0.50 Po, and 0.75 Po increased, but 1.00 Po decreased, the abundance of the ppaC gene. Po and 1.00 Po increased, but 0.50 Po and 0.75 Po decreased, the abundance of the phnW gene. When grouping the genes involved in inorganic P dissolution and organic P mineralization, the total abundance of genes involved in inorganic P dissolution varied little among treatments (Figure 2B). In contrast, the total abundance of genes involved in organic P mineralization was significantly higher in manure treatments (except 0.50 Po) than in the control (Figure 2C).

[image: Figure 2]

FIGURE 2
 Fold change in abundance of the genes involved in P transformation compared with control (heatmap) and the total abundance of each gene (bar plot; A). Total abundance of genes involved in Pi dissolution (B) and Po mineralization (C). Boxes with different letters (shown above each) are significantly different (p < 0.05) as revealed by the Kruskal–Wallis rank-sum test.


Based on the incubation experiment using calcium phosphate as the sole P resource, the microbial inorganic P dissolution capacity under different treatments was illustrated (Figure 3A). The dynamic changes in dissolved P in the culture showed an approximate bell curve during the whole incubation period. The highest content of dissolved P was observed at 48 h. The 0.75 Po and 1.00 Po treatments showed similar dynamic curves as the control. However, the 0.25 Po and 0.50 Po treatments resulted in significantly higher dissolved P contents at 48 h than the control.

[image: Figure 3]

FIGURE 3
 Dynamics of inorganic P solubilization by microbes (A) and changes in soil alkaline phosphatase activity (B) under different treatments. **Indicates a significant difference compared with the control. Bars with different letters (shown above each) are significantly different (p < 0.05) as revealed by the Kruskal–Wallis rank-sum test.


The soil alkaline phosphatase activity in the 0.50 Po and 0.75 Po treatments was similar to that in the control (Figure 3A), but significantly lower and higher soil alkaline phosphatase activity than that in the control was observed in the 0.25 Po and 1.00 Po treatments, respectively (Figure 3B).



Correlations between soil properties and the bacterial community

Through the Mantel test, the Pearson correlation coefficients between soil properties and the bacterial community were determined (Table 2). The results showed that in all the detected soil properties, TC, TN, and phosphatase activity were significantly correlated with the bacterial community. Soil pH, TC, TN, and AP were the best subsets with the maximum (rank) correlation with the community. The subsets’ correlations with the bacterial community were much higher than the single correlations.



TABLE 2 Pearson’s correlation coefficients between soil properties and bacterial community.
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Microbial community assembly under different manure treatments

The positive beta-null deviation revealed the dissimilarity between the detected bacterial community and the randomly assembled community from the null model. In addition, the beta-null deviation in the 0.50 Po treatment was significantly lower than that in the control, while it was similar between the other manure treatments and the control (Figure 4). These results showed that the contribution of deterministic assembly in shaping the bacterial community was significantly lower in the 0.50 Po treatment than in the control, and the 0.25 Po, 0.75 Po, and 1.00 Po treatments had little impact on soil bacterial community assembly.

[image: Figure 4]

FIGURE 4
 Beta-null deviations of the bacterial community under different treatments. Bars with different letters (shown above each) are significantly different (p < 0.05) as revealed by the Kruskal–Wallis rank-sum test.





Discussion

Greenhouse agriculture is a potential sustainable production mode for future agriculture. However, a high input of resources greatly hinders its development. As a widely sourced organic material, manure is considered a great substitute for mineral fertilizers. Our previous study revealed that substituting mineral P fertilizer with manure increased soil P availability and enhanced microbial P transformation, especially for organic P mineralization (Sun et al., 2022a). In this study, the dosage effects of manure on soil P availability and microbial P transformation were further revealed. Using manure as the sole P resource at the amount of 25, 50, and 75% of the total input P in the control could keep the AP level in soil similar to that in the control, indicating that manure could not only be a good substitute for mineral P fertilizers but also decrease the input of P resources. However, the application of manure as the soil P resource at the same amount of P input in the control significantly increased the soil AP content, reaching 243.63 mg/kg (Table 1). Such a high amount of AP may increase the risk of P leaching.

Soil microbes are the primary drivers of P transformation (Alori et al., 2017; Park et al., 2022). Studies have shown that manure application increases soil P availability through various mechanisms, such as readily inputting AP, releasing native soil P, decreasing the availability of sorption sites (Poblete-Grant et al., 2020), and enhancing soil microbial P transformation capacity (Chen et al., 2022). Here, the dosage effects of manure on soil bacterial community assemblages and P transformation features were also revealed. Although the taxonomy and richness of the bacterial community varied little among the different manure treatments (Figures 1A,C), different manure treatments shaped distinct bacterial community structures (Figure 1B), and a high input of manure significantly decreased community evenness (Figures 1B,C), indicating that the bacterial community assemblage sensitively responded to manure application and that the impact of manure on the bacterial community intensified with increasing manure amount. The dosage effects of manure on the soil bacterial community were also observed in the P transformation capacity. Low inputs of manure, 0.25 Po and 0.50 Po, significantly enhanced microbial inorganic P dissolution (Figure 3A); however, the opposite phenomenon was observed for organic P mineralization, with the lowest soil alkaline phosphatase activity observed in the 0.25 Po treatment and the highest in the 1.00 Po treatment (Figure 3B). These findings revealed the distinct mechanisms of low and high inputs of manure in affecting soil P availability: Low inputs of manure increased AP sourced from inorganic P dissolution, while high inputs of manure increased AP sourced from organic P mineralization. However, this was inconsistent with the results from function prediction (Figures 2B,C), which showed that manure treatment had little impact on the abundance of functional genes involved in inorganic P dissolution but increased that involved in organic P mineralization. This result showed the uncoupling between microbial potential function and apparent function, which was also observed in many other ecosystems (Torsvik and Øvreås, 2002). This is largely associated with the high functional redundancy of the microbial community (Louca et al., 2018), and the niche separation and taxon-specific responses of the microbial taxa driving the same processes of environmental changes that have been revealed in our previous studies (Sun et al., 2019, 2021). The results from this study indicate that soil P transformation may greatly depend on part of the functional groups, and identifying the core functional microbiome and their community assembly mechanisms would promote the development of microbial regulation techniques to enhance soil P availability.

Understanding the mechanisms of agricultural practices in shaping the soil microbial community is key for the development of sustainable agriculture. Manure application can shape soil microbial community composition and diversity by changing soil environmental properties (Shen et al., 2011; Dai et al., 2020), introducing exogenous taxa (Sun et al., 2016, 2020), altering microbial interactions (Sun et al., 2020), and so on. In this study, the dosage effect of manure on the soil bacterial community may be primarily associated with the different impacts of manure treatments on soil environmental conditions. The soil bacterial community was significantly correlated with two single properties: soil carbon and nitrogen; however, the subset containing pH, TC, TN, and AP showed a much higher correlation with the bacterial community (Table 2), indicating that the soil bacterial community was impacted by multiple factors. As different microbial taxa have distinct environmental preferences (Sun et al., 2021), they showed different responses to environmental changes. In addition, the dosage effect of manure on the soil microbial community may also be associated with different amounts of input carbon. Manure contains various types and high amounts of organic carbon. The input of manure would largely change the supply of carbon resources, thus resulting in a source filter on the soil microbial community. Therefore, the growth and competitiveness of the taxa targeting the carbon resources from manure would improve, resulting in the enhanced dominance of these taxa, while other taxa would become less dominant. If this filter effect is excessively high, the taxa with low competitiveness would become extinct, thus resulting in the loss of soil microbial diversity. In general, this filter effect increases with the input amount of manure. Thus, a significant impact on bacterial diversity was observed in the 0.75 Po and 1.00 Po treatments (Figure 1C). The loss of soil microbial diversity by manure application has also been observed in other systems (Sun et al., 2020). These results emphasized the importance of a reasonable application amount of manure in maintaining soil microbial diversity. It is also indicated that substituting mineral P with manure at an amount of 50% P input as conventional fertilization is more beneficial for the soil bacterial community without diverse impacts on soil P availability and crop production. This is further supported by the results of beta-null deviation (Figure 4). The amount of 0.50 Po significantly lowered the contribution of deterministic processes in structuring bacterial community assembly, indicating that the 0.50 Po treatment weakened the niche filter effects on the soil bacterial community, thus increasing diversity. In addition, manure contains types of exogenous bacteria, which would immigrate into the soil by fertilization. Studies have found that manure-sourced microbes are also a key factor influencing soil microbial diversity and community assemblage (Sun et al., 2016, 2020). How exogenous microbes impact soil microbial functions should be paid more attention in further studies.



Conclusion

Manure is considered a favorable substitute for mineral P fertilizers. This study revealed the dosage effect of manure application on soil P availability, bacterial community assemblage, and P transformation functional features in greenhouse agriculture. Without mineral P fertilizers, manure application could maintain soil P availability as traditional fertilization, and a high input of manure significantly increased the soil AP content. However, low and high inputs of manure showed different pathways in impacting soil P availability. A low input of manure enhanced soil microbial Pi dissolution, while a high input of manure enhanced soil microbial Po mineralization. Different amounts of manure input shaped distinct soil bacterial communities, which were closely correlated with the changes in soil pH, TC, TN, and AP. High input of manure significantly lowered bacterial evenness and showed an adverse effect on bacterial richness. Under the comprehensive consideration of the impact of manure on soil P availability, crop production, and soil bacterial diversity, the application of manure as the sole P source at 50% P input as traditional fertilization is reasonable in the studied greenhouse agriculture.
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Introduction: The composition and stability of soil fungal network are important for soil function, but the effect of trifluralin on network complexity and stability is not well understood.

Methods: In this study, two agricultural soils were used to test the impact of trifluralin on a fungal network. The two soils were treated with trifluralin (0, 0.84, 8.4, and 84 mg kg−1) and kept in artificial weather boxes.

Results and discussion: Under the impact of trifluralin, the fungal network nodes, edges, and average degrees were increased by 6–45, 134–392, and 0.169–1.468 in the two soils, respectively; however, the average path length was decreased by 0.304–0.70 in both soils. The keystone nodes were also changed in trifluralin treatments in the two soils. In the two soils, trifluralin treatments shared 219–285 nodes and 16–27 links with control treatments, and the network dissimilarity was 0.98–0.99. These results indicated that fungal network composition was significantly influenced. After trifluralin treatment, fungal network stability was increased. Specifically, the network robustness was increased by trifluralin with 0.002–0.009, and vulnerability was decreased by trifluralin with 0.0001–0.00032 in the two soils. Fungal network community functions were also impacted by trifluralin in both soils. Trifluralin significantly impacts the fungal network.
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1. Introduction

Microorganisms are important for soil substance and energy cycling. In a soil ecosystem, microbial species connect as an organic entity and connect with others through positive, negative, and neutral relationships (Faust and Raes, 2012; Coyte et al., 2015). In these complicated relationships, soil microorganisms perform functions of mineral and energy management and nutrient cycling (Montoya et al., 2006; Glaze et al., 2022). Therefore, interactions between microbes are vital for maintaining homeostasis in soil processes. The network has been increasingly used in soil ecology to evaluate complicated relationships of microbial species (Berry and Widder, 2014; Przulj and Malod-Dognin, 2016). For example, Wu reported that permafrost degradation reduced microbial network stability and increased carbon loss (Wu et al., 2021); Shen et al. analyzed the impact of plant diversity on soil fungal network stability and functions (Shen et al., 2022).

Pesticide is the most common means of agricultural production. However, it is also a disturbance factor in soil microbial connections (Du et al., 2022). Previous studies mostly focused on the topological indexes impacted by pesticides (Gao et al., 2018; Xun et al., 2021; Su et al., 2022), but the topological indexes are based on mathematical theory (Diestel, 2000), and this limited researchers in further understanding the impact of pesticides on the microbial network. Understanding the changed nodes in the network composition has important implications for soil community functions (Xun et al., 2021). In addition, the changed node, edge, and network dissimilarity are important for evaluating network changes (Poisot et al., 2012). Network stability is also an important network index, and it has been used to evaluate the resistance of the network to disturbance (Thebault and Fontaine, 2010; Yuan et al., 2021). However, no research has been carried out concerning node persistence, network composition, and network stability in pesticide-polluted soils based on the present literature, which limits researchers' understanding of the effect(s) of pesticides on the stability of soil microbial networks.

Trifluralin is a fluorinated dinitroaniline compound that has been used as a pre-emergence herbicide on cotton, alfalfa, and soybeans (Zhang, 2018). Approximately 4,400 tons is applied per year (Maggi et al., 2019), and the half-life is more than 375 days in soil (Karasali et al., 2017). Previous studies reported that trifluralin can influence soil microbial communities (Du et al., 2018). However, there is little understanding of the influence of trifluralin on the fungal network. In this study, we carried out a 3-month indoor experiment to evaluate the influence of trifluralin on the fungal network. Fungal network complexity, dissimilarity, stability, and related functions were analyzed to evaluate network changes. Network complexity includes the number of nodes and links, average degree of nodes, density, and clustering coefficient of a network. Stability evaluates the network resistance to interference, which has been estimated by robustness and vulnerability (Deng et al., 2012; Yuan et al., 2021). Microbial network dissimilarity was used to evaluate two network differences on the basis of shared nodes and edges (Poisot et al., 2012; Mo et al., 2021). Our aim was to clarify whether trifluralin could influence fungal network composition and stability.



2. Materials and methods


2.1. Experimental design

A total of two soil samples were collected from the Langfang research base, Hebei Province (LF), and the Jiansanjiang reclamation area, Heilongjiang Province (JSJ). Based on soil particle diameter, soils from LF and JSJ were classified as silty loam soil and silty clay soil, respectively. In the LF soil, the content of organic matter, available P, available K, and pH were 25.8 g kg−1, 51.7 mg kg−1, 289 mg kg−1, and 7.24 mg kg−1, respectively. In JSJ soil, the content of organic matter, available P, available K, and pH were 18.0 g kg−1, 74.9 mg kg−1, 289.8 mg kg−1, and 7.07 mg kg−1, respectively. A 2-mm mesh was used to sieve the soils, and the soils were preincubated for 2 weeks (Trabue et al., 2006). Trifluralin purity was 98%, and it was dissolved in acetone (analytical grade; Beijing Chemical Company). In total, three concentrations of trifluralin in soils were used. The active ingredients of trifluralin in 1 kg of dry soil were 0.84, 8.4, and 84 mg, and they were corresponding to 1 (L), 10 (M), and 100 (H) times of the recommended application rate, respectively. The M level represents excessive use of pesticides in the field, and the H level represents extremely contaminated soil by pesticides (e.g., soil near a pesticide factory). The procedure of pesticide exposure is as follows: 50 g of soil and 100 μL pesticide solution were added to the dark brown bottles, and then thoroughly mixed for 15 min; after that, 200 g of soil was transferred to each bottle and thoroughly mixed for 15 min. A control treatment was also needed and this consisted of treatment with a solution lacking trifluralin. Each treatment was repeated three times. The soil concentration was 1.5 g cm−3 (GB/T31270.1-2014, 2014). Soil moister was kept at 50% using deionized water. The weighing method was used to determine the loss of water every 2 days, and the soil moisture was kept constant according to the loss of weight. The laboratory experiment was carried out for 3 months in an artificial climate box at 25°C. Sampling times were 7, 15, 30, 60, and 90 days after experimental establishment. The samples were stored at −80°C until analysis.



2.2. Characterization of soil microbial communities

A PowerSoil Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA) was used to extract soil microbial DNA. An ND-1000 spectrophotometer (NanoDrop Technologies) was used to analyze microbial DNA quality. The forward primer ITS3_KYO2 (5′-GATGAAGAACGYAGYRAA-3′) and reverse primer ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) were used to amplify internally transcribed spacer (ITS; Tian et al., 2017). Microbial DNA was amplified using a PCR amplifier, and each amplification system contained 1.5 μL of each 10 μM primer, 100–300 ng DNA template, 5 μL of 2 mM dNTPs, 1 μL KOD-Plus-Neo enzyme (Toyobo, Shanghai, China), 5 μL of 10 × PCR buffer for KOD-Plus-Neo, 3 μL of 25 mM MgSO4, and water to 50 μL. The temperature change steps were as follows: 94°C for 2 min, followed by 98°C for 10 s (for 35 cycles), 62°C for 30 s, and 68°C for 30 s, and the final extension temperature was 68°C for 10 min. Negative control with DNA solution was also settled. A PCR Purification Kit (Qiagen, Hilden, Germany) was used to purify PCR products after 1.5% agarose gel electrophoresis. An Illumina platform (Santiago, CA, United States) was used to sequence the purified PCR products using a 2 × 250 bp kit. USEARCH was used to process amplicon sequencing data (Edgar, 2010, 2013). The following rules were used to filter raw reads: (1) adaptors were cut, (2) reads which included more than 10% of unknown nucleotides were removed, and (3) reads that included < 80% of bases with quality (Q-value) > 20 were removed. Tags were assembled with clean reads according to more than 10 bp overlaps and <2% mismatch between paired-end reads. Clean data were clustered into operational taxonomic units (OTUs) with a similarity of 97%.



2.3. Network construction and characterization

All co-occurrence networks were established on the basis of Pearson correlations of OTU abundances and performed on the Cytoscape platform using the CoNet plugin (Faust and Raes, 2016). Pearson's correlation was used to analyze the association of pairwise fungal OTUs with an absolute value of correlation coefficient (r) higher than 0.7. The topological indices were calculated using Gephi software include total nodes, total edges, average degrees, clustering coefficient, network density, and path length. Nodes in the network represent the OTUs in the network. The degrees of each node represents the connections of a node to others, and the average degree represents the main value of all degrees. Modularity based on the connections of nodes represents the level of a network divided into different modules. A network diagram was established on Gephi software.

The node's topological role was evaluated by among-module connectivity (Pi) and within-module connectivity (Zi; Guimerà and Nunes Amaral, 2005). The network nodes were classified as module hubs with Zi ≥ 2.5 and Pi < 0.62, connectors with Zi < 2.5 and Pi ≥ 0.62, and network hubs with Zi ≥ 2.5 and Pi ≥ 0.62 (Olesen et al., 2007; Chen et al., 2019). These three categories of nodes are referred to as keystone nodes (Banerjee et al., 2019; Röttjers and Faust, 2019). Upset plots were used to visualize shared keystone nodes between control and trifluralin treatment (Lex et al., 2014).

Network stability can be used to evaluate ecological system stability to disturbance (Thebault and Fontaine, 2010). Generally, it is usually evaluated by network robustness and vulnerability (Wu et al., 2021; Yuan et al., 2021). Robustness is the remaining proportion of nodes in the network after removing some nodes (Montesinos-Navarro et al., 2017). In this study, 0.05% of nodes in the network have been removed to simulate random species removal each time. Vulnerability is also an index used to evaluate network stability based on node removal (Yuan et al., 2021).



2.4. Network dissimilarity

Network dissimilarity was used to evaluate the dissimilarity of two fungal networks in this study (Poisot et al., 2012; Mo et al., 2021). It was evaluated by shared nodes and edges of two different networks, and the shared nodes and edges were also used to evaluate dissimilarity (Poisot et al., 2012; Mo et al., 2021).



2.5. Fungal functions

FUNGuild is a database of fungal functions, and it clusters almost all published studies on fungal functions (Nguyen et al., 2016). Based on fungal amplicon sequencing data and taxonomy, FUNGuild can be used to predict fungal functions. There are three categories of trophic modes of fungi, namely, pathotroph, saprotroph, and symbiotroph. Furthermore, these three categories can be divided for better evaluation of fungal functions. Saprotroph was divided into dung saprotroph, leaf saprotroph, plant saprotroph, soil saprotroph, and wood saprotroph; pathotroph was divided into animal pathogen, plant pathogen, fungal parasite, lichen parasite, bryophyte parasite, and endophyte; and symbiotroph was divided into ectomycorrhizal, ericoid mycorrhizal, and endophyte. Fungal network OTUs abundance was used to analyze the correlation of fungal community structure with fungal functions based on the mantal test (Duan et al., 2020).




3. Results


3.1. Network indexes and keystone nodes

A total of eight fungal networks were established for each treatment based on Pearson's correlation coefficients of fungal OTUs (Figure 1, Table 1) presents each network's topological indexes. In the networks, the nodes were assigned to four fungal phyla in LF soil and three fungal phyla in JSJ soil. Among these, the phyla Ascomycota and Basidiomycota were most abundant in both soils. Compared with the control, the total nodes, total links, and average degree were all increased by trifluralin. In LF soils, the total nodes, total links, and average degrees were increased by 11–45, 252–392, and 1.151–1.468 in trifluralin treatments, respectively; in JSJ soil, the total nodes, total links, and average degrees were increased by 6–29, 134–234, and 0.169–1.227 in trifluralin treatments, respectively. The average path length was decreased by 0.558, 0.304, and 0.70 in L, M, and H treatments in LF soils and by 0.562, 0.373, and 0.415 in L, M, and H treatments in JSJ soils.


[image: Figure 1]
FIGURE 1
 Visualization of fungal networks for each treatment in the two studied soils.



TABLE 1 Topological indices of each fungal network.

[image: Table 1]

Based on nodes' Zi and Pi, there were 93, 111, 86, and 96 keystone nodes in control, L, M, and H treatments in LF soil, respectively; there were 134, 118, 105, and 117 keystone nodes in control, L, M, and H treatments in JSJ soil, respectively. In LF soil, the shared keystone nodes were 35, 23, and 30 for the comparison of control-L, control-M, and control-H, respectively; in JSJ soil, they were 45, 37, and 36 for the comparison of control-L, control-M, and control-H, respectively (Figure 2).


[image: Figure 2]
FIGURE 2
 Venn diagram of keystone nodes in each network in LF (A) and JSJ (B) soils.




3.2. Network dissimilarity

Network dissimilarity is an effective tool to evaluate network similarity. According to Table 2, for the comparison of control-L, control-M, and control-H, the shared nodes were 231, 227, and 219 in LF soil and 285, 272, and 279 in JSJ soil, separately. The shared nodes accounted for a significant part of the total nodes in each network, but the shared links were significantly low for each comparison. Specifically, for the comparison of control-L, control-M, and control-H, shared links were 20, 16, and 27 in LF soil and 19, 26, and 23 in JSJ soil. According to the shared nodes and links, the network composition was significantly influenced by trifluralin. The dissimilarity was 0.97–0.99 between control and trifluralin treatments in both soils.


TABLE 2 Shared nodes and edges and dissimilarity between different fungal networks in the two soils.
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3.3. Network stability

On the basis of random species loss, the network robustness was increased by trifluralin in the two soils (Figure 3). In LF soil, it was increased by 0.009, 0.003, and 0.002 in L, M, and H, respectively. In JSJ soil, it was increased by 0.003, 0.006, and 0.007 in L, M, and H, separately. For vulnerability, it was decreased by trifluralin in both soils (Figure 3). In LF soil, it was decreased by 0.00032, 0.00022, and 0.00014 in L, M, and H, separately. In JSJ soil, it was decreased by 0.0001, 0.00015, and 0.00019 in L, M, and H, separately.


[image: Figure 3]
FIGURE 3
 Robustness and vulnerability of each network in LF (A) and JSJ (B) soils.




3.4. Connection of fungal network communities to functions

There were 11 guilds identified in this study, and they were dung saprotroph, endophyte, lichen parasite, fungal parasite, plant pathogen, animal pathogen, plant saprotroph, soil saprotroph, wood saprotroph, ectomycorrhizal, and mycorrhizal. The correlations of the fungal network community with functions are shown in Figure 4. In LF soil, the fungal community was significantly correlated with dung saprotroph in the control treatment; in H treatments, the fungal community was significantly correlated with dung saprotroph and wood saprotroph. In JSJ soil, the fungal community was significantly correlated with dung saprotroph in L treatment; in M treatments, the fungal community was significantly correlated with endophyte, lichen parasite, plant pathogen, animal pathogen, soil saprotroph, and wood saprotroph; in H treatment, the fungal community was significantly correlated with dung saprotroph and endophyte.


[image: Figure 4]
FIGURE 4
 Relationships between fungal network communities and functions for each treatment in the two soils.





4. Discussion

The soil microbial system is an organic entity, and fungi are important in the system. There are complicated relationships among them, which act as decomposers, nutrient moderators, mutualists, C-cycling mediators, and plant pathogens (Tedersoo et al., 2014). Microorganism network is a valuable way to analyze the complicated relationships and the influenced microorganism connection (Berry and Widder, 2014; Przulj and Malod-Dognin, 2016; Mo et al., 2021). Wu et al. (2021) studied the relationship between microbial stability and carbon loss through the network in alpine permafrost degradation. In the study of Mo et al. (2021), the authors found a slight salinity shift in microeukaryotic plankton communities' network stability. In the study of Vries, the fungal community was more stable than the bacterial community in the network (de Vries et al., 2018).

In this study, the increased network complexities in trifluralin treatments indicated that the relationships of fungal species were significantly impacted by trifluralin. In addition, these results also suggested that there were more connections with others caused by trifluralin. Mesosulfuron-methyl also increased the microorganism network average degree and network density in different soils (Du et al., 2021). In addition, the increased positive edges suggested that trifluralin induced relationships with mutualism, commensalism, parasitism, and neutralism predation more than previously reported (Faust and Raes, 2012; Coyte et al., 2015).

The increased network complexities also indicated that fungal network composition and dissimilarity were impacted. The results of shared nodes, shared edges, and dissimilarity between control and trifluralin treatments proved this suggestion. Network dissimilarity was first published by Poisot, and this index has also been used by other researchers to evaluate microbial network differences (Poisot et al., 2012; Mo et al., 2021; Liao et al., 2023). In the study of Liao et al. (2023), network dissimilarity was used to evaluate the difference between marine medaka gut and gill microbial networks; Mo reported that the microeukaryotic plankton networks in different salinity subtropical urban reservoirs were significantly different on the basis of shared nodes, shared edges, and network dissimilarity. These results suggested that fungal network composition was significantly impacted by trifluralin.

Soil microbial network stability is important for functions, ecosystem sustainability, and environmental protection (Coyte et al., 2015; Pan et al., 2023). In this study, fungal network stability was increased by trifluralin with increased robustness and decreased vulnerability in the two soils. These results indicated that the capacity of resisting interference of the fungal network was increased by trifluralin (McCann, 2000), but that also suggested that it was difficult for the fungal network to return to its original state. In addition, these influences also impact network functions. In LF soil, the impact on the correlations of the network community to functions was low. The influenced correlations of the network community to dung saprotroph in L and M treatments suggested that the capacity of decomposing livestock and poultry manure was impacted in LF soil (Hudson, 1984; Cannon and Kirk, 2008). In JSJ soil, the correlated functions were increased by trifluralin, suggesting that the network fungal community could play more functions after trifluralin treatment. Different from the profiles of correlations in LF soil, the fungal community was correlated with dung saprotroph in JSJ soil. These results suggested that the effects of trifluralin on network community functions were different in the two soils. Previous research also showed that fungal functions were sensitive to herbicides (Flores et al., 2014; Chen et al., 2022). Chen reported that Oxathiapiprolin significantly impacted fungal functions in an indoor experiment (Chen et al., 2022). Imazalil, clothianidin, and diazinon also impacted fungi's organic matter processing and energy cycling (Flores et al., 2014; Huang et al., 2021).



5. Conclusion

In this study network complexities, keystone node, composition, and stability were used to evaluate the impact of trifluralin on soil fungal networks. Trifluralin increased fungal network complexities in two studied soils. Correspondingly, fungal network composition and keystone nodes were also influenced. Fungal network stability was increased by trifluralin in the two soils, with increased robustness and decreased vulnerability. In addition, fungal functions related to network community were also impacted by trifluralin in both soils.
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Pitaya canker, caused by Neoscytalidium dimidiatum, is one of the most important fungal diseases that cause significant losses in production. To replace chemical pesticides, the use of biocontrol strains to manage plant diseases has been the focus of research. In this study, the bacterial strain AF01, identified as Paenibacillus polymyxa, exhibited significant antifungal effects against N. dimidiatum and four other pitaya fungal pathogens. The strain P. polymyxa AF01 produces 13 fusaricidins, which directly inhibit mycelial growth, spore germination and germ tube elongation by causing the membrane integrity and cell ultrastructure to incur irreversible damage. Pot experiment and yield test confirmed that AF01 provided preservative effects by reducing the disease index. In comparison to the untreated control groups, RNA-seq data showed that P. polymyxa AF01 selectively blocked some transcription and translation processes and inhibited RNA and DNA structural dynamics, energy production and conversion, and signal transduction, particularly cell wall biosynthesis, changes in membrane permeability, and impairment of protein biosynthesis. Thus, P. polymyxa AF01 could be potentially useful as a suitable biocontrol agent for pitaya canker.
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1. Introduction

Pitaya (Hylocereus spp.), also known as dragon fruit, is a tropical and subtropical fruit native to Latin America, including Mexico, Central America, and tropical South America. Currently, pitaya cultivation is concentrated in Australia, China, Southeast Asia, Malaysia, Vietnam, Thailand, and the Philippines (Adnan et al., 2011). Pitaya contains numerous nutrients such as vitamins, minerals, fiber, protein, flavonoids, betanin, and polyphenols. Additionally, the beneficial effects of red pitaya on several human diseases have been reported (Ramli et al., 2016). Recently, canker caused by Neoscytalidium dimidiatum has become one of the most serious diseases affecting pitaya (Hong et al., 2020). The disease progression in pitaya plants begins with tiny dimples on the infected cladode; then, chlorotic spots develop and gradually turn yellow, even brown, and form flat, raised, hard brown scabs. As the disease progresses, the lesions develop a typical light-gray coloration with numerous dark spots. Under high-humidity conditions, lesions can cause softening and dissolution of tissues and structures, leading to the formation of cavities and collapse (Chuang et al., 2012). The N. dimidiatum fungus produces two types of conidia: one occurring in arthric chains in aerial mycelium or in ostiolate pycnidia embedded on the surface of mature lesions, and the other type is ellipsoid to nearly fusiform, hyaline even dark brown (Crous et al., 2006; Phillips et al., 2013). Conidia are difficult to eradicate and remain viable for several years. When diseased cladodes exist in orchard soil or drains, the lesions can continue to produce spores and infect young growth (Fullerton et al., 2018). If not controlled effectively, pitaya cankers can destroy the canopy, disfigure the fruit, and render orchards uneconomical. Current management strategies for pitaya canker, include the use of disease-resistant cultivars and chemical fungicides. However, there are several limitations to developing new disease-resistant cultivars to control pitaya canker, such as variations in cultivar resistance and differences in isolate virulence (Harsonowati et al., 2020). Therefore, farmers were forced to apply excessive doses and costly fungicide treatments throughout the infection season as susceptible cultivars grew. However, the frequent use of chemical pesticides results in high levels of pathogen resistance, pesticide residues, and environmental pollution, thereby becoming a human health concern (De Miccolis Angelini et al., 2014).

Considering these problems, new measures, such as the use of microbial fungicides, are desirable to control the disease and reduce the adverse effects of chemical fungicides. Biological control is one of the most promising and safe measures to suppress diseases in plants (Choudhary and Johri, 2009; Wu et al., 2022). For example, the adaptable metabolism, rapid growth, and high mobility of fluorescent pseudomonads make them valuable in plant disease control (Bakker et al., 2007; Du et al., 2017). Similarly, metabolites from Bacillales species activate plant immune regulators (Ryu et al., 2004). In general, antifungal substances produced by antagonistic bacteria have been reported to be the most important mechanism of inhibition of pathogen growth as it affects the lipid metabolism, amino acid metabolism, carbohydrate metabolism, membrane transport, and energy metabolism (Zuo et al., 2017). These antifungal substances had been identified as antagonistic proteins, enzymes and bacteriocins synthesized by the ribosomal pathway. Other antifungal substances include lipopeptides, polyketides, peptides, and volatile antifungal substances. With a broad range of antibiotic activity and low toxicity, cyclic lipopeptides (CLPs) synthesized by Bacillus spp. (iturins, surfactin, and fengycins, etc.), Pseudomonas spp. (massetolide A and putisolvin, etc.) and Paenibacillus spp. (fusaricidins, polymyxins) have been the focus of research in the control of plant diseases in recent years (Mülner et al., 2020; Soni et al., 2021). In nature products discovery, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), have become in crucial for the identification of microorganisms and chemotyping of secondary metabolites (Mülner et al., 2021). Compounds were detected from culture supernatants or surface extracts of colonies without the need for further purification prior to mass spectrometric analysis. This technique affords simple preparation and efficient investigation of complex families of natural compounds, such as the fusaricidins, iturins with high sensitivity and accuracy in minimum time (Costa et al., 2022; Tsai et al., 2022).

Recently, there have been examples of the biological control of diseases caused by N. dimidiatum, mainly with biocontrol fungi and bacteria. For example, Trichoderma harzianum and T. atroviride reduced pathogen growth. Biocontrol bacteria such as B. amyloliquefaciens, Penicillium rolfsii and B. subtilis have also shown strong in vitro antifungal effects on N. dimidiatum (Ratanaprom et al., 2021; Wang et al., 2021). However, the inhibitory effect of biocontrol agents against N. dimidiatum has not been well elucidated to date, including the effects on the viability of conidia and ultrastructural modifications, or the ability to locate potential targets of conidia and mycelia. Therefore, in this study, we aimed to investigate the effectiveness of biocontrol microbes in suppressing pitaya canker. The objectives of this study were (1) to screen and identify effective biocontrol bacteria against pitaya canker; (2) to determine the biological control mechanisms of a biocontrol bacterium of P. polymyxa; (3) to clarify the potential capability of the bacterium for reduction of pitaya canker; and (4) to explore the molecular mechanism to identify the major target sites using RNA-seq. The results obtained in the present study provide promising information on bacterial biocontrol agents for controlling pitaya canker.



2. Materials and methods


2.1. Isolation of microorganisms

Soil samples (35) were collected from the 5–10 cm deep rhizospheres of seven pitaya orchards in Guangxi Province, China. To study the microorganisms present in these samples, 5 g of soil was added to autoclaved distilled water in a shaker for 30 min at 200 rpm at 28°C. Serial dilutions ranging from 10−1 to 10−3 were created from the supernatant, which was then spread over PDA plates (potato, 200 g; glucose, 20 g; agar, 20 g; ddH2O, 1,000 mL). After a 72 h incubation at 28°C, single morphological colonies were selected and purified on PDA plates by repeated streaking.



2.2. Screening of antagonistic bacteria against Neoscytalidium dimidiatum

To determine the potential of these isolates as antagonists, preliminary screening was conducted using the dual culture method (Ferreira et al., 1991). Phytopathogenic isolate BH5 was used in this test. BH5 was known to cause pitaya canker and was identified as N. dimidiatum by an internal transcribed spacer gene sequencing, with the NCBI GenBank database accession number OP393909.1. Analysis using BLAST (Basic Local Alignment Search Tool) revealed 99% sequence similarities of the strains with those of N. dimidiatum (Genbak accession number MZ047291.1 and OL455801.1). After demonstrating noticeable antagonistic activity against N. dimidiatum, isolates with inhibitory capacity were stored in 20% (v/v) glycerol at −80°C, and the strain with the strongest inhibition ability (labeled AF01) was selected for further studies.



2.3. Antifungal spectrum tests

A collection of pitaya fungal pathogens of Fusarium equiseti (C), Botrytis cinerea (D), Bipolaris cactivora (E) and Gilbertella persicaria (F) were tested (Lin et al., 2018). Inhibition of the pathogens was assessed as described: 1 μL of AF01 bacterial culture was inoculated 2.5 cm away from the edge of the plate twice, with three replicate plates. The antimicrobial activity was calculated by the percentage of mycelium growth inhibition compared to the control according to the formula: (R1 − R2)/R1 × 100, where R1 and R2 were the radii of the pathogen colony in the control and the antagonist colony, respectively.



2.4. Identification of strain AF01

Morphological characteristics of AF01 were observed on nutrient agar (NA). To determine the 16 s rDNA gene sequence of strain AF01, genomic DNA was extracted using the TIANamp Bacteria DNA Kit (TIANGEN, Beijing, China). The 16 s rDNA gene was amplified by PCR using the primers 27F:5′-AGAGTTTGATCCTGGCTCAG-3′; 1492R 5′-GGTTACCTTGTTACGACTT-3′. The 50 μL PCR mixture contained 25 μL 2 × Es Taq MasterMix (Dye), 2 μL 10 μM primers each, 2 μL genomic DNA, and 19 μL double distilled water. The PCR program was as follows: denaturation at 94°C for 2 min, 30 cycles at 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and final extension at 72°C for 2 min. The amplified PCR product was sequenced by Tsingke Biotechnology (Guangzhou, China), and the resulting sequences were subjected to BLASTN searches using the GenBank database. A phylogenetic tree was constructed using Phylosuit 1.2.2, based on the neighbor-joining method. The biochemical properties of strains AF01 was characterized using a GEN III MicroStation (BIOLOG, Hayward, CA, United States). A 150 μL bacterial suspension (108 CFU/mL) was added to each well of a GEN III MicroPlate containing carbon source utilization assays and 23 chemical sensitivity assays. The MicroPlates were incubated for 14 h to form phenotypic fingerprint through the reduction of the tetrazolium redox dye caused by increased respiration. The phenotypic pattern in the GEN III MicroPlate was analyzed using read on the BIOLOG automated microbial analysis system software (GEN_ III_v2.8.0.15G).



2.5. Effects of cultural conditions on biomass and inhibitory activities of strain AF01 against Neoscytalidium dimidiatum

To test the ability to produce antimicrobial lipopeptides on different media, strain AF01 was grown in 100 mL PDB (the same components except agar), Landy (glucose, 20 g; glutamic, acid 5 g; yeast extract, 1 g; K2HPO4, 1 g; MgSO4, 0.5 g; KCl, 0.5 g; CuSO4, 1.6 mg; Fe2(SO4)3, 1.2 mg; MnSO4, 0.4 mg; ddH2O, 1,000 mL), NA (beef extract, 3 g; peptone, 5 g; glucose, 2.5 g; ddH2O, 1,000 mL), LB (tryptone, 10 g; yeast extract, 5 g; NaCl, 10 g; ddH2O, 1,000 mL), GSC (glucose, 20 g; starch, 20 g; (NH4)2SO4, 20 g; yeast extract, 10 g; K2HPO4, 2.6 g; FeSO4· 7H2O, 0.1 g; MgSO4· 7H2O, 0.5 g; NaCl, 0.25 g; CaCO3, 9 g; ddH2O, 1,000 mL), BPYDB (beef extract, 3 g; peptone 5 g; yeast extract, 1 g; glucose, 10 g; ddH2O 1,000 mL). After shaking at 28°C for 72 h, each culture was centrifuged at 10,000 rpm for 10 min, and supernatants were filtered through a 0.22 μm filter into Oxford cups. The Oxford cups were placed equidistantly in molten PDA medium (20 mL/dish, 9 cm flat dish). After solidification, the oxford cups were removed and the plates were evenly coated with 200 μL of N. dimidiatum spore suspensions (107 CFU/mL). Then, each cell-free culture was added to the wells, and the diameter of the inhibition circle was measured by the crossover method after incubation for 72 h. Experiments in conical flasks cultivations were carried out in triplicate; mean value and standard deviation were calculated.

Strain AF01 was incubated in the optimal screening medium (1%, v:v) on a rotary shaker (180 rpm) at 28°C for different time courses ranged from 0 to 96 h. The OD600 values of the resultant cell suspensions were separately measured at each incubation time using the spectrophotometer. The inhibitory activities of the cell-free suspensions against N. dimidiatum at each incubation time were diluted into 1:10 with melted PDA. A N. dimidiatum plug (0.5 cm diameter) was placed at the center of a PDA plate and incubated at 28°C for 72 h and examined the inhibition rate, separately.



2.6. Effect of AF01 culture filtrate on hyphal growth of Neoscytalidium dimidiatum

Paenibacillus polymyxa AF01 was grown in a PDB liquid medium and incubated at 28°C, 180 rpm for 48 h, then the suspension was filtered through a 0.22 μm bacterial filter. Filtrate of AF01 was added to PDA at final concentrations of 2.5%, 5%, and 10%, and three plates were used for each treatment to examine the inhibition rate as 2.5. PDA plates without the AF01 culture filtrate were used as controls. A N. dimidiatum plug (0.5 cm diameter) was placed at the center of a PDA plate and incubated at 28°C for 72 h. The morphology of N. dimidiatum mycelia treated with AF01 culture filtrate was compared to that of mycelia untreated with AF01 under an optical microscope of OLYMPUS BX53 (OLYMPUS, Tokyo, Japan).



2.7. Effect of AF01 culture filtrate on spore germination of Neoscytalidium dimidiatum

Four days after inoculation, conidia were rinsed from N. dimidiatum dishes with 2.5%, 5%, and 10% AF01 culture filtrates to collect spores and adjusted to 107 cells/mL by a hemocytometer. Control was washed with PDB only. Each treatment had three replicates. Conidia suspensions were incubated at 28°C, and spore germination was counted when the control germination rate was over 90%. Approximately a hundred N. dimidiatum conidia per replicate were examined microscopically for germination. To measure the bud lengths, line tool of cellSens (Ver.2.2) was used to draw a straight line from the germ neck to the germ tip. The measure of the length of this line was taken as the approximate length of the germ tube. The inhibitions of germination and germ tube elongation were then calculated using the formula: Inhibitions (%) of conidia germination = (average germinated conidia in control − average germinated conidia in treatment)/average germinated conidia in control × 100. Inhibitions (%) of germ tube elongation = (average germ tube length in control − average germ tube length in treatment)/average germ tube length in control × 100.



2.8. Assay of cell contents leakage

Conidia suspensions (~106 cells/mL) of N. dimidiatum were grown in PDB media at 180 rpm for 3 days at 25°C. The mycelia and conidia were collected and washed three times with sterile distilled water, then resuspended in sterile distilled water containing 10% AF01 culture filtrate and shaken at 28°C for 0–6 h. The control was treated with 10% PDB. The supernatant was collected centrifugation at 6,000 rpm for 5 min. Then, the OD260 and OD280 values were detected to evaluate the leakage of nucleic acid and proteins from N. dimidiatum by NanoDrop2000 (Thermo, MA, United States). Electrolyte leakage was detected in a conductometer (LEICI, Shanghai, China).



2.9. MALDI-TOF MS analysis

The potential antifungal components in AF01 culture were detected and identified by MALDI-TOF MS as previously reported (Vater et al., 2015) with slightly modified. The culture of AF01 was centrifuged at 12,000 rpm, 10 min, and the supernatant was further filtered through a 0.22 μm bacterial filter to get the cell-free extraction of AF01, which was 10 times diluted with acetonitrile. Then 5 μL diluted cell-free extraction of AF01 was mixed with the same volume of matrix solution (a saturated solution of α-hydroxy-cinnamic acid in 50% aqueous acetonitrile containing 0.1% trifluoroacetic acid). The mixture (2.5 μL) was spotted on the target, air-dried, and measured. Mass spectra were obtained in positive ion and line modes with a QuanTOF MALDI-TOF mass spectrometer (IntelliBio, Shandong, China) equipped with a 337 nm nitrogen laser. For recording mass spectra in the range of 0.8 to 1.4 kDa, the focus mass was 1 kDa, the detector voltages were set at −0.44 kV, the laser pulse energy was set at 3.0 μJ, and each spectrum was recorded 800 times. The resulting mass/charge ratios (m/z) were used for component identification by comparing with the known fusaricidins.



2.10. Assembly screening for differentially expressed genes, gene ontology annotation, and Kyoto encyclopedia of genes and genomes enrichment

Strain N. dimidiatum BH5 was inoculated on a PDA plate with pre-placed cellophane and cultured for 36 h at 28°C. For the treatment, cell-free AF01 culture medium was diluted 1:10 with PDB, and 15 mL was added to plates co-cultured with N. dimidiatum. The control was treated with PDB alone. After 3 h, the AF01 culture filtrate was removed, and N. dimidiatum was washed thrice with sterile water. Treated and control N. dimidiatum mycelia were collected and subjected to intertranscriptomic analysis.

The TRIzol® Reagent (Plant RNA Purification Reagent) was used to extract total RNA from treated and control N. dimidiatum mycelia according to the manufacturer’s instructions (Invitrogen). DNase I (TaKaRa) was used to remove genomic DNA. The quality of RNA was verified by examining RNA degradation and contamination on 1% agarose gel. Then RNA quality was assessed using the 2,100 Bioanalyser (Agilent Technologies) and quantified using the NanoDrop2000. The sequencing library was only prepared from high-quality RNA samples with an OD260/ OD 280 = 1.8–2.2, OD260/OD230 ≥ 2.0, RIN ≥ 8.0, 28S:18S ≥ 1.0, and > 1 μg. The Illumina HiSeq X Ten platform (Illumina, San Diego, CA, United States) was used to sequence the cDNA libraries prepared by Shanghai Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China. Alignment of reads was done to the reference genome of N. dimidiatum BH5 (unpublished). The raw reads were subjected to quality control (QC; Q30 > 99.9%). Raw data were filtered to obtain high-quality sequencing data (clean). Significantly differentially expressed genes (DEGs) were identified based on a threshold of |log2 (foldchange)| ≥ 1 and P-adjust ≤ 0.05 using DESeq2 software tools. To further understand the biological functions of the DEGs, functional enrichment analysis was performed using Gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). The significance of the enriched GO terms and metabolic pathways were determined at adjusted p ≤ 0.05 compared to the whole-transcriptome background. GO functional enrichment and KEGG pathway enrichment analyses were performed using the software tools Goatools1 and KOBAS,2 respectively.



2.11. Pot experiment

Disease-susceptible pitaya (Hylocereus polyrhizus) “Jindu No. 1” was used in this experiment. The seedlings of pitaya were transplanted into pots, and after 3 weeks, the plants with 2–3 cladodes in a core, with similar growth status and no mechanical injury, were selected. Plants were disinfected with 75% ethyl alcohol for 1 min, followed by washing with sterile distilled water three times then air dried. Fermented bacterial suspension of AF01 (~5 × 107 CFU/mL) was sprayed on the pitayas. Sterile water was used as the control. After 24 h, spore suspensions (~107 cells/mL) of the pathogens were sprayed onto the cladodes. The experiment used a randomized block design with three replicates of two pots each; 73 twigs were tested. All plants were maintained in light growth chambers and then were incubated at 28°C and 80% humidity. Disease severity was rated after 14 and 21 days post infection (dpi) by using an index of 0–9 (0 = healthy; 1 = lesion area less than 5%; 3 = lesion area 6%–10%; 5 = lesion area 11%–25%; 7 = lesion area 26%–50%; and 9 = lesion area 51%–100%). The disease index (DI) was then calculated using the formula: Disease index = [Σ (rating × number of plants rated)/(total number of plants × highest rating)] × 100.



2.12. Field efficacy assessment of the AF01 against pitaya canker

To confirm the preventive effects of pitaya canker under field conditions, experiments were conducted in a field naturally infested with N. dimidiatum in September of 2021. The field tests were conducted at the Guangxi Academy of Agricultural Sciences experimental station in Nanning, China (108.063786°E, 23.252453°N, soil pH: 5.64, soil type: loam, organic matter: 29.2 g/kg) cultivated with “Jindu No. 1” pitaya plants. Pitaya cankers occur regularly every year at this station. The field trial was started on September 4 and finished on September 25 in 2021. At the start, a batch of very young fruit (approximately 1 week after flowering) appeared. Pitaya were grown in 2.5 × 0.5 m (row spacing × plant space) plots. The experimental design was a complete randomized block, and each treatment area was 15 m2, consisting of 30 plants per replicate with three replicates. During the trial, the climatic conditions recorded by an automatic weather station (Campbell, Logan, Utah, United States): rainfall 190.5 mm; rainy days: 8; temperature 23.13°C–38.54°C, daily average temperature: 25.30–31.23°C, and RH 40.16%–99.9%. Treatments of strain AF01 and 250 g/L pyraclostrobin EC (BASF) were set up in the trial. Strain AF01 was grown in PDB under agitation (180 rpm) at 28°C for 48 h, and liquid culture were diluted into 10 × and 20 × (1 × 108 and 5 × 107 CFU/mL, respectively) with H2O. Pyraclostrobin (166.7 mg kg−1, active ingredient) was separately sprayed on the plants to control pitaya canker. Clean water was sprayed on the control blocks. All treatments were carried out with battery-pressurized backpack sprayer with a hollow cone nozzle delivering at 0.2 KPa. Each plot was sprayed with 2.5 L of liquid per plot, equivalent to 1666.7 L per hectare. The application was performed three times at 7-day intervals. All pitaya fruits with no symptoms at the first treatment were signed in each repeating area to investigate disease incidence. The DI investigation was performed twice: 7 days after 2nd application time, when occurrence of pitaya canker was significantly at CK plots. And the final investigation was performed 7 days after the last application. Disease grading for pitaya canker was based on a pot experiment. The formation for calculating the disease index as 2.10 and control efficiency was as follows: Control efficiency = [(disease index of control area − disease index of treatment area)/disease index of control area] × 100.



2.13. Statistical analysis

Statistical analyses were performed in SPSS software version 26 (SPSS, Chicago, IL, United States), significant differences (p < 0.05) were analyzed by one-way ANOVA with Duncan’s multiple range test.




3. Results


3.1. Isolation of biocontrol bacteria

A total of 113 bacterial isolates were collected from different sites, and five strains showed antagonistic activity against N. dimidiatum in vitro. The strain isolated from soil collected in Qinzhou, Guangxi Province, China, labeled AF01, showed the strongest antagonistic activity against N. dimidiatum with an inhibition rate of 76.80% (Figure 1B).
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FIGURE 1
 Colony morphology of Paenibacillus polymyxa AF01 on NA plate (A). Inhibition effect of P. polymyxa AF01 on mycelial growth of Neoscytalidium dimidiatum (B), Fusarium equiseti (C), Botrytis cinerea (D), Bipolaris cactivora (E), and Gilbertella persicaria (F) based on a dual culture method.




3.2. Inhibitory spectrum of strain AF01

Strain AF01 revealed strong inhibitory abilities against all the tested pathogens F. equiseti, B. cinerea, and B. cactivora. The highest percentage inhibition of radial growth (PIRG) value of 78.29% was observed for AF01 against B. cinerea (Figure 1D), and the lowest recorded, 24.80%, was observed against G. persicaria (Figure 1F). AF01 had a relatively weak inhibitory effect on B. cactivora (Figure 1E) and equiseti (Figure 1C), with 60.94% and 66.28% inhibition rates, respectively (Table 1).



TABLE 1 Assessment of AF01 antagonistic activity against four fungal pathogens in vitro.
[image: Table1]



3.3. Identification of bacterial isolates

AF01 is a rod-shaped Gram-negative bacterium that appears as a bulged surface of milky white, opaque colonies with irregular margins on an NA plate (Figure 1A). The beeswarm figure presented strains AF01 similar in the use of most carbon source substrates and assayed chemical compounds compared to the BIOLOG databases (Figure 2). Thereby, the strain AF01 was confirmed to be Paenibacillus polymyxa (SIM value:0.724, PROB value:0.910, and DIST value:2.878). In addition, BLAST analysis of the 16 s rDNA genes showed that the AF01 (GenBank database accession number: OQ601576) had an identity of 99% for Paenibacillus polymyxa (CP009909 and CP025957), suggesting that the strain was classified as Paenibacillus or Paenibacillus polymyxa. Phylogenetic analysis revealed the close clustering of strain AF01 with the sequences of Paenibacillus spp. Furthermore, AF01 and P. polymyxa were clustered together (Figure 3).

[image: Figure 2]

FIGURE 2
 Physiological and biochemical characteristics analysis of the Paenibacillus polymyxa AF01using the Biolog GEN III MicroPlates system. Different patterns of 71 carbon sources and 23 susceptibility factors were observed in the studied microorganisms: red, positive; white, negative; gray, weak.


[image: Figure 3]

FIGURE 3
 Neighbor joining phylogenetic tree showing the position of Paenibacillus polymyxa AF01 isolate with other species of Paenibacillus spp. and related taxa based on 16S rDNA gene sequences. Bootstrap values (expressed as percentages of 1,000 replications) are indicated at tree branch points.




3.4. Effects of cultural conditions on biomass and inhibitory activities of strain AF01 against Neoscytalidium dimidiatum

The inhibitory activity of strain AF01 against N. dimidiatum was detected in three of all media. The inhibition zone with the largest diameter (27.5 mm) were observed in PDB. The inhibit activities of strain AF01in GSC was higher than BPYDB and Landy. On the other hand, no inhibition zone was observed in LB and NA (Figure 4A). The bacterial biomass expressed by OD600 values and the inhibition rates of strain AF01 against N. dimidiatum obviously increased before 48 h of incubation and subsequently maintained at a stable level. The highest biomass (OD600 = 3.78) and peak inhibition rate (66.88%) occurred at the 56 and 48 h of incubation, respectively (Figure 4B).

[image: Figure 4]

FIGURE 4
 Agar well diffusion assay illustrating the growth inhibition of Neoscytalidium dimidiatum by cell-free supernatants extracted from different media (A). (a) PDB (inhibition zone 27.5 mm); (b) GSC (inhibition zone 2.24 mm); (c) Landy (inhibition zone 1.08 mm); (d) PBYDB (inhibition zone 1.86 mm); (e) NA (no inhibition zone); (f) LB (no inhibition zone); (g) ddH2O. Variation curves of cultural time on biomass (OD600) and inhibitory activity (inhibition rate) of strain AF01 against N. dimidiatum (B). The OD600 values and inhibition rates were separately measured at each incubation time.




3.5. Determination of antifungal activity of AF01

Under an optical microscope, two types of spores were observed in a ratio of about 1:1. There were significant differences in the antifungal abilities among the different application doses of the AF01 cultural filtrate in inhibiting N. dimidiatum. The AF01 cultural filtrate inhibited mycelial growth and spore germination by 9.47%–81.93% (Figure 5A) and 9.71%–62.22% (Figure 5B), respectively. Moreover, the inhibitions of germ tube elongation were 8.09%–63.97% (Figure 5C) at different treatments.

[image: Figure 5]

FIGURE 5
 Effect of Paenibacillus polymyxa AF01 culture filtrate on three group of mycelial growth (A), spore germination (B) and germ tube elongation (C) of Neoscytalidium dimidiatum. AF01 filtrate was applied at 20%, 10%, 5%, and 2.5%. Error bars indicate standard deviation. Different letters above the bars indicate significant difference within each group according to Duncan’s multiple range test (p = 0.05) based on arcsine square-root transformed values of percentage.


Morphological changes in N. dimidiatum caused by AF01 culture filtrate were visualized using an OLYMPUS BX53 biological microscope at 600× magnification. The mycelia and germ tubes without AF01 cultural filtrate were normal and smooth but displayed marked structural changes when exposed to the AF01 cultural filtrate. Hyphae were severely deformed, with massive conglobation, uneven surfaces, expanded widths, whereas the germ tubes appeared shortened and swollen, and vacuolation also observed in conidia (Figure 6).

[image: Figure 6]

FIGURE 6
 Inhibition effect of Paenibacillus polymyxa AF01 on phytopathogenic morphologies of Neoscytalidium dimidiatum observed via light microscopy. (A–C) The normal morphology in the control groups, and (D–F) the corresponding effect of P. polymyxa. Arrows indicate hyphal and conidia alterations with deformation (D), vacuolar (E), and swelling (F) of structures caused by P. polymyxa AF01.




3.6. Assay of cell contents leakage

Figure 7 shows the protein leakage assay used to determine cellular protein leakage. Once the bacterial cell membrane is irreversibly disrupted, cellular contents such as DNA, RNA, proteins and electrolyte leak out. For AF01-treated samples, the values of OD260 (Figure 7A), OD280 (Figure 7B) and electrical conductivity (Figure 7C) of the extracellular fluids increased rapidly, especially after 3 h, indicating cell membrane damage and the cell contents leakage.

[image: Figure 7]

FIGURE 7
 Membrane integrity change of Neoscytalidium dimidiatum in the presence of Paenibacillus polymyxa AF01 was evaluated by DNA leakage (A), protein (B) and electrolytes (C). N. dimidiatum was cultured with AF01 cultural filtrate. Supernatant were kept after centrifugation and quantified by absorption spectroscopy at 280 nm and 260 nm, respectively. Electrolyte leakage was detected with a conductometer.




3.7. Identification of antibiosis metabolites produced by strain AF01

With simple sample preparation and high sensitivity, MALDI-TOF-MS has become a useful method for rapid in situ detection of complex families of natural compounds, such as fusaricidins and polymyxins. In present study, this technique was employed to identify the main ingredients of the AF0F culture. As shown in Figure 8, MALDI-TOF-MS spectrum of AF01 culture obviously exhibited the mass peaks of fusaricidins (m/z 860–1,000) and polymyxins (m/z 1,150–1,250). By comparing with the mass data of known fusaricidins the obtained mass peaks was identified as fusaricidins A-D (Table 2; Vater et al., 2015). According to available data, fusaricidins were found at m/z = 869.6 which could be derived from fusaricidin A by substitution of Thr in positions 4 with Ser. Two others yet unknown fusaricidins with molecular masses of m/z = 954.9 and 969.0 were related to fusaricidins A and B with a mass difference of 71 Da, indicating modification by attachment of an alanine residue (Mülner et al., 2021; Tsai et al., 2022). In addition to these identified mass peaks, there remain many peaks in the spectrum to be further identified, e.g., m/z 915.7, 921.0, 935.8, 986.8, 1006.9, 1033.1, and 1095.1.

[image: Figure 8]

FIGURE 8
 MALDI-TOF MS analysis of antimicrobial compounds produced by Paenibacillus polymyxa AF01 cultivated in PDB liquid medium. Mass peaks of fusaricidins were detected in the culture supernatant extracted with acetonitrile.




TABLE 2 Fusaricidins detected in culture filtrates of Paenibacillus polymyxa AF01 by MALDI-TOF mass spectrometry.
[image: Table2]



3.8. GO functions and KEGG pathway enrichment analysis of DEGs

RNA-seq was used to analyze the transcriptomic response of N. dimidiatum BH5 after exposure to P. polymyxa AF01 for 3 h. Raw data were normalized and transformed into log2 values, and DESeq2 was used to analyze the differential gene expression of the samples. Subsequently, under co-cultivated conditions, strain BH5 exhibited significant differential gene expression with 2,248 genes, comprising 1,358 upregulated genes and 890 downregulated genes (|log2 FoldChange| ≥ 1). To understand the biological functions of the differentially expressed genes during co-culture, the annotated pathways of these genes were analyzed using the GO and KEGG databases. As a result, a total of 168 and 115 terms in the treatment group were enriched in the GO and KEGG, among which the top 20 terms of the GO and KEGG pathway are listed in Figures 9A,B (p < 0.05).

[image: Figure 9]

FIGURE 9
 Top 20 terms of GO functional (A) and KEGG pathway (B) enriched with DEGs.


Compared to the control group, the genes involved in the biosynthesis of UDP-glucose, D-galacturonate, chitin, major structural components of fungal cell walls, and those related to pentose and glucuronate interconversions (ko00040, ko00520) were suppressed in response to P. polymyxa AF01 treatment for 3 h, particularly PLY (gene05693 and gene01489), which was downregulated by 3.92 and 3.56-fold, respectively (Table 3). Furthermore, the expression of genes associated with lipid metabolism (ko01040, ko00564, and ko00590) was prominently reduced following exposure to AF01, and some genes showed lower expression levels, such as GDE1 (gene08147), EPHX2 (gene03244), glpQ and ugpQ (gene09638), by more than 6-fold. These genes have been described as encoding hypothetical proteins, glycerophosphoryl diester phosphodiesterases, and alpha/beta hydrolase folds (Table 3). During protein processing in the endoplasmic reticulum, 25 genes exhibited differential expression. Of these, 23 were downregulated and two were upregulated. The downregulated factors play important roles in protein recognition, glucosylation, protein transport, glucosyl transfer, and receptor binding, as shown in Table 3.



TABLE 3 The expression of genes in cell wall metabolism, membrane metabolism, and protein processing in the endoplasmic reticulum in Neoscytalidium dimidiatum BH5.
[image: Table3]

In addition, other genes downregulated in the treatment group were enriched in KEGG terms, including biosynthesis of cofactors, meiosis, chromatin structure and dynamics, peroxisomes, and the MAPK signaling pathway.



3.9. Efficacy of AF01 in controlling pitaya canker in pots

Disease suppression in pitaya was investigated to test the capacity of AF01 as a biocontrol agent. Typical symptoms of chlorotic spots appeared 10 days after inoculation with N. dimidiatum. The DI at 14 dpi reached 71.37 with control. By comparison, the P. polymyxa AF01 and pathogen treatment was 37.11, significantly lower than the foliage with only N. dimidiatum (Figures 10A,B). With age, severe canker symptoms, including necrosis, soft rot, and defoliation gradually appeared in the plants. At 21 dpi of inoculation, the DI of plants inoculated with N. dimidiatum was 81.97; however, in plants inoculated with only P. polymyxa AF01 and N. dimidiatum, was 50.43 (Figures 10C,D), suggesting a positive effect in controlling pitaya canker in this experiment (Table 4).

[image: Figure 10]

FIGURE 10
 Symptom development in different groups of Neoscytalidium dimidiatum inoculation. Treatment: plants challenged with Paenibacillus polymyxa AF01 for 24 h and then with N. dimidiatum; control: plants challenged with N. dimidiatum. The pictures are representative of two independent experiments: treatment on the 14th day after N. dimidiatum inoculation (A); treatment on the 21th day after N. dimidiatum inoculation (C); control on the 14th and 21th day after N. dimidiatum inoculation (B,D).




TABLE 4 Assessment of AF01 antagonistic activity against four fungal pathogens in vitro.
[image: Table4]



3.10. Field efficacy assessment of the AF01 against pitaya canker

Paenibacillus polymyxa AF01 fermentation broth reduced pitaya canker caused by N. dimidiatum in field experiments. The fungicide treatment had the greatest effect of 74.82%. The efficacies of different concentrations (5 × 107 CFU/mL and 1 × 108 CFU/mL) of AF01 suspension were evaluated and shown to be 50.68 and 65.28%, respectively. The control efficacy increased as the application frequency increased; after three treatments, 107 CFU/mL, 108 CFU/mL AF01, and pyraclostrobine suppressed pitaya canker with efficacies of 57.50%, 68.66%, and 79.70%, respectively (Table 5). The results showed that AF01 fermentation broth provided preservative effects by reducing chlorotic spots, suberization, and pitaya decay.



TABLE 5 Control effect of AF01 against pitaya canker in the field.
[image: Table5]




4. Discussion

Pitaya is highly susceptible to microbial diseases, particularly those caused by N. dimidiatum (Pan et al., 2021). Therefore, developing an effective prevention and control strategy to control this disease during production is crucial and necessary. As humans become increasingly concerned about food safety and environmental pollution, biocontrol has become increasingly important in sustainable agriculture and industrial biotechnology over time (Gao et al., 2019; Xu et al., 2020). Paenibacillaceae are found in the rhizosphere of different crops and found in marine sediments, forest plants, and insect larvae. In the context of the current information, Paenibacillus spp. can benefit agriculture through antimicrobial activity, nitrogen fixation, and phosphate solubilization and strongly affected plant-parasitic nematodes, oomycetes, pathogenic bacteria, and fungal phytopathogens, including Fusarium oxysporum, B. cinerea, and Verticillium dahlia (Grady et al., 2016). Multiple anti-fungal activity mechanisms are influenced by antibiosis, competition for nutrients and biological niches, heavy parasitism, and the induction of plant resistance (Zhai et al., 2021). In our study, among the 113 bacterial strains isolated from rhizosphere samples, strain AF01 from Qinzhou, Guangxi Province, China, showed the strongest antagonistic activity against N. dimidiatum, F. equiseti, B. cinerea, B. cactivora, and G. persicaria. Combined with the 16 s rRNA result, AF01 has a 99% identity with that of P. polymyxa (CP009909 and CP025957). According to current studies, Paenibacillus is one of the eight genera in the family Paenibacillaceae and currently comprises ~200 species (Grady et al., 2016). Comparative 16S rRNA sequence analysis could not demonstrate that the genus Paenibacillus consisted of P. polymyxa and close relatives. The identification of microbial taxonomy requires a combination of physiological, biochemical and molecular techniques (von der Weid et al., 2000). In this study, the strain AF01 was identified as P. polymyxa based on the results obtained from GEN III MicroPlate tests, where most biochemical characteristics of strain AF01 were consistent with those of P. polymyxa. Based on biochemical characters and the phylogenetic tree, strain AF01 was classified as P. polymyxa.

In vitro effects of P. polymyxa AF01 on the mycelial growth, spore germination and germ tube elongation provided the first evidence related to their potential toxicity and efficacy against the pathogenic N. dimidiatum. Compared with spore germination and germ tube elongation, hyphae growth phase was more sensitive to the effect of AF01 culture filtrate, while germ tube growth was less affected, which is in agreement with other findings on the antifungal activity of P. polymyxa and other Paenibacillus spp. against fungal species such as Cylindrocarpon destructant, Rhizoctonia solani, Fusarium sp., Sclerotinia sclerotiorum, Pythium ultimum (Bae et al., 2004), Colletotrichum gloeosporioides (Ran et al., 2021), Pseudoperonospora cubensis, B. cinerea, Phytophthora capsica (Kim et al., 2009) and Magnaporthe oryzae (Ali et al., 2021). Microscopic observations revealed that P. polymyxa AF01 hampered the fungus spore causing mycelial tip enlargement, protoplast cleavage and abnormal morphological alternations of the spores. A marked enhancement of fungal cell permeability was reflected by the abnormal and massive spillage of nucleic acid, proteins and electrolyte from macromolecular cytoplasmic components owing to cell damage by P. polymyxa AF01. Dispersal of conidia are the origin of many secondary infections on pitaya. The antifungal effects of AF01 on fungal spore germination may play a role in disease control, as the pathogen life cycle may be disrupted.

Fusaricidins produced by P. polymyxa strains play an important strategy for controlling plant pathogenic. These compounds comprised a guanidinylated β-hydroxy fatty acid and a cyclic hexapeptide. Paenibacillus stains produced various types of fusaricidins (Gil et al., 2021), where enormous diversity exists even within those found in the same bacterial. MALDI-TOF MS is a practical technique for detecting secondary metabolites without additional purification, allowing the identification of active compounds in crude extracts via mass spectrometry. More than 20 variants of these compounds have been detected and characterized in detail in P. polymyxa-M1, including fusaricidins A–D, LI-F03, LI-F04, LI-F05, LI-F06, LI-F07, and LI-F08 and other novel fusaricidin derivatives (Vater et al., 2015). Using a similar method, we demonstrated that AF01 produced 13 forms of fusaricidins, showing a much higher complexity than expected. Among which, fusaricidin A and fusaricidin D were the main fusaricidin found. Inhibitions of mycelial growth, spore germination, germ tube elongation caused by AF01 culture filtrate were observed in the study. Furthermore, this inhibiting action maybe due to fusaricidins, which cause cytoplasm leakage such as intracellular nucleic acid, proteins and electrolyte. The finding was consistent with reports that the main mode of fusaricidin against bacteria is due to the disruption of membrane integrity.

In this study, N. dimidiatum BH5 mycelia and spores were damaged and had a rough, swollen, and large area of cavitation that even appeared in the center of the cytoplasm after treatment with P. polymyxa AF01, which was probably due to damage to cell function. Based on previous studies that used ultrastructural observations and proteomic analyses, the synthesis of secondary metabolites involves multiple pathways as well as the inhibition of lipid, carbohydrate, and amino acid metabolism, thiamine biosynthesis, energy metabolism, and reduced reactive oxygen species (ROS) scavenging capacity (Han et al., 2017; Mokhtar et al., 2020). Our results suggest that the efficacy of P. polymyxa against N. dimidiatum BH5 is mediated by its ability to selectively block critical cellular processes including the transcription and translation mechanisms as well as RNA and DNA structural dynamics, energy production and conversion, and signal transduction pathways. Additionally, it appears to affect cell walls, membrane permeability, and protein biosynthesis.

Fungal cells possess dynamic cell walls that protect them against environmental stress and changes in osmotic pressure, making them critical to the species biology and ecology (Gow et al., 2017). Cell membranes serve a similar function, controlling the movement of substances in and out of the cell, making them functionally important in biological systems (Kraft, 2013). However, changes in these structures can cause cell wall and plasma membrane dysfunction, resulting in the leakage of protoplasm from conidia and mycelia and the formation of vacuoles in spores and mycelia. Therefore, cell walls and plasma membranes are major targets of antifungal drugs and volatile compounds because of their crucial roles in fungal cell survival (Bakkali et al., 2008). Similar to the effect of iturin A on Phytophthora infestans and fusaricidin on Bacillus subtilis and Fusarium moniliforme (Han et al., 2017), RNA-seq results indicated that the expression levels of CHS1, galU, galF, PLY, glpA, glpD, glpQ, ugpQ, GDE1, MVK genes were significantly altered by P. polymyxa AF01 treatment. This might adversely affect the biosynthesis of Glu, Rha, Gal, glycerone-P, sterol precursor, 1,2-diacyl-glycerol-3p, arachidonic acid significantly and thus suppressed the growth of the N. dimidiatum.

The endoplasmic reticulum (ER) is an organelle responsible for metabolism, signal transduction, and the growth and development of organisms. P. polymyxa AF01 treatment inhibited the expression of MAN1A-C, MNS1-2, HUGT, GANAB, and PRKCSH, resulting in significant disruptions in the accurate folding, post-translational modification, and final assembly of the cellular proteome of N. dimidiatum BH5. It may also reduce the secretion of sufficient quantities of cell-wall-degrading enzymes, proteases, pectinases, and other enzymes required to penetrate plant surfaces and cause necrosis (Joubert et al., 2011).

ROS are highly reactive, can damage cellular components such as proteins, lipids, and nucleic acids, and harm various biomolecules within biological systems (Scott and Eaton, 2008; Yang et al., 2022). Accordingly, peroxiredoxin and catalase T are significantly induced to detoxify ROS, maintain the redox balance, and resist oxidative damage to the cells (Hossain et al., 2015). This study examined the effects of P. polymyxa AF01 on N. dimidiatum BH5 cells. Treatment with P. polymyxa AF01 to pitaya resulted in the upregulation of ACOX1, ACOX3, DAO, and AAO, whereas MPV17 was downregulated, suggesting that the treated cells accumulated ROS. These alterations result in changes in the permeability of the fungal membrane, impaired membrane transport and respiration, and the disintegration of the fungal cell wall.

Results of the pot experiment strongly supported that P. polymyxa AF01 significantly reduces the severity of pitaya canker. However, the actual agricultural field is far more complex than the pot experiment under laboratory conditions. Further field studies were carried out to verify the control effect as the disease control efficacy of strain AF01 reached 68.66%. Despite being less potent than chemically synthesized chemical fungicides, P. polymyxa AF01 has the benefit of being more environmentally friendly and conforming to the idea of sustainable development. To improve its biological control effect, optimal application rate, timing, and frequency of AF01 are also important issues that must be considered in field production.

Although P. polymyxa can improve plant defense abilities to reduce disease occurrence; our previous study showed that irrigating with AF01 did not significantly reduce pitaya canker. it is not yet clear whether AF01 can regulate defensive response to N. dimidiatum infection. Therefore, studies in this field should be conducted in further work.



5. Conclusion

Pitaya canker is a fungal disease threatening the pitaya fruit industry. P. polymyxa AF01, a bacterium exhibiting potent antifungal activity against the pathogen N. dimidiatum, was identified using a combinate analyses. The main antifungal products of P. polymyxa AF01 are fusaricidins, which possess a broad antibacterial spectrum. Based on our existing data and previous studies, a hypothesis was proposed regarding the mode of fusaricidin produced by P. polymyxa in suppressing pitaya canker: it was postulated that fusaricidins disturbed cell wall biosynthesis, changes in membrane permeability direct inhibitory effects on spore germination and hyphal growth of N. dimidiatum. Considering its high potential as a biocontrol agent, additional studies are warranted to explore the development and practical applications of P. polymyxa AF01.
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Microbial diversity is an important indicator of soil fertility and plays an indispensable role in farmland ecosystem sustainability. The short-term effects of fertilization and rhizobium inoculation on soil microbial diversity and community structure have been explored extensively; however, few studies have evaluated their long-term effects. Here, we applied quantitative polymerase chain reaction (qPCR) and amplicon sequencing to characterize the effect of 10-year fertilizer and rhizobium inoculation on bacterial communities in soybean bulk and rhizosphere soils at the flowering–podding and maturity stages. Four treatments were examined: non-fertilization control (CK), phosphorus and potassium fertilization (PK), nitrogen and PK fertilization (PK + N), and PK fertilization and Bradyrhizobium japonicum 5821 (PK + R). Long-term co-application of rhizobium and PK promoted soybean nodule dry weight by 33.94% compared with PK + N, and increased soybean yield by average of 32.25%, 5.90%, and 5.00% compared with CK, PK, and PK + N, respectively. The pH of PK + R was significantly higher than that of PK and PK + N at the flowering–podding stage. The bacterial abundance at the flowering–podding stage was positively correlated with soybean yield, but not at the maturity stage. The significant different class Gemmatimonadetes, and the genera Gemmatimonas, and Ellin6067 in soil at the flowering–podding stage were negatively correlated with soybean yield. However, the bacterial community at class and genus levels at maturity had no significant effect on soybean yield. The key bacterial communities that determine soybean yield were concentrated in the flowering–podding stage, not at maturity stage. Rhizosphere effect, growth period, and treatment synergies resulted in significant differences in soil bacterial community composition. Soil organic matter (OM), total nitrogen (TN), pH, and available phosphorus (AP) were the main variables affecting bacterial community structure. Overall, long-term co-application of rhizobium and fertilizer not only increased soybean yield, but also altered soil bacterial community structure through niche reconstruction and microbial interaction. Rhizobium inoculation plays key role in reducing nitrogen fertilizer application and promoting sustainable agriculture practices.
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1. Introduction

Chemical fertilizer application is a common strategy for enhancing soil fertility and crop yield in agricultural production. Effective fertilization can promote soil ecosystem health. However, irrational fertilization can lead to a series of environmental problems, including soil biodiversity and productivity reduction (Guo et al., 2010; Yang et al., 2018), environmental pollution (Probert et al., 1998; Drijber et al., 2000), and soil acidification (Ahmad et al., 2013; Xiao et al., 2021; Xie et al., 2021). At present, measures such as fallowing, organic substitution (Dai et al., 2019; Ji et al., 2020; Zhang et al., 2021), green manure planting (Zhang et al., 2017; Ma et al., 2021), and biofertilizer promotion (Wu et al., 2005; Castro et al., 2020; Zhou et al., 2021) have been implemented in agriculture to reduce the detrimental impacts of fertilization. Biofertilizers have become a research hotspot because of their environmental friendliness and effectiveness. They can activate fixed nutrients in the soil, stimulate growth and absorption by the root system, and reduce fertilization rates with the corresponding nutrient elements (Abd-Alla et al., 2014; Koskey et al., 2017). With such soil adjustments, beneficial bacteria can be increased, harmful bacteria eliminated, and crop diseases reduced (Igiehon and Babalola, 2017; Schütz et al., 2018). Soybean rhizobia are biofertilizers and facilitate nitrogen fixation and emission reduction (Soumare et al., 2020).

The Gram-negative soil bacterium rhizobium is widely distributed and can stimulate legumes to produce root nodules and symbiotic nitrogen fixation (Ditta et al., 1980; Quandt and Hynes, 1993; Han et al., 2020). Rhizobium has positive effects on crop growth and nutrient absorption, including promoting the absorption of phosphorus and iron, and enhancing the production of plant hormones that promote crop growth. They can additionally enlarge the abundance of beneficial microorganisms, minimize the prevalence of pests and diseases, and expand crop yield (Zhuang et al., 2007; Ahemad and Kibret, 2014). Trabelsi and Mhamdi (2013) reported that inoculation with two local rhizobia strains increased potato yield by 32% and decreased potato wireworm infestation by 56%. The plant hormone gibberellin produced by rhizobia enlarges the size of nodules in host legumes (Nett et al., 2022). Furthermore, inoculation with rhizobia can promote yields in crops, such as soybean (Ronner et al., 2016), milk vetch (Liu et al., 2022), faba bean (Pereira et al., 2019), maize (Marks et al., 2015), wheat (Yanni et al., 2016), and rice (Mehboob et al., 2009). In addition, the effect of rhizobia inoculum alone is reportedly weaker than that of rhizobia combined with other strains or chemical fertilizer. The nodulation rate and yield of soybean could be improved by co-inoculation of Bradyrhizobium japonicum and Azospirillum brasilense (Hungria et al., 2013; Barbosa et al., 2021; Moretti et al., 2021). Combination of Rhizobium sp. and chemical fertilizer (N15P15K15) achieved the best peanut nutrition and production parameters (Adjile et al., 2020). Rhizobium has been demonstrated to be an environmentally friendly substitute to nitrogen fertilizer based on the positive effects above (Gitonga et al., 2021; Halwani et al., 2021; Pires et al., 2021; Kumawat et al., 2022). Although rhizobium can form symbiotic relationships with legumes, and provide a considerable number of nitrogen to plant, continuous inoculation ensures the long-term availability of nitrogen in the soil. Therefore, it is an ecologically manageable choice for enhancing agricultural soil environment (Korir et al., 2017; Thilakarathna and Raizada, 2017; Zilli et al., 2021).

Several long-term studies have reported that fertilization alters soil microbial community composition. Zhou et al. (2015) observed that 34 years of fertilization decreased bacterial diversity. Long-term fertilization enhanced bacterial abundance and modified bacterial composition in rhizosphere soil (Wang et al., 2018). Inoculation with rhizobia can alter soil microbial community structure; however, most of the current studies are based on short-term time scales. One-year inoculation of rhizobia and application of appropriate nitrogen fertilizer in the field increased the bacterial richness in the rhizosphere soil (Trabelsi et al., 2011). Furthermore, rhizobium inoculation may contribute to the rotational benefits of legumes in potato cropping systems not only by providing fixed nitrogen, but also by increasing microbial diversity and structure, potentially stimulating plant growth promoting rhizobacteria and enhancing disease control (Trabelsi et al., 2012). The effects of Achillea millefolium EO (Essential oils) and three different rhizobia on soybean were studied in a greenhouse experiment. The results showed that compared with the control, the bacterial colony forming units decreased after EO application and increased after inoculation with rhizobia (Turan et al., 2019).

Soybeans [Glycine max (L.) Merr.] are native to China and their seeds are rich in protein (64%) and oil (30%; Niwińska et al., 2020; Kumawat et al., 2022). Inoculating soybean crop soil with appropriate rhizobia can supplement a high number of effective rhizobia. This can further enhance the soil fertility and increase soybean yields (Hungria et al., 2013; Igiehon et al., 2021). Microbe is a vital indicator of soil fertility and performs an integral function in farmland ecosystem sustainability. To date, the short-term effects of fertilization and rhizobium inoculation on soil bacterial diversity and community composition have been explored extensively; however, few studies have evaluated their long-term effects. In the present study, a soybean field in Northeast China with a history of 10 years of chemical fertilization and inoculation with rhizobium was examined to determine the effects of the unique fertilization strategies on bacterial community abundance and composition at the flowering–podding and maturity stages, combined with amplicon sequencing and quantitative PCR (qPCR). We hypothesized that long-term fertilization and co-inoculation with rhizobium would alter the soil bacterial community structure. Inoculation with rhizobia would improve soybean yield by increasing nodule dry weight. Our results would provide novel insights into the effects of long-term fertilization and rhizobium inoculation on soybean yield and soil bacterial community structure, and provide a theoretical basis for microbial fertilizer development and utilization.



2. Materials and methods


2.1. Experimental site and soil sampling

Since 2011, a long-term fertilization experiment was carried out in the modern agricultural industrial technology demonstration base, located at the Jilin Academy of Agricultural Sciences, Gongzhuling County, Jilin Province, China (43° 52′ 88′′ N, 124° 80′ 55′′ E, 42 m elevation) with typical chernozem. The cropping system was an annual rain-fed rotation system and the main crop was soybean, which was planted continuously throughout the year. Bradyrhizobium japonicum 5821 was isolated from the soybean root nodule of Kenjiandou 28, Jiusan Farm, Nenjiang. 5 ml of rhizobia solution (concentration was 5 × 109 CFU ml−1) was mixed with 1 kg soybean seeds. Sow 45 kg of soybean seeds per hectare. The soybean variety used was Jiyu 86.

Soil samples were collected at the flowering–podding (16 July), and maturity (29 September) stages in 2021. In this study, four treatments with three replicates were examined, and each replicate contained five random soybean plants. Namely (1) CK, non-fertilization control; (2) PK, phosphorus (75 kg P2O5 ha−1), and potassium fertilization (75 kg K2O ha−1); (3) PK + N, PK chemical fertilizers plus urea (60 kg N ha−1); and (4) PK + R, PK chemical fertilizers plus B. japonicum 5821. Topsoil (0–20 cm) and borrowed approximately 30 cm from the plants was collected as bulk soil. The rhizosphere soil of five plants was randomly collected, the excess soil was shaken off, and the soil close to the roots was gently collected with a brush and mixed into a composite sample. The soil sample was thoroughly homogenized by removing the weeds and gravel with a 2-mm sieve. Part of the soil samples were naturally air-dried and stored at 4 degrees, respectively, for physicochemical detection, and the rest were stored at −80 degrees for molecular experiments. Soybean nodules were collected from soybean roots at the flowering–podding stage, and the nodules were placed in an 80°C oven until reaching constant weight.



2.2. Soil physicochemical analysis

The ratio of soil to distilled water was 1:2.5 (weight/volume) was used to determine soil pH. Organic matter (OM) was measured according to loss on ignition of dried weight in a muffle furnace at 550°C for 6 h. CNS-2000 analyzer (LECO, St. Joseph, MI, USA) was used to estimate the TN content by burning of air-dried soil which was passed through a 0.15 mm sieve. Soil available N (AN) was measured by the diffusion plate alkaline hydrolysis method, and H2SO4 titration was used to determine its content (Zhou et al., 2019). Available phosphorus (AP) was extracted by 0.5 M NaHCO3 and the molybdenum blue colorimetric method was used for analysis (Olsen et al., 1954). Available potassium (AK) was extracted with 1 M ammonium acetate and determined by flame photometer (FP640, INASA, China).



2.3. Extraction of soil DNA and 16S rRNA gene quantitation

Soil DNA (1 g of fresh sample) was extracted using the DNeasy® PowerSoil® Kit (Qiagen, Hilden, Germany). The DNA concentration and purity were evaluated using a NanoDrop ND-1000 UV–Vis Spectrophotometer (Thermo Fisher Scientific, Rockwood, TN, USA) and 1% (w/v) agarose gel electrophoresis. The copy number of 16S rRNA gene (V4 fragment) was determined by qPCR using an ABI 7500 thermal cycler (Applied Biosystems, Waltham, MA, USA) with the primers 515FmodF (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806RmodR (5′-GGACTACNVGGGTWTCTAAT-3′; Wang et al., 2018). The construction of reaction system and extraction of plasmids refer to Zhou et al. (2015). Three replicates of qPCR were performed in each group. The specificity of the amplified 16S rRNA gene was evaluated using melt curve with fluorescence measurement at temperatures ranging from 60 to 95°C. The parameter Ct (threshold period) received by ABI 7500 (version 1.0.6) was used to determine the copies of 16S rRNA gene (Zhou et al., 2019).



2.4. Amplicon sequencing of 16S rRNA gene

The purified DNA was amplified using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′; Ding et al., 2020). They were sequenced on the MiSeq PE300 platform (Illumina, San Diego, CA, USA) at the Sanger Biotech Co., Ltd., Shanghai, China. In the reads of the original 16S rRNA gene, shorter sequences and those with ambiguous bases were discarded. QIIME (v. 1.9.1) was used to identify and remove chimeric and noisy sequences. Use UPARSE (v. 11) to cluster operational taxonomic units (OTUs) at 97% similarity cut-off points. A unique classification of OTUs was confirmed based on a comparison with the SILVA database (Release 138, http://www.arb-silva.de). Total potential OTUs and bacterial diversity were estimated using Mothur software (1.30.2). The original sequences were uploaded to the NCBI Sequence Read Archive under study PRJNA859097 (Chen et al., 2021; Zhang et al., 2022).



2.5. Statistical analysis

SPSS 24 (SPSS, Chicago, USA) was used to conduct one-way analysis of variance to analyze the differences in basic properties, bacterial abundance and diversity, and Duncan’s test at p < 0.05 was used to compare the significance between the soil treatments. The difference of physicochemical properties between bulk and rhizosphere soils was analyzed by T-test. The effects of fertilization, rhizosphere effect, and growth stage interaction on bacterial abundance and community diversity were analyzed by multiway analysis of variance (ANOVO) (Chen et al., 2021). Boxplot and regression analysis were carried out with the “ggplot2” package; principal coordinate analysis (PCoA) and Mantel test were proceeded by “vegan” package in R software (v 3.6.1). Redundancy analysis (RDA) was performed using CANOCO (version 5.0) to visualize the effects of soil physicochemical factors on bacterial OTU composition. The relationships among the soil properties, nodule dry weight, soybean yield, and bacterial community composition were detected by calculating Spearman correlation coefficients.

AMOS software (IBM® SPSS® Amos 26.0.0) was used to conduct structural equation modeling (SEM) to account for the direct and indirect relationships among soil main physicochemical factors, nodule dry weight, soybean yield, and bacterial community structure. The first principal component (PC1) of PCoA was used as the index of bacterial community composition, and the Shannon index was used as the index of bacterial diversity. The best fitting model was obtained based on the maximum likelihood of fit, namely, p-values, the goodness of Chi-square test (χ2) and fit index (GFI), and the approximate root mean square error (RMSEA; Lefcheck, 2015; Kwok et al., 2018).




3. Results


3.1. Variations in environmental factors among treatments

Long-term fertilization and inoculation with rhizobium changed the soil physicochemical properties, and soybean nodulation rate and yield (Table 1). Long-term nitrogen fertilization (PK + N) reduced the root nodule dry weight by 69.02% compared with PK, by 33.94% when compared with PK + R during the flowering–podding stage. The soybean yield was the highest in PK + R (3,025.33 kg ha−1). Inoculation with B. japonicum 5821 increased soybean yield by 737.73 kg ha−1 (32.25%) on average when compared with CK, by 168.66 kg ha−1 (5.90%) on average when compared with PK, and by 144.00 kg ha−1 (5.00%) on average when compared with PK + N. Long-term fertilization (PK, PK + N, PK + R) substantially decreased the soil pH, particularly in PK at flowering-podding stage and in PK+ N at maturity stage. The pH of the PK + R was notably greater than that of the PK and PK + N. Long-term application of PK+ N and PK + R significantly increased AP and AK content in soil at both stages. However, the effects of different treatments on TN and AN were inconsistent. Their contents fluctuated within a small range among different treatments, which might be related to the strong nitrogen fixation potential of the soybean roots. Additionally, at the flowering–podding stage, the pH of rhizosphere soil in all treatments was significantly higher than that of bulk soil. There was no significant difference between the bulk and rhizosphere contents of OM and AN in all treatments. Except PK + N, AK in other treatments was significantly greater in the rhizosphere than in the bulk soil. At the maturity stage, OM and AK in rhizosphere soil were significantly higher than that in bulk soil under fertilization conditions (p < 0.05). TN in bulk soil was significantly lower than that in rhizosphere soil except nitrogen fertilizer treatment.



TABLE 1 Properties of the bulk soil and rhizosphere samples from soybean cultivated at the flowering–podding stage and maturity stage under different fertilization levels.
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3.2. Variations in abundance and richness of bacteria

Results of the three-way ANOVA confirmed that the rhizosphere effect (p < 0.001) and treatment (p < 0.01) had remarkable influence on 16S rRNA gene abundance, whereas growth stage had no remarkable influence (Figure 1). The interactions among growth stage, rhizosphere effect, and treatment were noteworthy (p < 0.001). The abundances of soil bacteria were 14.91× 108 to 46.07 × 108 copies g−1, which in CK were obviously less than other treatments at the flowering–podding stage (Figure 1A), whereas those in PK + R were apparently greater than other treatments in bulk soil and obviously less than other treatments in rhizosphere soil at the maturity stage (Figure 1B).

[image: Figure 1]

FIGURE 1
 Bacterial abundance (A,B) and richness (C,D) in soybean field trials at the flowering–podding stage (A,C) and maturity stage (B,D). CK: non-inoculated control in soil; PK, superphosphorus and potassium chloride; PK + N, PK chemical fertilizers plus urea; PK + R, PK chemical fertilizers plus Bradyrhizobium japonicum 5821. Different letters above bars indicate significant differences (one-way ANOVA, p < 0.05, Duncan’s multiple-range test) among different treatments at each growth stage. The overall effects of growth stage (G), rhizosphere effect (R), and treatment (T) on bacterial abundance and Shannon index were evaluated by three-way ANOVA, with the results shown at the top of the figure. *0.01 < p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


A complete of 7,132,055 high-quality reads had been obtained from 48 soil samples. The coverage values ranged from 96.05% to 96.52%. Three-way ANOVA confirmed that the growth stage (p < 0.001) and rhizosphere effect (p < 0.05) had obvious significance on the Shannon index, whereas the treatment had no remarkable influence. The interactions among growth stage, rhizosphere effect, and treatment were noteworthy (p < 0.05; Figure 1). At the flowering–podding stage, the Shannon index in the PK treatment was significantly higher than that in the PK + N treatment in the bulk soil, and that in CK and PK + N were greater than other treatments in the rhizosphere soil (Figure 1C). At maturity, there was no remarkable difference in Shannon index among any treatments in the bulk soil. In the rhizosphere soil, Shannon index in PK + R was 2.91%, 5.05%, and 5.05% higher than those in CK, PK, and PK + N, respectively (Figure 1D).

Linear regression analysis showed that bacterial abundance in bulk and rhizosphere soil at the flowering–podding stage was positively correlated with soybean yield (Figures 2A,C), whereas they had no significant correlation with soybean yield at the maturity stage (Figures 2E,G). The bacterial richness in bulk and rhizosphere soil at both stages was not correlated with soybean yield (Figures 2B,D,F,H). There was no significant correlation between soybean yield and root nodule dry weight (Supplementary Figure S1).
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FIGURE 2
 Linear regression relationships between bacterial abundance (A,C,E,G) and richness (B,D,F,H), and soybean yield, in bulk (A,B,E,F) and rhizosphere soil (C,D,G,H), at the flowering–podding stage (A–D) and at the maturity stage (E–H).




3.3. Variations in community composition of bacteria

PCoA analysis of the bacterial community structure showed that there was a significant separation among the clusters at both growth stages (p = 0.001; Figure 3). At the flowering–podding stage, 32.01% could be explained by PC1 and 29.73% by PC2 (Figure 3A). Meanwhile, at the maturity stage, 43.23% could be explained by PC1 and 7.92% by PC2 (Figure 3B). The different treatments presented remarkable separation at the flowering–podding and maturity stages. Rhizosphere effects also led to prominent separation of the bacterial community structure (Figures 3A,B). Three-way ANOVA showed that the growth stage (p < 0.001) and rhizosphere effect (p < 0.05) had significant influence on the bacterial community composition, whereas the treatment had no remarkable influence. The effects of different treatments on bacterial beta diversity were significantly different at the same stage and space scale (p = 0.001, Supplementary Table S1). Specifically, at the flowering-podding stage, the R2 value was 0.7963 in bulk soil and 0.9506 in rhizosphere soil. At the maturity stage, the R2 value was 0.7037 in bulk soil and 0.7562 in rhizosphere soil.
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FIGURE 3
 Principal coordinate analysis (PCoA) ordinations of bacterial community composition from the bulk soil and the rhizosphere of soybean under different fertilization levels at the flowering–podding stage (A) and the maturity stage (B). Differences in bacterial beta diversity among different fertilization treatments were determined through PERMANOVA based on the Bray–Curtis distance matrix. CK: non-inoculated control in soil; PK, superphosphorus and potassium chloride; PK + N, PK chemical fertilizers plus urea; PK + R, PK chemical fertilizers plus Bradyrhizobium japonicum 5821. The effects of growth stage (G), rhizosphere effect (R), and treatment (T) on bacterial community composition were evaluated by three-way ANOVA, with the results shown at the top of the figure. *0.01 < p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


The predominant bacterial classes in all samples were Alphaproteobacteria, Actinobacteria, Thermoleophilia, Gammaproteobacteria, Acidobacteria, Vicinamibacteria, and Gemmatimonadetes, accounting for 65.44–74.24% of the total sequences at the flowering–podding stage (Figure 4A) and 69.11–74.42% at the maturity stage (Figure 4B). Subsequently, we analyzed the changes in dominant bacteria communities at class level caused by fertilization and rhizobium (Supplementary Table S2). Notably, the application of the same fertilizer or rhizobium in bulk or rhizosphere soil during different growth periods resulted in different dominant bacteria in the community. For instance, when applicated with PK + R, in bulk soil at the flowering–podding stage, the relative abundances of the classes Thermoleophilia, Chloroflexia, and Bacilli were significantly (p < 0.05) increased, while the relative abundance of the classes Alphaproteobacteria, Gammaproteobacteria, Gemmatimonadetes, Bacteroidia, Saccharimonadia, and Holophagae were significantly decreased. In rhizosphere soil at the flowering–podding stage, the relative abundances of the classes Actinobacteria, Thermoleophilia, Chloroflexia, Ktedonobacteria, and Bacilli were significantly (p < 0.05) increased, while the relative abundance of the classes Gammaproteobacteria, Gemmatimonadetes, Bacteroidia, Polyangia, Saccharimonadia, and Holophagae were significantly decreased. In bulk soil at the maturity stage, the relative abundance of the class Bacteroidia and Gemmatimonadetes was significantly decreased. In rhizosphere soil at the maturity stage, the relative abundances of the classes Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia were significantly (p < 0.05) increased, while the relative abundance of the classes Thermoleophilia, and Gemmatimonadetes were significantly decreased. The relative abundance of the class Gemmatimonadetes was significantly decreased in all treatments during the both growth stages.
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FIGURE 4
 Relative abundance of dominant bacteria at the class level (relative abundance >1%) (A,B) for each treatment at the flowering–podding stage (A) and at the maturity stage (B). CK: non-inoculated control in soil; PK, superphosphorus and potassium chloride; PK + N, PK chemical fertilizers plus urea; PK + R, PK chemical fertilizers plus Bradyrhizobium japonicum 5821.


The dominant genus was norank_f_norank_o_Gaiellales (2.51–7.71%) in bulk and rhizosphere soil at both stages, and their relative abundances varied significantly across different treatments (Figure 5). When applicated with PK + R, in bulk soil at the flowering–podding stage, the relative abundances of the genera norank_f_norank_o_Gaiellales, Gaiella, Nocardioides, and Blastococcus were significantly (p < 0.05) increased, while the relative abundances of the genera Gemmatimonas, norank_f_SC-I-84, Sphingomonas, and Ellin6067 were significantly decreased. In rhizosphere soil at the flowering–podding stage, the relative abundances of the genera Blastococcus, Nocardioides, and norank_f_norank_o_Gaiellales were significantly (p < 0.05) increased, while the relative abundance of the genera norank_f_SC-I-84, Ellin6067, norank_f_norank_o_Saccharimonadales, and Gemmatimonas were significantly decreased. In bulk soil at the maturity stage, the relative abundances of the genera norank_f_norank_o_Vicinamibacterales, Arthrobacter, and norank_f_Vicinamibacteraceae were significantly (p < 0.05) increased. Overall, co-application of fertilization and rhizobium significantly increased the relative abundance of the genera norank_f_norank_o_Gaiellales, Nocardioides, and Blastococcus, and decreased the relative abundance of Gemmatimonas, norank_f_SC-I-84, and Ellin6067 in bulk and rhizosphere soil at the flowering–podding stage. In addition, fertilization resulted in a significant reduction of norank_f_norank_o_Elsterales and norank_f_Xanthobacteraceae in bulk soil at flowering–podding stage. Application of nitrogen fertilizer resulted in significant decrease in Bacillus in bulk soil, and Mycobacterium and norank_f_norank_o_C0119 in rhizosphere soil at maturity stage (Figure 5; Supplementary Table S3). The relative abundances of Bradyrhizobium in bulk and rhizosphere soil at the flowering–podding and maturity stages are shown in Supplementary Figure S2. Specifically, the relative abundance of Bradyrhizobium was lower in PK + R compared to PK + N in bulk soil at both the flowering-podding and maturity stages. However, in rhizosphere soil at the flowering-podding stage, the relative abundance of Bradyrhizobium was higher in PK + R compared to PK + N, while the opposite trend was observed at the maturity stage.
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FIGURE 5
 Relative abundances of top 20 dominant genera in different treatments at flowering–podding (A,B) and maturity (C,D) stages in bulk (A,C) and rhizosphere (B,D) soil. CK: non-inoculated control in soil; PK, superphosphorus and potassium chloride; PK + N, PK chemical fertilizers plus urea; PK + R, PK chemical fertilizers plus Bradyrhizobium japonicum 5821.


Spearman correlation analysis revealed the correlation between soybean yield and major bacterial communities at class and genus levels (Figure 6). In bulk soil, at the flowering–podding stage, the class KD4–96 (Figure 6A) and the genus norank_f_norank_o_norank_c_KD4-96 (Figure 6E) were positively correlated with soybean yield. Conversely, the classes Gammaproteobacteria, Gemmatimonadetes, Bacteroidia, and Nitrospiria (Figure 6A), and the genera Gemmatimonas, Candidatus_Solibacter, Bryobacter, and Ellin6067 were negatively correlated with soybean yield (Figure 6E). The bacterial communities in rhizosphere soil at the flowering–podding stage showed that the relative abundances of the classes Chloroflexia, Bacilli, and Ktedonobacteria (Figure 6B), and the genera Bradyrhizobium, Arthrobacter, and Nocardioides (Figure 6F) were positively correlated with soybean yield. The classes Gemmatimonadetes, Acidobacteria, Polyangia, and Holophagae (Figure 6B), and the genera Gemmatimonas, norank_f_norank_o_Acidobacteriales, norank_f_SC-I-84, Ellin6067, and Candidatus_Solibacter (Figure 6F) were negatively correlated with soybean yield. In summary, the significant different class Gemmatimonadetes, and the genera Gemmatimonas and Ellin6067 in soil at the flowering–podding stage were negatively correlated with soybean yield. However, the soil bacterial community at both class and genus levels at maturity was not correlated with soybean yield (Figures 6C,D,G,H).
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FIGURE 6
 Spearman correlation coefficients between soybean yield and dominant bacteria at class (relative abundance >1%) (A–D) and genus level (20 most abundant) (E–H) in bulk soil (A,C,E,G) and rhizosphere soil (B,D,F,H) at the flowering–podding stage (A,B,E,F) and maturity stage (C,D,G,H). Bold font indicates classes and genera with significant differences among different treatments. *0.01 < p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




3.4. Factors driving bacteria variation in black soil

The RDA analysis showed the effects of soil properties on bacterial community composition at different stages (Figure 7). Overall, 29.41% of variation in the bacterial composition in these treatments at the flowering–podding stage was explained by RDA1 and 17.82% by RDA2 (Figure 7A). At the maturity stage, 68.14% of variation was explained by RDA1 and 0.51% by RDA2 (Figure 7B). Treatments at both stages in the bulk soil were separated along RDA2, whereas the treatments in rhizosphere soil were isolated from the bulk soil along RDA1. AK and TN were significantly related to bacterial communities at flowering-podding stage, and AK, OM, TN, and pH at maturity stage. This indicates the presence of a specific bacterial community composition between the bulk and rhizosphere soil treatments. Mantel test was proceeded to further investigate the influence of environmental factors on bacterial composition. There was a significant positive correlation between pH and bacterial community in the rhizosphere soil at the maturity stage (p < 0.05, Supplementary Table S4).
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FIGURE 7
 Redundancy analysis (RDA) profile constructed from the OTU composition of bacteria and soil properties in the bulk and rhizosphere soil samples under different fertilization levels at the flowering–podding stage (A) and the maturity stage (B). The position and length of the arrows indicate the direction and strength of the influence of soil variables on bacterial communities, respectively. The significant variables are shown by red arrows (p < 0.01). CK, non-inoculated control in soil; PK, superphosphorus and potassium chloride; PK + N, PK chemical fertilizers plus urea; PK + R, PK chemical fertilizers plus Bradyrhizobium japonicum 5821.




3.5. Integrated responses of soil properties and soybean yield on bacterial structure

Spearman’s correlation analyses between soil properties, nodule dry weight, soybean yield, and bacterial structure are shown in Supplementary Table S5. Nodule dry weight was negatively related to pH and positively related to AP and AK contents. Soybean yield was positively related to AP. Bacterial abundance was positively related to AN and AK, whereas bacterial diversity was negatively related to OM, AN, and AK. Bacterial composition was positively related to OM, AN, and AK, and negatively related to TN and bacterial abundance.

We assessed the effects of bacterial structure on main physicochemical factors and the soybean yield by using an SEM model based on Supplementary Table S5 (Figure 8A). This model fits our causal hypothesis (χ2 = 24, df = 18, p = 0.16, GFI = 0.92, RMSEA = 0.08). The effect of AP (path coefficient = 0.58) on soybean yield was significantly positive. The path coefficient of pH on bacterial composition was 0.66, which was higher than that of AP (0.42) and OM (0.21). The negative path coefficient of TN on bacterial composition was −0.42, which was higher than the path coefficient on bacterial diversity (−0.39). Bacterial composition positively affected nodule dry weight, and the path coefficient was 0.48, whereas OM and pH negatively affected nodule dry weight, the path coefficient was −0.51 and − 0.46. The final model explained the weightiness of different components, with soybean yield accounting for 34%, nodular dry weight for 33%, bacterial abundance for 6%, bacterial composition for 75%, and bacterial diversity for 29%. Details of the standardized direct and indirect effects for the SEM models are shown in Figure 8B.

[image: Figure 8]

FIGURE 8
 Structural equation model (SEM) showing the hypothesized causal relationships among soil properties (OM, TN, pH, AP), nodule dry weight, soybean yield and bacterial abundance, diversity, and composition (A). This model resulted in a good fit to the data, with a model χ2 = 24, df = 18, p = 0.16, GFI = 0.92, RMSEA = 0.08. Red arrows indicate significant positive correlations, while blue indicates significant negative relationships (p < 0.05). R2 values represent the proportion of the variance explained for each endogenous variable. The direct and indirect effects of factors on bacterial composition were determined using SEM (B).





4. Discussion


4.1. Long-term co-application of Bradyrhizobium japonicum 5821 and fertilizer promotes soybean yield and alters soil properties

Rhizobium inoculation has been suggested to promote soybean nodules and yields (Albareda et al., 2009; Hungria et al., 2013; Zhong et al., 2019; Ulzen et al., 2020). In our study, long-term inoculation with B. japonicum 5821 and application of PK fertilizer promoted soybean nodule dry weight by 33.94% when compared with PK + N, and increased soybean yield when compared with CK, PK, and PK + N (Table 1). This was similar to the study, soybean yield increased by 10.1% (180 kg hm−1) after 8 years of prolonged field inoculation with Bradyrhizobium and NPK fertilizer application in central India (Rawat et al., 2013). However, most previous studies have been carried out on other crops based on short-term field trials, not at long-term scale. For example, 2 years of field experiments showed that inoculating rhizobia alone was not enough to promote cowpea yield; only rhizobia inoculation combined with phosphate and potassium fertilizer could promote the yield (Chiamaka, 2015). It can be seen that long-term inoculation could increase soybean yield, but short-term inoculation did not necessarily increase yield, which was related to the cumulative effects of continuous inoculation, suggesting that continuous inoculation was necessary for production. In addition, Bradyrhizobium spp. inoculation and N fertilizer application for two consecutive years increased soybean yield by 130 kg ha−1, and promoted soybean dry weight and nitrogen content, but N fertilizer application without rhizobia inoculation only increased plant dry weight, the effect on soybean yield and nitrogen content was insignificant (Ruiz Diaz et al., 2009). Consequently, rhizobium combined with appropriate fertilizer can improve the yield of leguminous crops by improving soil fertility and crop root environment, and providing sufficient nitrogen for crop growth (Quandt and Hynes, 1993; Nett et al., 2022). And B. japonicum 5821 inoculation instead of nitrogen fertilizer increased soybean yield.

Long-term nitrogen fertilization (PK + N) reduced root nodule dry weight by 69% when compared with PK, and by 33.94% when compared with PK + R, because soil biological nitrogen fixation can be inhibited by excessive nitrogen fertilizer (Liu et al., 2019; Smercina et al., 2019; Zheng et al., 2019). Excessive nitrogen application can also negatively affect soybean growth (Zhou et al., 2006). Nitrogen application weakened the symbiotic nitrogen fixation ability of soybean with different genotypes (Reinprecht et al., 2020). Nitrogen fertilizer significantly reduced rhizobium abundance treated by ambient CO2 (Liu et al., 2021). In addition, PK + R had higher soybean yield and nodulation compared with PK + N. The synergistic effects of nodulation and nitrogen fixation on yield indicated that rhizobium inoculation reduced nitrogen availability, this is in line with preceding research (Turan et al., 2019; Sanyal et al., 2020). Therefore, rhizobia inoculation is a greener and more effective agricultural management measure than nitrogen fertilizer application.

The difference of pH between bulk and rhizosphere soil is insignificant in each treatment at the flowering–podding stage, which confirmed the cumulative effect and precise effect of long-term targeted inoculation of rhizobia. Long-term fertilization resulted in soil acidification (Barak et al., 1997; Schroder et al., 2011; Yang et al., 2018). Our study also showed that long-term fertilization resulted in a significant decrease in soil pH (Table 1). The pH of PK + R was obviously greater than that of PK and PK + N at the flowering–podding stage, suggesting that inoculation with B. japonicum 5821 can prevent soil acidification. This observation is consistent with preceding research (Watkin et al., 2000; Makoi et al., 2013; Alemayehu and Dechassa, 2022). Because rhizobia was more suitable for survival in near neutral pH environment than low pH environment. Inoculating rhizobium significantly increased soil pH, further increased the availability of Ca, Na, Fe, Cu, Zn, and Mn nutrients in rhizosphere soil (Bambara and Ndakidemi, 2010), also considerably extended the absorption of nutrient elements such as P, K, Ca, and Mg in plants (Makoi et al., 2013). It is suggested that inoculation with rhizobium inhibits soil acidification by increasing nutrient availability in soil and extending absorption of nutrient in plants. The total and available nutrients of rhizosphere soil were higher than that of bulk soil at the maturity stage, which is supported by recent studies (Chen et al., 2018, 2019; Li et al., 2019). This may be related to the carbohydrate and amino acid substances in the rhizosphere secretions promoted the contents of various nutrients in the rhizosphere soil, resulted in a significantly different rhizosphere microenvironment from that in bulk soil (Ai et al., 2013). Furthermore, the pH of PK + R was observably less than that of CK at the flowering–podding stage, indicating certain limitations on the effect of rhizobia inoculation on soil pH. Thus, inoculation with rhizobia can prevent soil acidification to some extent.



4.2. Effects of long-term co-application of Bradyrhizobium japonicum 5821 and fertilizer on bacterial community composition

Rhizobia inoculation not only affected the growth of aboveground crops, but also soil microbiota. In the present study, a combination of amplicon sequencing and qPCR analyses revealed that fertilization and inoculation with rhizobia had far-reaching influence on bacterial abundance and richness (Figure 1). We observed that at the maturity stage, bacterial abundance (in bulk soil) and richness (in rhizosphere soil) of PK + R were significantly higher than those of other treatments, indicating that co-application of B. japonicum 5821 and PK chemical fertilizers increased bacterial abundance and richness. This is consistent with previous reports on single inoculation of rhizobia or single fertilization. Fall et al. (2016) observed that rhizobium inoculated with native trees of Senegalia senegal (L.) Britton in a gum Arabic production area improved soil microbial biomass and functional diversity. Phaseolus beans inoculated with two native rhizobium significantly increased bacterial richness (Trabelsi et al., 2011). Co-inoculation of alfalfa with rhizobia slightly promoted microbial diversity in rhizosphere soil (Ju et al., 2019). Wang et al. (2018) characterized rhizosphere and bulk soil bacterial communities in a 36-year fertilizer experiment and found that application of N fertilizer decreased bacterial abundance, whereas MNPK (horse plus NPK) fertilizer enhanced bacterial abundance in the maize soil. Long-term application of high phosphorous fertilizer reduced bacterial diversity in wheat rhizosphere soil (Liu et al., 2020). Liu et al. (2021) reported that inoculation with Bradyrhizobium diazoefficiens USDA 110 reduced the diversity of soybean rhizosphere microbes. These inconsistent results may be on account of the interaction between soil and plants, which leads to complex soil environments and diverse microorganisms (Wu et al., 2011; Francioli et al., 2016; Hu et al., 2018; Semenov et al., 2020). Furthermore, the bacterial abundance in PK + R was observably lower than in other treatments in rhizosphere soil at maturity (Figure 1B). First, this may be because the inoculation of rhizobia inhibits the growth of other bacteria, leading to the enrichment of rhizobia in the soybean rhizosphere soil. Secondly, rhizobium can symbiosis nitrogen fixation with soybean, and soybean growth slows down after entering the maturity stage compared with the earlier stages, resulting in a decrease in bacterial abundance (Sohn et al., 2021). Third, crop roots mainly stimulate specific rhizosphere groups, resulting in communities that become increasingly different from the bulk soil, often with lower diversity (Shi et al., 2015; Fan et al., 2017; Nuccio et al., 2020).

Co-application of B. japonicum 5821 and PK fertilizer led to significant diversification of soil bacterial community composition (Supplementary Tables S2, S3). The co-application decreased the relative abundance of the class Gemmatimonadetes in all treatments during both growth stages (Figure 4); and significantly increased the relative abundance of the genera norank_f_norank_o_Gaiellales, Nocardioides, and Blastococcus, and decreased the relative abundance of Gemmatimonas, norank_f_SC-I-84, and Ellin6067 in bulk and rhizosphere soil at the flowering–podding stage (Figure 5). Such variation in bacterial composition caused by long-term inoculation was similar to those in the short-term scale. Sun et al. (2009) carried out 1-year field inoculation experiments, found that inoculation with Sinorhizobium meliloti CCBAU01199 increased Alphaproteobacteria and Betaproteobacteria relative abundance, decreased Gammaproteobacteria, Deltaproteobacteria, Firmicutes, and Actinobacteria abundance in alfalfa rhizosphere soil. During in situ restoration of a vanadium titanomagnetite tailings dam using Pongamia pinnata for 2 years, the abundance of groups under the phylum Proteobacteria increased in rhizosphere flora, and OTUs associated with rhizobia were preferably enriched (Yu et al., 2019). Furthermore, fertilization has been shown to alter soil microbial community composition (Geisseler and Scow, 2014; Ma et al., 2018; Zhou et al., 2019; Zhu et al., 2021). Nitrogen directly affect the bacterial community composition and soil factors, NPK directly affect the fungi community composition (Cassman et al., 2016). We can imply that long-term co-application of B. japonicum 5821 and PK fertilizer induced varied changes in the bacterial community structures (Zhu et al., 2018; Chee-Sanford et al., 2019; Kalam et al., 2022).

From our results, soil bacterial abundance at the flowering–podding stage were positively correlated with soybean yield, but not at the maturity stage (Figure 2). This is related to the different ecological functions of bacterial community in plant development stage. Root exudates are the communication link between plants and soil bacterial communities. Plants at different development stages release root exudates to change the assembly of plant microbiome (Ajilogba et al., 2022). And soil microbial activity at the flowering–podding stage of soybean was more vigorous than that at the maturity stage (Xu et al., 2009; Sohn et al., 2021). Additionally, Spearman correlation results revealed that at the flowering–podding stage, the class KD4–96 and the genus norank_f_norank_o_norank_c_KD4-96 in bulk soil, the classes Chloroflexia, Bacilli, and Ktedonobacteria, and the genera Bradyrhizobium, Arthrobacter, and Nocardioides in rhizosphere soil, were positively correlated to soybean yield. The significant different class Gemmatimonadetes, the genera Gemmatimonas and Ellin6067 in bulk and rhizosphere soil were negatively correlated with soybean yield (Figures 6A,B,E,F). The results showed that these bacteria had significant effect on soybean yield. This was similar to the report by Niraula et al. (2022) who observed that the rhizosphere soil microorganisms during soybean R1 (beginning of flowering)—R2 (blooming) stages, the class Anaerolineae, family Micromonosporaceae, and genera Plantomyces, Nitrospira, and Rhizobium have important effects on soybean yield. But the soil bacterial community at both class and genus levels at maturity was not significantly correlated with soybean yield (Figures 6C,D,G,H), this further indicated that the key bacterial communities determine soybean yield were concentrated in the early stages of soybean growth.

Mantel test and Spearman correlation results showed that soil OM, TN, pH, and AP were the dominant variables affecting bacterial community composition (Supplementary Tables S4, S5). The SEM showed significant effects of the four variables and bacterial diversity on bacterial composition. Nodule dry weight was negatively affected by OM and pH, and soybean yield was positively affected by AP (Figure 8). Preceding reports agree with our results (Yan et al., 2014, 2019; Liu et al., 2021).




5. Conclusion

In the present study, we evaluated the effects of four treatments (CK, PK, PK + N, and PK + R) on the bacterial composition of soybean grown in the black soil of Northeast China at the flowering–podding and maturity stages. Long-term inoculation with B. japonicum 5821 and application of PK fertilizer increased soybean nodule dry weight and soybean yield and altered soil properties. Co-application of B. japonicum 5821 and PK increased bacterial abundance in soybean bulk soil, and reduced bacterial abundance in rhizosphere soil at the maturity stage. The classes Alphaproteobacteria, Actinobacteria, Thermoleophilia, Gammaproteobacteria, Acidobacteria, Vicinamibacteria, and Gemmatimonadetes were the dominant bacteria across all the soil samples. Co-inoculation with B. japonicum 5821 and PK fertilizer strongly altered the bacterial community composition. The key bacterial communities that determine soybean yield were concentrated in the flowering–podding stage, not at maturity stage. Soil OM, TN, pH, and AP were the dominant variables affecting bacterial composition. The results demonstrate that long-term inoculation of rhizobia has the potential to promote soybean productivity and nitrogen fixation ability, and to improve soil fertility.
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Introduction: The continuous application of cow manure in soil for many years leads to the accumulation of heavy metals, pathogenic microorganisms, and antibiotic resistance genes. Therefore, in recent years, cow manure has often been mixed with botanical oil meal as organic fertilizer applied to farmland to improve soil and crop quality. However, the effects of various botanical oil meal and cow manure mixed organic fertilizers on soil microbial composition, community structure, and function, tobacco yield, and quality remain unclear.

Methods: Therefore, we prepared organic manure via solid fermentation by mixing cow manure with different oil meals (soybean meal, rape meal, peanut bran, sesame meal). Then, we studied its effects on soil microbial community structure and function, physicochemical properties, enzyme activities, tobacco yield and quality; then we analyzed the correlations between these factors.

Results and discussion: Compared with cow manure alone, the four kinds of mixed botanical oil meal and cow manure improved the yield and quality of flue-cured tobacco to different degrees. Peanut bran, which significantly improved the soil available phosphorus, available potassium, and NO3–-N, was the best addition. Compared with cow manure alone, soil fungal diversity was significantly decreased when rape meal or peanut bran was combined with cow manure, while soil bacterial and fungal abundance was significantly increased when rape meal was added compared with soybean meal or peanut bran. The addition of different botanical oil meals significantly enriched the subgroup_7 and Spingomonas bacteria and Chaetomium and Penicillium fungi in the soil. The relative abundances of functional genes of xenobiotics biodegradation and metabolism, soil endophytic fungi, and wood saprotroph functional groups increased. In addition, alkaline phosphatase had the greatest effect on soil microorganisms, while NO3–-N had the least effect on soil microorganisms. In conclusion, the mixed application of cow manure and botanical oil meal increased the available phosphorus and potassium contents in soil; enriched beneficial microorganisms; promoted the metabolic function of soil microorganisms; increased the yield and quality of tobacco; and improved the soil microecology.
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cow manure, botanical oil meal, soil microorganism, community structure, function prediction


1. Introduction

Cow manure, as an organic fertilizer, has been widely used in agriculture because of its high utilization rate, good fertilizer efficiency, and low cost (Yang and Zhang, 2022). Economic globalization has promoted the expansion of intensive livestock breeding, producing increasing volumes of rich manure. If not handled properly, the odor, harmful gases, and dust-carrying pathogenic microorganisms produced by cow manure decomposition would endanger human health and the environment (Ginebra et al., 2022). In addition, applying cow manure for many years easily causes heavy metal accumulation in soil. If not treated properly before application, the remaining harmful bacteria would disrupt the ecological balance of soil microorganisms and threaten soil security (Hilaire et al., 2022). Furthermore, the residual antibiotics (such as tetracycline and sulfanilamide antibiotics) in cow manure can remain in soil for several years, leading to the evolution of antibiotic resistance genes in pathogenic bacteria, thereby increasing the abundance of antibiotic resistance genes in soil and damaging soil health (Du et al., 2022; Fuchs et al., 2022).

Oil meal is a by-product of oil extraction from crops—including soybean, rapeseed, peanut, and sesame—which produced from various plants, has high nutritional value. Compared with common fertilizer, the return of oil meal to the field through fermentation can effectively promote the release of nutrients in soil and reduce nutrient loss (Siva et al., 2021). Oil meal is rich in organic matter that can effectively improve soil fertility, and has rich nitrogen, phosphorus, and potassium contents that can strengthen roots; promote the development of crop roots; improve crop immunity and resistance; and effectively inhibit the infection of root bacteria. It has been reported that neem seed oil meal can inhibit the growth of Candida albicans when the concentration is 100–150 mg/L (Aramwit et al., 2022). Mahalik et al. (2020) found that 1 ton/ha of neem seed oil meal could effectively reduce the number of nodules (82.6%), egg masses (84.8%), and nematodes (66.3%) in soil, and increase the length and weight of cucumber roots and branches.

Several studies have shown that the mixed application of manure with plant resources from different sources can improve plant yield, quality, and disease resistance and enhance soil fertility (Ibrahim et al., 2018; Li et al., 2021). Firstka et al. (2017) found that the combined application of chicken manure and palm waste could provide higher amounts of plant essential nutrients (eg., P, K, Ca, Mg) and increase soybean yield in tropical-aged soils. Tian and Zheng found that compost tea (a mixture of pine bark, manure, and earthworm dung) had inhibitory effects on Fusarium, Rhizoctonia reguckus, Rhizoctonia oryzae, and Phytophthora in vitro (Tian and Zheng, 2013). Cow manure is mixed with straw to increase its aeration, self-heating, and insulation properties to enhance the death of pathogens and thus reduce the risk of environmental transmission when manure is applied to land (Patricia et al., 2014). Botanical oil meal is also used in combination with other agricultural waste to enhance its fertility. It has been reported that the combination of oil meal with fertilizer, beneficial microorganisms, and other auxiliary materials can improve soil microbial activity, promote nutrient cycling, and effectively solve the problem of continuous cropping obstacles (Liu et al., 2018). Huang et al. (2021) found that mixed fermentation of Zanthoxylum seed oil meal with waste bacterial bran and biocontrol bacteria significantly improved nutrient conversion and microbial activity in compost, reduced the abundance of antibiotic resistance genes, and had a better control effect on tobacco root disease. However, the effects of cow manure mixed with botanical oil meal on the soil microbial community structure and function as well as tobacco quality in tobacco fields are still unclear.

There are significant differences in the macroelements contained in different manures. The single application of cow manure leads to the imbalance of essential elements required by soil, and its ability to rapidly improve soil health status is insufficient (Su et al., 2022). The nutrient content of organic fertilizer obtained from plants is not rich, the supplementation of soil nutrients is insufficient, and the effect is relatively slow. However, the improvement effect of organic fertilizer on soil quality is obvious, especially for soil with severe compaction, salinization, and acidification (Zhao et al., 2022). In this study, soybean, rapeseed, peanut, and sesame meals were composted with cow manure and then applied to tobacco field soil to study the changes in the soil microbial community structure, function, and effects of soil physicochemical properties and enzyme activities on soil microorganisms, further evaluating the effects of application on the growth and quality of tobacco plants. The results have important implications for the evaluation of the soil microecological effects of cow manure and botanical oil meal organic fertilizer and its application in tobacco.



2. Materials and methods


2.1. Mixed compost of cow manure and botanical oil meal

The cow manure was dried and drained, the moisture content of which was controlled to below 80%, and then different botanical oil meals were added (soybean meal, rape meal, peanut bran, and sesame meal). The ratio of cow manure to different plant oil meals was 7:3 (mass ratio), and a small amount of organic fertilizer fermentation Effective Microorganisms bacteria was added. The water content was controlled at 70%, the compost was mixed and stirred evenly, pile fermentation, until the temperature reached above 60°C, and was mixed after 48 h. After seven days for one pile and four times of piling, the cow manure and botanical oil meal were fully decomposed and the cow manure–botanical oil meal organic fertilizer was prepared.



2.2. Field experiment design

The test area was located in the tobacco-producing area of Jingxi City, Guangxi Province (105°56’E, 22°51’N). A single-factor completely random block design was used for a total of six treatments (CK: no fertilization; NF: administration of 1500 kg/hm2 of cow manure; NFC: application of 1500 kg/hm2 of cow manure and rapeseed bran organic fertilizer; NFD: application of 1500 kg/hm2 of cow manure and soyabean meal organic fertilizer; NFHS: application of 1,500 kg/hm2 of cow manure and peanut bran organic fertilizer; NFZM: application of 1,500 kg/hm2 of cow manure and sesame meal organic fertilizer). The main nutrient contents of various organic fertilizers are shown in Supplementary Table 1. Each process had three replicates for a total of 18 blocks. Before transplanting, the fertilizer was used as the base fertilizer. After the fertilizer was spread, the land was ploughed to mix the fertilizer evenly with the soil, and then the K326 tobacco seedlings with vigorous growth and developed root systems were transplanted to the field. At the time of tobacco harvesting, 10 representative tobacco plants were randomly taken from each plot, and the plant height, leaf number, maximum leaf length, and maximum leaf width were measured according to the tobacco agronomic trait survey method (YC/T 142-1998). The tobacco leaves were harvested, then baked in the baking room, and the flue-cured tobacco yield was calculated after the baking was completed. The tobacco was graded according to GB/T5606.1-2004.



2.3. Soil sample collection and determination of physicochemical properties

Two months after tobacco transplanting, each treatment was sampled using a five-point sampling method. First, the soil surface leaves, gravel, and other debris were swept away, and then soil samples at 5–20 cm were collected using a soil drill with a diameter of 3.5 cm, and about 2 kg of soil was taken from each community. Each soil sample was divided into two parts. One part (0.5 kg) was stored at −80°C for soil microbial analysis and the other part (1.5 kg) was used for the analysis of soil physicochemical properties and the detection of soil enzyme activity.

Soil ammonium nitrogen and nitrate nitrogen were extracted using a potassium chloride solution. Ammonium nitrogen can react with phenol to form blue indigo phenol dye, nitrate nitrogen can react with hydrochloride N(1-naphthyl)-ethylenediamine to form red dye, and the two have maximum absorption at 630 and 543 nm, respectively. This method can be used to determine the content of soil ammonium nitrogen and nitrate nitrogen (Page, 1983). The available phosphorus content in soil was extracted using sodium bicarbonate extractant, and the content of available phosphorus was measured using the continuous flow analysis of air fragments (Olsen, 1954). Soil available potassium was leached in a neutral 1 mol/L ammonium acetate solution and determined using a flame photometer (Model 410. Sherwood scientific Ltd Cambridge, UK). The determination of soil organic matter content followed the potassium dichromate oxidation-volumetric method (Franz et al., 1996). Soil pH was measured using a pH meter (China Shanghai Sanxin Instrument Co., Ltd.) in a 1:2.5 (w/v) soil solution. Electrical conductivity (EC) was measured with a 1:2.5 soil/water suspension using an MP513 conductivity meter (Shanghai Sanxin Instrument Co., Ltd., China). Ten grams of fresh soil was taken and dried at 105°C for 12 h, and then the soil moisture content was measured using the drying weighing difference method.



2.4. Determination of soil enzyme activity

Soil alkaline phosphatase (S-AKP) activity was determined via diasodium phosphate colorimetric chromometry using the Soil Alkaline Phosphatase Activity Assay Kit (Liang et al., 2017). Soil catalase activity (S-CAT) was determined based on ultraviolet absorption using the Soil Catalase Activity Assay Kit (Geng et al., 2017). Soil peroxidase activity (S-POD) was determined by catalyzing the oxidation of organic matter to quinone using the Soil Peroxidase Activity Assay Kit (Tian and Shi, 2014). The absorbance values of alkaline phosphatase (AKP), catalase (CAT), and peroxidase (POD) at 660, 240, and 430 nm, respectively, were measured using an ultraviolet-visible spectrophotometer (UV-5100B) to reflect their respective enzyme activities. All kits were purchased from Beijing Box Shenggong Technology Co., Ltd., and the ultraviolet-visible spectrophotometer was produced by Shanghai Yuanxi Instrument Co., Ltd.



2.5. Soil DNA extraction and high-throughput sequencing

Total genomic DNA was extracted from each soil sample using the DNeasy PowerSoil Kit (100) isolation kit (QIAGEN Co. Ltd., Germany). The quality and concentration of extracted DNA were determined using 2% agarose gel electrophoresis and nanodroplets NanoPhotometer N50 Touch (Implen Gmbh Co. Ltd., Germany).

The V3–V4 region of the bacterial 16SrRNA gene was amplified using the universal primers 338F (5′-ACTCCTACGGGAGCAGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Nan et al., 2016). The internal transcribed spacer (ITS) of the fungus was amplified using the universal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTCCATCGATGC-3′) (Rachel et al., 2013). The PCR reaction consisted of 2 μL 10 × buffer, 2 μL 2.5 mM dNTPs, 0.8 μL forward primer (5 μM), 0.8 μL reverse primer (5 μM), 0.4 μL polymerase, 0.2 μL Bovine serum albumin, 10 ng template DNA, and finally the addition of ddH2O to reach a total volume of 20 μL. The procedure for the PCR reaction was as follows: predenaturation at 95°C for 3 min; then denaturation at 95°C for 30 s and annealing at 55°C for 30 s; followed by extension for 45 s at 72°C, and these three steps were repeated for a total of 35 cycles; followed by single extension at 72°C for 10 min; and ending at 4°C. The PCR products were sequenced on the Illumina MiSeq platform of Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).



2.6. Bioinformatics analysis and data processing

The off-machine raw data was spliced using FLASH (v1.2.11). QIIME (Quantitative Insights Into Microbial Ecology, v1.9.1) was used for quality control of the original sequences. Using Uparse (v11), the obtained high-quality sequences were clustered into operational taxonomic units (OTUs) ≥ a similarity threshold of 97% (Edgar et al., 2011). The α diversity of fungal communities was analyzed based on the Chao and Shannon indices using the Mothur (v.1.30.0) software (Schloss et al., 2009). Redundancy analysis (RDA) was performed using the R (v.3.3.1) software package “Vegan,” and primary coordinate analysis (PCoA) was performed via direct mapping based on Euclidean distances. Python (v.2.7.0) software was used to analyze the relative abundances of species. Linear discriminant analysis effect size (LEFSe) analysis was used to linearly discriminate samples according to different classification methods (Segata et al., 2011). Using linear discriminant analysis (LDA), species with significant differences were found in the sample classification. The OTU abundance table of soil bacteria was normalized using PICRUSt1, and then Kyoto Encyclopedia of Genes and Genomes (KEGG) function-annotated OTUs based on the greengene ID corresponding to each OTU. According to FUNGuild, the functional classification of soil fungi and the abundance information of each functional classification in different samples were obtained. The pheatmappackage and R vegan package were used to generate heatmaps and statistical correlations (Kolde, 2015). Statistical analysis was conducted using IMB SPSS Statistics 25th Edition (IBM, USA) and supplementary calculations were performed in Microsoft Excel 2016. Using Duncan’s new complex range method, one-way analysis of variance (ANOVA) was used to analyze changes in soil physicochemical properties and enzyme activity. R software was used to plot a visualization of environmental factor correlation analysis. OriginPro®2018 (OriginLab Corp., USA) and Adobe Illustrator CC2019 (Adobe Systems Inc., USA) software were used for drawing.




3. Results and analysis


3.1. Changes in tobacco growth indicators, yield, and quality

Supplementary Table 2 shows the effects of the single application of cow manure and the mixed application of cow manure with different botanical oil meals on tobacco growth indicators. For the maximum blade width, the NFHS treatment was the largest and significantly higher compared to the NF, NFD, and NFZM treatments. While the NF treatment maximum blade width was the smallest, there was no significant difference between it and NFC, NFD, and NFZM treatment.

Supplementary Table 3 shows the effects of the single application of cow manure and the mixed application of cow manure with different botanical oil meals on the yield and quality of tobacco. The results showed that the mixed application of cow manure and different botanical oil meals could increase the yield of tobacco, and the largest yield was found in the NFHS treatment (NFC: 14.29%; NFD: 11.94%; NFHS: 28.29%; and NFZM: 21.34%). All fertilization treatments could increase the proportion of fine tobacco, and the largest proportion was found in the NFD treatment (NFC: 20.03%; NFD: 41.21%; NFHS: 10.24%; and NFZM: 34.53%). There was no significant difference in average price among all treatments, and the largest difference was 1.82 yuan/kg in the NFC treatment. The NFHS treatment had the highest output value, mainly because its output was much higher than those of the other treatments.



3.2. Changes in soil physicochemical properties

Compared with CK, the content of NH4+-N in the soil in the NF treatment was the highest, and significantly higher than that in the NFC and NFD treatments. The content of soil NO3–-N was the highest in the NFHS treatment and the lowest in the NFZM treatment, and there were significant differences between the two and the CK, NF, and NFD treatments. The soil available-P content in the NFD and NFHS treatments was the highest, which was significantly higher than that in the CK and other treatments. The content of soil available-K was the highest in the NFD treatment, and there were significant differences among all fertilization treatments except for the NF and NFZM treatments. The soil organic matter content in CK was the lowest and was significantly lower than that in the NFC, NFD, NFHS, and NFZM treatments, but there was no significant difference in soil organic matter content among the four treatments. The soil pH content in the NFZM treatment was the highest, and there was no significant difference between the other four treatments and the control treatment, which were all significantly lower than that in the NFZM treatment. The EC of NFC and NFD was the highest and was significantly higher than that of the other four treatments, and the EC of the NFZM treatment was the lowest. Compared with the NF treatment, the available-K and EC of the NFC treatment were significantly increased; the available-K, available-P, and EC in the NFD treatment were significantly increased; and the available-P, available-K, and NO3–-N were significantly increased in the NFHS treatment. The pH of the NFZM treatment was significantly increased (Table 1).


TABLE 1    Physicochemical properties of soil under different treatments.
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3.3. Changes in soil enzyme activity

Compared with the CK, although there was no significant difference between the S-POD activities of NFZM and CK, the other treatments increased the activities of S-CAT, S-POD, and S-AKP. In general, the improvement of S-AKP activities was the largest (NF: 5.93 times; NFC: 5.67 times; NFD: 3.38 times; NFHS: 4.27 times; and NFZM: 5.71 times). Compared with cow manure alone, the NFC, NFD, and NFZM treatments significantly reduced the activity of S-CAT (Figure 1A); the NFD treatment significantly increased the activity of S-POD (Figure 1B); and the NFD treatment significantly reduced the activity of S-AKP (Figure 1C).


[image: image]

FIGURE 1
Activities of three soil enzymes under different treatments. (A) Soil catalase activity; (B) soil peroxidase activity; (C) soil alkaline phosphatase activity.




3.4. Changes in soil microbial diversity

In the soil bacterial community, compared with CK, the Chao index of each fertilization treatment was extremely significantly higher than CK, and the increase in the NFC treatment was the most obvious (Figure 2A). The Shannon index values of soil bacteria in each fertilization treatment were significantly higher than that of CK (Figure 2C). In the soil fungal community, compared with CK, the Chao index of each fertilization treatment was extremely significantly higher than that of CK (Figure 2B). However, in the Shannon index of soil fungi, there was no significant difference between each fertilization treatment and CK (Figure 2D). By comparing the NF treatment with the fertilizer treatment with the addition of different botanical oil meals, it was found that there were no significant differences in the Chao index and Shannon index between the NF treatment and the NFC, NFD, NFHS, and NFZM treatments in soil bacterial communities. In the soil fungal community, compared with NF treatment, the Chao index of the NFZM treatment was significantly increased, the Shannon index of the NFHS treatment was significantly decreased, and both the Chao index and Shannon index of the NFD treatment were significantly decreased.
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FIGURE 2
α diversity index of soil microorganisms. (A) Chao index of soil bacterial community; (B) Chao index of soil fungal community; (C) Shannon index of soil bacterial community; (D) Shannon index of soil fungal community. An asterisk represents the difference at the 0.05 level, meaning the difference is significant. The two asterisks represent a 0.01 level difference, meaning the difference is very significant. The three asterisks represent the 0.001 level, meaning the difference is extremely significant.


The results of PCoA showed that no treatment (CK) and the single application of cow manure (NF), cow manure combined with rapeseed meal (NFC), cow manure combined with soybean meal (NFD), cow manure combined with peanut meal (NFHS), and cow manure combined with sesame meal (NFZM) could be significantly separated based on the PC1 axis. The contribution rates of PC1 and PC2 to the species composition difference between treatments were 75.06%/6.1% (bacteria) and 43.65%/15.14% (fungi), respectively (Figures 3A, B). In the soil fungal community, the fertilization treatments and CK could be significantly distinguished on the PC1 axis. The fertilization treatments, although were close on the PC1 axis, could be distinguished on the PC2 axis; this indicated that the application of cow manure and cow manure mixed with different botanical oil meals could change the soil fungal community structure. In the soil bacterial community, CK and each fertilization treatment could be significantly distinguished by the PC1 axis. Different from fungal communities, the NF and NFC treatments of soil bacterial communities were similar on the PC2 axis, indicating that soil bacterial communities applied with cow manure and cow manure mixed with botanical oil meal were similar.


[image: image]

FIGURE 3
Variation of soil microbial β diversity. (A) PCoA analysis of soil bacterial communities. (B) PCoA analysis of soil fungal communities.




3.5. Analysis of soil microbial composition

Figure 4 shows the composition in soil microorganisms at the phylum level under different treatments. In the soil bacterial community, the top five relative abundance were Actinobacteriota (11.65, 32.07, 33.88, 30.72, 30.61, and 35.17% in CK, NF, NFC, NFD, NFHS, and NFZM, respectively); Chloroflexi (31.44, 17.55, 17.03, 17.86, 16.71, and 13.68%, respectively); Proteobacteria (15.05, 17.00, 17.70, 17.68, 18.71, and 21.16%, respectively); Acidobacteriota (16.48, 14.13, 11.63, 14.21, 12.29, and 9.84%, respectively); and Firmicutes (2.80, 7.42, 7.03, 7.29, 9.25, and 7.97, respectively). Notably, the relative abundance of GAL15 in CK was much higher than that in other treatments (9.93%), which was 486.5–983% higher than that in other treatments (Figure 4A). In the soil fungal community, the dominant phyla with the highest relative abundances were Ascomycota (the relative abundances in CK, NF, NFC, NFD, NFHS, and NFZM were 78.60, 64.44, 71.69, 73.08, 65.98, and 74.08%, respectively); Mortierellomycota (3.49, 22.87, 12.81, 18.24, 20.71, and 15.15%, respectively); Basidiomycota (13.49, 3.47, 8.52, 2.91, 2.02, and 3.32%, respectively); and Olpidiomycota (0, 1.06, 0.11, 0.36, 0.26, and 0.33%, respectively). There was a small amount of accumulation in all treatments, but not in CK (Figure 4B).
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FIGURE 4
Analysis of soil microbial composition. (A) Soil bacterial community. (B) Soil fungal community.




3.6. Analysis of different species of soil microorganisms

According to the results of the effects of different treatments on the soil physicochemical properties and tobacco yield and quality, the NFD, NFHS, and NFZM treatments as well as the NF treatment were selected for LEFSe multilevel species difference analysis. The classification level ranged from phylum to genus, and the LDA threshold was 3.

In the soil bacterial community, Bacillus, Fictibacillus, and Micromonosporaceae were significantly enriched in the NF treatment compared with the NFD treatment, while Sphingononas and Streptomyces were significantly enriched in the NFD treatment (Figure 5A). Compared with the NFHS treatment, at the phylum level, Methylomirabilota was significantly enriched in the NF treatment, while Firmicutes, Bacteroidota, and Pseudolabrys were significantly enriched in the NFHS treatment (Figure 5C). Compared with the NFZM treatment, at the phylum level Chloroflexi and Planctomycetota were significantly enriched in the NF treatment group, while the phyla Bacteroidota and Actinobacteriota as well as the genera Spingononas and Streptomyces were significantly enriched in the NFZM treatment (Figure 5E). In the soil fungal community, compared with the NFD treatment, Mortierellomycota at the phylum level and Cordana, Schizothecium, Venturiocistella, Sterigmatomyces, and Trichosporon at the genus level were significantly enriched in the NF treatment. The phylum Ascomycota and the genera Conocybe and Subulecystidium were significantly enriched in the NFD treatment (Figure 5B). Compared with the NFHS treatment, the Chytridiomycota phylum and the Schizothecium, Acremonium, Basidiomycota Emericellopsis, Metarhizium, Lecanicillium, Cephalotrichum, Gonytrichum, Gonytrichum, Aspergillus, Psilocybe, and Olpidium genera were significantly enriched in the NF treatment. The Chytridiomycota phylum and the Ustilaginoidea, Myrothecium, Westerdykella, Phoma, Penicillum, and Talaromyces genera were significantly enriched in the NFHS treatment (Figure 5D). Compared with the NFZM treatment, the Mortierellomycota phylum and the Cordana, Sanocladium, Emerlopsis, Clonostachys, Neocosmospora, Metarhizium, Lecythophora, Pyrenochaetopsis, Aspergillus, and Psilocybe genera were significantly enriched in the NF treatment, and the Ascomycota and Chytridiomycota phyla, as well as the Chaetomium, Zopfiella, Dichotomopilus, Gibellulopsis, and Penicillium genera, were significantly enriched in the NFZM treatment (Figure 5F).
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FIGURE 5
Analysis of multilevel species differences of soil microorganisms under different treatments. (A) Analysis of multilevel species differences between NF and NFD soil bacterial communities. (B) Multilevel species differences between NF and NFD soil fungal communities. (C) Analysis of multilevel species differences between NF and NFHS soil bacterial communities. (D) Multilevel species differences between NF and NFHS soil fungal communities. (E) Multilevel species differences between NF and NFZM soil bacterial communities. (F) Multilevel species differences between NF and NFZM soil fungal communities.




3.7. Correlation analysis of soil physicochemical properties and enzyme activities with microorganisms

This work studied the relationship between the soil physicochemical properties, enzyme activities, and microbial community on the genus level using RDA analysis. The results showed that the interpretative values of the RDA1 and RDA2 axes for soil bacteria and fungi were 77.17%/5.32% and 50.97%/8.50%, respectively (Figures 6A, B). In the soil bacterial community, AKP had the greatest influence on the soil bacterial community, while NO3–-N had the least. Except for the negative correlation between NH4+-N and NO3–-N, other soil physicochemical properties and enzyme activities were positively correlated. Overall, the microorganisms in the NF, NFC, NFD, and NFHS treatments were positively correlated with soil physicochemical properties and enzyme activities. The NFZM treatment was negatively correlated with NH4+-N and positively correlated with other soil physicochemical properties and enzyme activities. In the soil fungal community, AKP had the greatest influence on soil fungi, while NO3–-N had the least influence. Among all soil physicochemical properties and enzyme activities, NO3–-N was only positively correlated with POD and EC, available-P was only negatively correlated with NO3–-N, POD, and EC, and other soil physicochemical properties were positively correlated with enzyme activities. In each fertilization treatment, CK was positively correlated with NO3–-N, while the soil fungal communities in the NFC, NFD, NFHS, and NFZM treatments were positively correlated with available-P, AKP, CAT, NH4+-N, PH, available-K, and organic matter, and negatively correlated with EC, POD, and NO3–-N.
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FIGURE 6
Correlation analysis of soil physicochemical properties and enzyme activities with microorganisms. (A) RDA analysis of soil physicochemical properties, enzyme activities and soil bacteria; (B) RDA analysis of soil physicochemical properties, enzyme activities and soil fungi; (C) Heatmap analysis of correlation between soil physicochemical properties, enzyme activities and soil bacteria; (D) Heatmap analysis of correlation between soil physicochemical properties, enzyme activities and soil fungi. An asterisk represents the difference at the 0.05 level, meaning the difference is significant. The two asterisks represent a 0.01 level difference, meaning the difference is very significant. The three asterisks represent the 0.001 level, meaning the difference is extremely significant.


This study assessed the correlations between soil physicochemical properties, enzyme activities, and microorganism using correlation heatmaps (Figures 6C, D), which showed the top 30 species in total abundance at the genus level. In the soil bacterial community, Intrasporangium, Micromonospora, Streptomyces, Gaiella, Mycobacterium, Bacillus, and Defluviicoccus showed significant positive correlations with AKP, while norank_f_norank_o_norank_c_TK10, norank_f_norank_o_norank_c_AD3, norank_f_Xanthobacteraceae, and norank_f_norank_o_IMCC26256 showed significant negative correlations with AKP. In addition, it was found that the correlation heatmap could further explain the results of the RDA analysis. AKP, available-K, and EC were in a straight line in the RDA analysis, and their colors were similar in the correlation heatmap. However, because EC had the shortest length in the RDA analysis, its significance in the correlation heat map was not as obvious as those of AKP and available-K. In the soil fungal community, Acremonium, Plectosphaerella, Gibellulopsis, Penicillium, Ramophialophora, and Trichosporon showed significant positive correlations with AKP, while Membranomyces and Saccharomyces showed significant negative correlations with AKP. It was worth noting that Plectosphaerella was significantly positively correlated with five soil physicochemical properties and enzyme activities, while Membranomyces was significantly negatively correlated with six soil physicochemical properties and enzyme activities, which are key components of the soil fungal community.



3.8. Prediction and analysis of soil microbial community function

The functions of soil bacterial communities in KEGG metabolic pathways were analyzed using PICRUSt prediction. The five functions related to microbial metabolism in KEGG were metabolism (51.70–53.46%), genetic information (15.03–16.36%), environmental information processing (13.35–14.17%), cellular processes (3.33–3.72%), and organismal systems (0.74–0.87%) (Figure 7A). At KEGG level 2, the top three functions were membrane transport (14.87–16.02%), amino acid metabolism (14.25–15.16%), and carbohydrate metabolism (14.61–14.74%) (Figure 7B). Xenobiotics biodegradation and metabolism as well as glycan biosynthesis and metabolism were also worth attention. Compared with CK, the increase (24.32–31.32%) and decrease (24.84–28.52%) of the two fertilization treatment treatments were the largest. Therefore, at KEGG Level 3, this work focused on the changes of specific metabolic pathway functional genes involved in membrane transport, amino acid metabolism, carbohydrate metabolism, xenobiotics biodegradation and metabolism, and glycan biosynthesis and metabolism.


[image: image]

FIGURE 7
KEGG prediction analysis of functional genes of metabolic pathways in soil bacteria. (A) Prediction of soil bacterial metabolic pathway at Level 1; (B) Prediction of soil bacterial metabolic pathway at Level 2 level; (C) Function prediction of membrane transport at Level 3; (D) Functional prediction of amino acid metabolism Level 3; (E) Functional prediction of carbohydrate metabolism Level 3; (F,G) Function prediction of xenobiotics biodegradation and metabolism at Level 3; (H) Functional prediction of glycan biosynthesis and metabolism at Level 3.


In membrane transport (Figure 7C), the abundance of functional genes of the phosphotransferase system (PTS) was the highest. Compared with the CK, the NF, NFC, NFD, NFHS, NFZM treatments were significantly higher. For the functional genes of ABC transports, those in the fertilization treatments were significantly lower than those in CK, while there was no significant difference in bacterial secretion between the fertilization treatments and CK. For amino acid metabolism (Figure 7D), compared with CK, the relative abundances of functional genes related to tryptophan metabolism, lysine metabolism and valine, leucine, and isoleucine degradation were significantly increased in all treatments, among which the NFZM treatment was the highest, but there was no significant difference between treatments. Compared with CK, the relative abundances of functional genes in histidine metabolism; lysine biosynthesis; valine, leucine, and isoleucine biosynthesis; cysteine and methionine metabolism; and alanine, aspartate, and glutamate metabolism were significantly decreased in all treatments, and there was no significant difference between treatments. In carbohydrate metabolism (Figure 7E), compared with CK, the relative abundances of functional genes in pyruvate metabolism, butanoate metabolism, propanoate metabolism, and glyoxylate and dicarboxylate metabolism in all treatments were significantly increased, and there was no significant difference between treatments. However, the relative abundances of functional genes in amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, and C5-branched dibasic acid metabolism were significantly decreased, and there was no significant difference between treatments. In xenobiotics biodegradation and metabolism (Figures 7F, G), the relative abundances of functional genes of the metabolic pathways in each fertilization treatment were significantly higher compared to CK, among which the relative abundance of the functional genes of the top five metabolic pathways were aminobenzoate degradation, caprolactam degradation, naphthalene degradation, chloroalkane and chloroalkene degradation, and toluene degradation. Importantly, compared with CK, the relative abundances of functional genes for ethylbenzene degradation and polycyclic aromatic hydrocarbon degradation in the NFZM treatment were significantly increased. In glycan biosynthesis and metabolism (Figure 7H), compared with CK, the relative abundances of functional genes of peptidoglycan biosynthesis, lipopolysaccharide biosynthesis, other glycans degradation, glycosphingolipid biosynthesis-ganglio series, and glycosaminoglycan degradation were significantly decreased. For N-glycan biosynthesis, only the NFZM treatment was significantly decreased compared with CK.

FUNGuild was used to predict the function of soil fungal communities (Figure 8). Regardless of CK or each fertilization treatment, the relative abundances of undefined saprotrophs, endophyte- litter saprotroph-soil saprotroph-undefined saprotrophs, and plant pathogens accounted for more than 50%, indicating that they constituted the majority of the soil fungal community. Compared with CK, the relative abundances of undefined saprotrophs in each fertilization treatment decreased, while the relative abundances of endophyte- litter saprotroph-soil saprotroph-undefined saprotrophs increased. Notably, there were different functional communities in each treatment. The relative abundances of animal pathogens in the NFC treatment was higher than that in the other groups. In the NFD treatment, the relative abundance of animal pathogen-dung saprotroph-endophyte-epiphyte-plant saprotroph-wood saprotrophs was higher than that in other treatments. In the NFHS treatment, the relative abundance of animal pathogen-endophyte-lichen parasite-plant pathogen-wood saprotrophs was higher than that in other treatments. The relative abundance of plant pathogens in the NFZM treatment was higher than that in other treatments.
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FIGURE 8
Predictive analysis of functional genes of soil fungal metabolic pathways.





4. Discussion


4.1. Effects of the mixed application of cow manure and botanical oil meal on the growth, yield, and quality of tobacco

The crop growth, yield, and quality are the most direct reflections of the crop growth environment. The results showed that compared with other fertilization treatments, the combined application of cow manure and peanut bran had the highest tobacco agronomic traits and yield. Compared with other organic fertilizers, peanut bran had a lower carbon: nitrogen ratio, a faster decomposition rate after application in soil, and a faster fertilizer effect. This treatment could provide full nutrition to tobacco in the seedling stage, which helped the roots absorb the nutrients more quickly. The nutrients then spread to all parts of the plant. The findings of this study were consistent with previous results. Roeswitawati et al. (2021) found that peanut bran and biological mud had significant effects on the growth and yield of sweet corn, with 15 tons/ha of peanut bran and 125 ml/L of biological mud having the best effect. The average price of flue-cured tobacco was the highest after the mixed application of cow manure and rapeseed oil meal, which indicated that rapeseed oil meal could improve the quality of flue-cured tobacco.



4.2. Effects of the mixed application of cow manure and botanical oil meal on soil physicochemical properties

The physicochemical properties of soil are the key factors that determine soil fertility. The long-term application of chemical fertilizers or the continuous application of the same manure would cause the unpredictable consumption of soil nutrients, which seriously damages soil productivity. The results showed that the mixed application of cow manure with different botanical oil meals had different changes in soil available-P, available-K, EC, NO3–-N, and pH: rapeseed oil meal significantly increased the effect of EC, soybean meal significantly increased the effect of available-P and available-K, peanut bran significantly increased the effect of NO3–-N, and sesame meal significantly increased the effect of pH. The soil available-P, available-K, EC, NO3–-N, and pH interacted with each other to some extent. Soil with neutral pH can reduce the fixation effect of P and improve the availability of soil P (Muyang et al., 2016). For soil with high organic matter content, the mineralization of organic matter can provide part of the required inorganic phosphorus, which weakens the effect of fixing phosphorus and increases the content of soil available-P. The NFHS treatment had the lowest NH4+-N content and the highest NO3–-N content. NH4+-N and NO3–-N are converted into each other through nitrification and denitrification. NO3–-N is easily dissolved and has high activity in the soil, which can quickly provide nitrogen nutrition for crops; however, it is also easy to lose. This characteristic meets the growth demand for tobacco; tobacco grows rapidly and can turn senescence and mature at an appropriate time (Ghiasi et al., 2021).



4.3. Effects of the mixed application of cow manure and botanical oil meal on soil enzyme activities

Soil enzyme activity reflects the ability of soil to perform catalytic substance conversion. The activity mainly derived from the secretions of soil animals, plants, and microorganisms as well as the decomposition of various residues. To some extent, soil enzyme activity participate in the occurrence and development of soil and the formation and evolution of soil fertility (Li et al., 2023). Yang et al. (2022) found that deep tillage accompanied by the application of organic fertilizer increased the activities of sucrase, cellulase, and urease in wheat fields; furthermore, Liu et al. showed that the application of organic fertilizer, chemical fertilizer (nitrogen fertilizer), and organic fertilizer combined with chemical fertilizer increased the activities of sucrase in soil by 124.1, 80.9, and 145.6%, respectively, while urease and alkaline phosphatase were also increased to varying degrees (Liu et al., 2021). These findings were consistent with the results of the present study. The application of cow manure and mixed application of cow manure and botanical oil meal could improve soil enzyme activity. The effects of adding different botanical oil meals on soil enzyme activity were different. After the addition of soybean meal, S-POD activity was significantly increased compared with cow manure applied alone, but S-AKP activity was significantly decreased. This might be because the N element in the soybean meal was higher than that in the other botanical oil meals, while the P element content was low. Therefore, soil microbial reactions related to the metabolism of N were enhanced, while the number of reactions associated with P decreased.



4.4. Effects of the mixed application of cow manure and botanical oil meal on soil microbial diversity

For soil bacterial communities, the Chao index and Shannon index were significantly increased by the single application of cow manure and the combined application of cow manure and botanical oil meal. For soil fungal communities, the Chao index was increased by the single application of cow manure and the combined application of cow manure and botanical oil meal. Thuy et al. found that buffalo manure compost and vermicompost had positive effects on the activity of culturable bacteria and the bacterial Shannon index in soil (Thuy et al., 2013). Lupwayi et al. (2005) found that the Shannon index of soil bacteria was not significantly affected by cow manure and pig manure in the first two years, but significantly increased in the third year, and these results were consistent with the present study. Compared with the single application of cow manure, the addition of different botanical oil meals had no effects on the Chao index and Shannon index of soil bacteria, but for soil fungi, the addition of soybean meal significantly reduced the Chao index and Shannon index. The β diversity of microbial communities in each treatment was significantly different from that in CK. However, compared with cow manure application alone, although there were differences with the addition of different botanical oil meals, the difference was not as large as that in CK, which was verified based on the results of soil microbial α diversity.



4.5. Effects of the mixed application of cow manure and botanical oil meal on soil microbial composition

In the soil bacterial community, Actinobacteriota, Chloroflexi, and Proteobacteria accounted for more than 50% of soil bacteria and were the dominant phyla. Actinobacteriota includes important saprophytic bacteria that can promote the decay of plant and animal remains in soil and play a role in the nitrogen cycle in soil (Hazarika et al., 2022). Chloroflexi is a class of photoautotrophic bacteria known for their special 3-HP fixed CO2, making these bacteria of great significance to the entire ecosystem as primary producers (Narsing et al., 2022). Proteobacteria is the largest and most diverse phylum of bacteria and is of extensive importance in terms of phylogeny, ecology, and pathogenicity (Feng L. et al., 2023). Ascomycota occupies the greatest abundance in the soil fungal community. Studies have found that Ascomycota exists in soils all over the world and contains the pioneer decomposer species, whose main function is to ensure soil ecological security (Eleonora et al., 2019). The present study found that the abundance of Mortierellomycota in NF, NFC, NFD, NFHS and NFZM treatments was greater than that in CK. Studies have found that as a saprophytic fungus, Mortierellomycota has a high content in soil rich in organic matter and is a key microorganism in soil carbon and nutrient conversion (Shi et al., 2020). This was also confirmed by the results of the present study, as both the single application of cow manure and the combined application of cow manure with botanical oil meal increased the soil organic matter content.

LEFSe analysis revealed the microbial differences between cow manure and soybean meal, peanut bran, and sesame meal mixed application, and the single application of cow manure. The results showed that the combined application of cow manure with soybean meal, peanut bran, and sesame meal could increase the relative abundances of functional bacteria in soil compared with the single application of cow manure, and this effect was more obvious in the soil fungal community. In the soil bacterial community, subgroup_7 was enriched with the application of the three botanical oil meals. Wang et al. found that the relative abundance of subgroup_7 was significantly positively correlated with the 1000-grain weight, grain number per panicle, and yield of rice, and was a functional flora related to crop yield (Wang et al., 2021). As a saprophytic bacterium, Spingomonas paucimobilis UT26 can simultaneously degrade methyl parathion and γ-HCH (Lan et al., 2014). Kruczyńska et al. reported that Bacteroidota can become an important indicator of soil quality in the study of soil biodegradation because the decrease of the abundance of these beneficial microorganisms may be related to the decrease of soil quality and fertility, and ultimately affect crop yield (Kruczyńska et al., 2023). In the soil fungal community, the three kinds of botanical oil meal were enriched in Chaetomium and Penicillium. Chaetomium can be used as a biocontrol bacterium. One Chaetomium species, C. globosum Cg-6, has a 60% inhibition potential against Rhizoctonia solani, and can increase the tuber germination rate (94%) (Arunkumar et al., 2021). Penicillium is a kind of phosphorus solution fungus that can be used as a bacteriological agent mixed with phosphate fertilizer and can transform phosphorus that is difficult to be absorbed and utilized by plants into a form that can be absorbed and utilized. This function is indispensable for the material cycle of the soil ecosystem (Chen et al., 2023).



4.6. Correlation analysis of soil physicochemical properties, enzyme activities, and soil microorganisms

AKP is the most influential factor for both soil bacteria and soil fungi. The level of S-AKP activity directly affects the decomposition and transformation of organic phosphorus in soil and its bioavailability and is an indicator to evaluate the direction and intensity of soil phosphorus biotransformation (Hu et al., 2015). Studies have shown that adding 0.01–3.0 mg/kg cadmium significantly improves the activity of S-AKP, and the soil bacterial community also responds to the addition of cadmium (Han et al., 2019). Chen et al. (2019). found that the long-term application of nitrogen fertilizer and pig manure decreased the activity of S-AKP and the abundances of phoD genes. Intrasporangium and Micromonospora are the soil bacteria most closely related to AKP. Studies have shown that there are freezing protein-coding sequences in Intrasporangium, and this strain has strong adaptability to harsh environments (Thomas et al., 2018). Karthikeyan et al. (2022) found that Micromonospora, as a biological control agent, can inhibit Fusarium wilt and promote the growth of host plants when it is colonized in the rhizosphere of Casuarina. We found that Acremonium and Gibellulopsis were the soil fungi with the strongest correlation with AKP. Khan et al. (2021) isolated the endophytic fungus Acremonium sp. Ld-03 from the bulb of Tripterygium wilfordii. It was used against Fusarium oxysporum, Botrytis cinerea, Botryosphaeria dothidea, and Fusarium fujikuroi. Acremonium sp. Ld-03 has certain inhibitory effects, and its secondary metabolites contain indoleacetic acid, which has a significant growth-promoting effect on leek. Studies have shown that CEF08111, a species of Gibellulopsis, can effectively control cotton verticillium wilt and induce a defense response in cotton plants (Feng Z. et al., 2023).



4.7. Prediction and analysis of the functional genes of metabolic pathways in soil microorganisms

For the functional prediction of the soil bacterial community, the relative abundance of Metabolism at LEVEL 1 was the largest, accounting for more than 50%, and the top three relative abundances at LEVEL 2 were membrane transport, amino acid metabolism, and carbohydrate metab olism, which was consistent with previous results (Huang et al., 2021). In membrane transport, the relative abundance of the functional genes of the phosphotransferase system was the largest, and the fertilization treatments had significantly higher abundances than CK, which also confirmed the previous results. AKP had the strongest correlation with soil microorganisms. Amino acids are an important component of soil organic nitrogen that can be used by some bacteria in the soil as precursors to synthesize plant growth regulators in the process of physiological metabolism to stimulate or promote plant growth and development (Tan et al., 2022). Tryptophan is an important precursor substance for auxin synthesis in plants, and its enhanced metabolism can regulate crop root morphology and promote root growth (Tashkandi et al., 2022). Enhanced lysine metabolism can promote chlorophyll synthesis, regulate stomatal opening, and promote leaf photosynthesis, which is conducive to crop yield increase (Fitriana et al., 2022). Carbohydrates are the most active organic component in soil, as well as one of the easily degraded components. There are interactions between carbohydrates, clay, and various ions that can stabilize the soil structure, and they also has the certain instruction to the change of soil microorganisms. In carbohydrate metabolism, pyruvate plays an important pivotal role by connecting glucose, fatty acid, and amino acid metabolism through acetyl CoA. Studies have shown that pyruvate metabolism is enhanced in non-rhizosphere and rhizosphere soils contaminated by heavy metals, which may be a signal of resistance to adversity (Zhang M. et al., 2022). In xenobiotics biodegradation and metabolism, the relative abundances of 11 functional genes were increased, and most of these heterologous metabolites were polluted by macromolecular organic compounds (such as organophosphorus, organochlorine, and aromatic hydrocarbons). Studies have shown that components including amino acids, microorganisms, and isoenzymes are combined with fertilizers and biological agents to produce products that degrade agricultural residues. This can achieve multi-purpose utility, such as the degradation of agricultural residues, yield increase, and improved stress resistance (Fei et al., 2021). In glycan biosynthesis and metabolism, peptidoglycan is the basic component of the bacterial cell wall and strengthens the cell wall, and lipopolysaccharide is the basic component of gram-negative bacterial cell walls. The relative abundances of the functional genes of biosynthesis of both decreased. It was speculated that with the application of plant-derived organic fertilizer, the physical properties of soil were improved, and the soil was not compact and had good air permeability. Bacteria no longer needed a hardened cell wall to survive.

In the function prediction of soil fungi, it was found that the relative abundance of saprophytes accounted for the majority in all treatments. Such organisms feed on dead organic matter and can decompose dead and weakened organic matter into simple substances for easy absorption and recycling by plants, which is beneficial to soil nutrient activation and crop growth and extremely important to soil ecosystems (Mahmud et al., 2017). In addition, it was found that the soil fungal communities exhibited the special functions of plant endophytes, plant saprophytes, and wood saprophytes due to the application of different botanical oil meals. Endophytic fungi live in plants, and this special environment makes it easier for these fungi to play a role in biocontrol compared to other saprophytes and epiphytes. Zhang L. et al. (2022) isolated 144 endophytes from different tissues of medicinal plants, among which strain 8ZJF-21 showed broad-spectrum antifungal activity and promoted plant growth by producing a variety of extracellular enzymes and metabolites. Wood saprophytes are regarded as forest cleaners. These fungi can decompose dead branches and fallen leaves and return them to nature, thereby participating in the material cycle and promoting the natural metabolism of forest trees to maintain ecological balance (Schwarze et al., 2022).




5. Conclusion

In this study, the mixed application of different botanical oil meals and cow manure increased the yield and quality of tobacco to different degrees compared with the single application of cow manure. Peanut bran had the best comprehensive effect, significantly improving the soil available-P, available-K, and NO3–-N. Furthermore, the addition of different botanical oil meals changed the composition of the soil microbial community. Bacteria such as subgroup_7 and Spingomonas and fungi such as Chaetomium and Penicillium were enriched in the treatments of botanical oil meal mixed with cow manure, which are beneficial functional bacteria, indispensable in improving the ecological function of soil and protecting the safety of soil microecology. In addition, the prediction of soil bacterial community functions showed that sesame meal contributed greatly to the degradation and metabolism of heterologous organisms and could effectively reduce macromolecular organic compound pollution. The functional groups of endophytic fungi and wood saprophytes increased after the application of cow manure, which may enhance the broad-spectrum antibacterial activity of crops and maintain the soil’s ecological balance. As such, compared with adding cow manure alone, the mixed application of different botanical oil meals and cow manure solved the disadvantages of applying only one kind of organic manure, improved the physicochemical properties and enzyme activities of soil, increased the yield and quality of flue-cured tobacco, and promoted the soil microbial diversity and ecosystem stability.
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Introduction: The root-knot nematodes (RKN), especially Meloidogyne spp., are globally emerging harmful animals for many agricultural crops.

Methods: To explore microbial agents for biological control of these nematodes, the microbial communities of the rhizosphere soils and roots of sponge gourd (Luffa cylindrica) infected and non-infected by M. incognita nematodes, were investigated using culture-dependent and -independent methods.

Results: Thirty-two culturable bacterial and eight fungal species, along with 10,561 bacterial and 2,427 fungal operational taxonomic units (OTUs), were identified. Nine culturable bacterial species, 955 bacterial and 701 fungal OTUs were shared in both four groups. More culturable bacterial and fungal isolates were detected from the uninfected soils and roots than from the infected soils and roots (except no fungi detected from the uninfected roots), and among all samples, nine bacterial species (Arthrobacter sp., Bacillus sp., Burkholderia ambifaria, Enterobacteriaceae sp., Fictibacillus barbaricus, Microbacterium sp., Micrococcaceae sp., Rhizobiaceae sp., and Serratia sp.) were shared, with Arthrobacter sp. and Bacillus sp. being dominant. Pseudomonas nitroreducens was exclusively present in the infested soils, while Mammaliicoccus sciuri, Microbacterium azadirachtae, and Priestia sp., together with Mucor irregularis, Penicillium sp., P. commune, and Sordariomycetes sp. were found only in the uninfected soils. Cupriavidus metallidurans, Gordonia sp., Streptomyces viridobrunneus, and Terribacillus sp. were only in the uninfected roots while Aspergillus sp. only in infected roots. After M. incognita infestation, 319 bacterial OTUs (such as Chryseobacterium) and 171 fungal OTUs (such as Spizellomyces) were increased in rhizosphere soils, while 181 bacterial OTUs (such as Pasteuria) and 166 fungal OTUs (such as Exophiala) rose their abundance in plant roots. Meanwhile, much more decreased bacterial or fungal OTUs were identified from rhizosphere soils rather than from plant roots, exhibiting the protective effects of host plant on endophytes. Among the detected bacterial isolates, Streptomyces sp. TR27 was discovered to exhibit nematocidal activity, and B. amyloliquefaciens, Bacillus sp. P35, and M. azadirachtae to show repellent potentials for the second stage M. incognita juveniles, which can be used to develop RKN bio-control agents.

Discussion: These findings provided insights into the interactions among root-knot nematodes, host plants, and microorganisms, which will inspire explorations of novel nematicides.

KEYWORDS
 root-knot nematode (RKN), Luffa cylindrica
, rhizosphere soils, plant roots in situ, microbial community, repellency


1. Introduction

Root-knot nematode (RKN) infects the plant roots to form galls, which hinder the roots from uptaking nutrients and water and result in wilting and developmental retardation (Jones et al., 2013). RKN infection also reduces plant resistance, causes wound, favors the infection of other pathogens, and often leads to complex plant diseases (Kyndt et al., 2017; Khan and Ahamad, 2020). RKN disease has caused a large number of annual economic losses worldwide (Jones et al., 2013; Coyne et al., 2018; Khan and Ahamad, 2020).

Different methods have been employed to control these vital RKNs in integrated pest management programs, such as cultural practices, resistant crop cultivars, chemical nematicides, and biocontrol (Kepenekci et al., 2018). However, most commonly-used toxic nematicides are prohibited in field application (Abdel-Rahman et al., 2013; Maleita et al., 2017). So, novel methods for the control of harmful plant nematodes are constantly explored. Based on its environmental friendship, biological control method receives increasing attention as the most potent plant nematode control measures for maintaining the sustainable development of green agriculture (Gunasinghe et al., 2015; Kwak et al., 2018; Sun et al., 2021; Dai et al., 2022).

Rhizosphere and root-endophytic microorganisms interact with host plants, phytopathogens, and other soil occurring microorganisms (Yergaliyev et al., 2020). This interaction is fulfilled by competing nutrients, producing antimicrobial substances, and secreting volatile organic compounds (Du et al., 2022). Some of the rhizosphere and root-endophytic microorganisms are reported to affect the infection of plant pests and diseases. For example, Bacillus firmus YBf-10 efficiently reduces damage of M. incognita to tomato plants with reduced galls, egg masses on roots, and nematode counts in soil (Xiong et al., 2015). Culture supernatant of Streptomyces hydrogenans DH-16 lowers the root galls in the infested plants by M. incognita and promotes the growth of Solanum lycopersicum seedlings (Sharma et al., 2020). The application of B. velezensis BZR 86 significantly decreases the development of root-knot disease in tomato and cucumber vegetables (Migunova et al., 2021). Pot experiment suggested that Pseudomonas simiae strain MB751 exhibits significant nematicidal activity against M. incognita with approximately 80% mortality toward pre-parasitic second stage juveniles (pre-J2s; Sun et al., 2021). Microbacterium oleivorans triggers the innate immune responses in rice against blast disease (Sahu et al., 2021). The secondary metabolites produced by the rhizosphere and root-endophytic microorganisms also play important roles in inhibiting RKNs.

Microbial communities are analyzed from the soil associated with Meloidogyne spp. (Adam et al., 2014; Elhady et al., 2017), by culture-independent and -dependent approaches. The bacterial communities from nematode-infested and non-infested rhizosphere soils from four different plants (cucumber, tomato, eggplant, and bitter melon) are found to probably regulate RKN infection in plants (Zhou et al., 2019). The composition and diversity of the core microbiome associated with M. incognita are different according to its life stages (Cao et al., 2015).

It is known that the soil conditions or plant species influence the bacterial and fungal community (Zhou et al., 2019; Abdul Rahman et al., 2021; Sui et al., 2022). Both infested and non-infested plants by M. incognita have been found in the same crop locations. It is reasonable to speculate that specific microbes in non-infested and infested soil may be involved in regulating the nematode activity. As the microbes from different nematode-infected soils and plants are quite variable, in this study, microorganisms in the rhizosphere soils and roots of the sponge gourd with and without M. incognita infection were compared using 16S rRNA (for bacteria) and ITS (for fungi) sequences. The microbiomes of infested and non-infested rhizosphere and soils and roots were used to examine their biological potentials for the pre-J2s of M. incognita.



2. Materials and methods


2.1. Sample collection

All the rhizosphere soil and plant root samples of sponge gourd were collected on November 12, 2020, in Baiyun District, Guangzhou, China (113.27° N, 23.16° E). Whole plants of L. cylindrica were removed from the soil to observe the severity of root symptoms. Many galls were present in M. incognita-infested plant roots, while non-infested roots had no galls (Supplementary Figure 1). The roots were shaken gently to remove the soils that were not tightly attached, and the rhizosphere soils were collected by using a brush to separate the soils from the root system. In order to obtain endophytic bacteria, the collected roots were washed under slow-running tap water to remove adhering soil particles, followed by surface sterilization with NaClO (1%, Tianjin Best Chemical) for 5 min, successively rinsed five times with sterile distilled water, and then dried with sterile filter paper for root-endophyte isolation (Li et al., 2014). Five replicate soil and four replicate root samples from infested and non-infested plants per location were collected, with five individual samples for each replicate. US, UR, IS, and IR (four groups) represented the samples from uninfested rhizosphere soils, uninfected plant roots, infested rhizosphere soils, and infected plant roots, respectively. All these samples were immediately placed in sterile centrifuge tubes with sterile phosphate buffer saline (PBS) and divided into two parts for microbe analysis: one for culture-dependent method and another for culture-independent method.

Meloidogyne incognita was collected from the sponge gourd roots in Baiyun District, Guangzhou, China (113.27° N, 23.16° E) for the bioassay below and identified by SCAR marker (Song et al., 2019). The plant root was cut into 1–2 cm pieces, washed with NaClO (1%) for 3 min, then filtered by 100, 300, and 500 mesh screens, and the eggs collected from the 500 mesh were washed with sterile ultrapure water and incubated at 25°C for 5 days. The hatched pre-J2s were collected and washed three times with sterile ultrapure water, then sterilized with streptomycin sulfate solution (100 mg/mL) on a 100 rpm shaker at 25°C overnight. The pre-J2s were washed three times with sterile ultrapure water before use.



2.2. Culture-dependent microbial communities

Five grams of the rhizosphere soils from each sample were mixed and dissolved in 45 mL sterile PBS, and labeled as a start concentration (10−1 g/mL). Meanwhile, 5 g of the sterilized plant roots from each sample were ground with a sterile mortar, mixed with 45 mL sterile PBS, and also labeled as a start concentration (10−1 g/mL). The sample suspension was used to isolate bacteria and fungi on the plates of Trypticase soy agar (TSA; HKM, China), Potato dextrose agar (PDA), and Gause’s synthetic agar (GSA; HKM, China). The resulting plates were sealed with parafilm (BEMIS, United States) and cultured in the dark at 26°C. Nine plates were set up for each sample and each dilution level (root: 10−1, 10−3, 10−5, and 10−7 g/mL; soil: 10−3, 10−5, 10−7, and 10−9 g/mL). After 3 days, the bacterial and fungal colonies appeared on the plates were individually collected and inoculated into new plates. Microbe isolates were first grouped according to their colony and morphological characteristics. The resulting colonies were purified on the new plates and cultured in liquid LB (Lucia-Bertani; for bacteria) or PDA (for fungi) and kept at −80°C with 15% sterile glycerol. The DNA from each isolate was extracted using HiPure Bacterial DNA Kit and Fungal DNA Kit (Magen, China). The prokaryotic V4 region of bacterial 16S rRNA was amplified with primers 27F/1492R, and the ITS2 region of fungal ITS gene was amplified with ITS1F/ITS4R (Wu et al., 2020; Liu et al., 2021). The PCR products were extracted and then sequenced at the Beijing Genomics Institute (Guangzhou, China). The resulting sequences were compared with the data set in NCBI GenBank, and the representative isolates or clones for each bacterial or fungal species were submitted to GenBank (OP882106–OP882140; OP881962–OP881968).



2.3. Culture-independent microbial communities

The preparation of the samples was the same as that for the culture-dependent method. Total DNA from each sample was extracted and purified using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. After quantification by the NanoDrop ND-3300 spectrophotometer (NanoDrop Technologies, Thermo Scientific, Wilmington, DE, United States), PCR was carried out to generate amplicons in quintuplicate for rhizosphere soil samples and quadruplicate for plant root samples. The V5–V6 region of the bacterial 16S rRNA gene was amplified using primers 799F/1193R, and the ITS1 region of the fungal ITS gene was amplified using the primers BD-ITS1F/ITS2-2043R (Wu et al., 2020; Liu et al., 2021). All the primers contained a 12-bp barcode sequence at the 5′-end to distinguish the amplicons from different samples. The amplicons were equally combined to produce two separate PCR pools (bacterial and fungal amplicons separately), and then sequenced on an Illumina Nova 6000 platform (Guangdong Magigene Biotechnology, Guangzhou, China). The sequencing data were quality checked with Fastp (v. 0.14.1). Paired-end clean reads were merged using FLASH (v. 1.2.11) according to the relationship of the overlap between the paired-end reads (Magoè and Salzberg, 2011). Raw tags with at least 10 reads overlapping the opposite end of the same DNA fragment were merged (error ratio < 0.1). Sequences were assigned to each sample based on their unique barcodes. The barcodes and primers were removed before the clean tags were generated.

The OTUs were grouped with a threshold of 97% pairwise identity by Usearch software (v. 10.0.240). The most frequently occurring sequence was extracted as the representative sequence for each OTU and used for taxonomic annotation. The taxonomic classification was performed by SILVA (v. 119; Quast et al., 2013) and UNITE (v. 7.0; Kõljalg et al., 2013) for bacteria and fungi, respectively. The OTUs annotated as chloroplasts or mitochondria as well as not to the kingdom level, were removed. Based on the OTUs table, the unique, shared and core OTUs among four groups were illustrated by the UpSetR package using R software (Conway et al., 2017). The bacterial and fungal composition of the class, family, and genus levels for each group was calculated, and the histogram was drawn with the ggplot2 package using R software. The microbial alpha-diversity (Chao1 and Simpson index) analysis was performed by QIIME (v. 1.9.1; Caporaso et al., 2010), to measure the complexity of species diversity for a sample. Beta-diversity was used to evaluate the differences between samples in species complexity. Principal coordinate analysis (PCoA) based on euclidean distance matrixes was used for multivariate analysis of all samples, performed by the ggplot2 package of R software. Three non-parametric analyses (ANOSIM, analysis of similarity; Adonis, non-parametric multivariate analysis of variance; Amova, analysis of molecular variance) and one parametric analysis (Mrpp, multi-response permutation procedure) were performed by Vegan package of R software (v. 2.6–5, https://github.com/vegandevs/vegan/) and Mothur software (v. 1.35.1; Schloss et al., 2009), to test whether the differences among groups were significant (p < 0.05). A linear discriminant analysis (LDA) effect size (LEfSe) algorithm (Segata et al., 2011) was employed to identify the biomarkers for different groups, which was performed on the website.1 The value of LDA was used to estimate the effect size of each differentially abundant feature. Taxa with logarithmic LDA values over 4.00 were selected to perform histogram figures. The 16S rRNA and ITS amplicon data were deposited into the NCBI short-reads archive database under accession numbers PRJNA905571 and PRJNA905575, respectively.



2.4. Nematode dispersal assay

Thirty-three representative bacterial isolates from the culture-dependent communities were selected from the RKN-infested and uninfested groups for nematode dispersal assay (Supplementary Table 1). The bacteria were activated on LB plates, and the colonies were cultured in nutrient broth (agar; HKM, China) in a 120 rpm shaker at 25°C for 3 days. The dispersal of pre-J2s responding to the bacterial was tested according to the reported method (Wang et al., 2019). Briefly, the plates (9 cm diameter) were filled with 2% agarose and divided into three parts (Area A, Area B, and Area C, Supplementary Figure 2). For the J2 dispersal assay, 100 pre-J2s were placed in the middle of the plate (Area C), 50 μL of bacterial culture from different isolates according to the above-described culture method on Area A, and 50 μL of sterile nutrient broth or sterile extrapure water on Area B. After 4 h in the dark at 26°C, the nematodes in three areas were counted under a microscope, and the chemotactic index [CI = (the number of nematodes at Area A−the number of nematodes at Area C)/total number of nematodes] was calculated according to published methods (Wang et al., 2019). Each treatment was replicated four times. A CI ≥ 0.1 was considered attractive, a CI ≥ − 0.1 but <0.1 as a random response, and a CI < − 0.1 as repellent.



2.5. Nematicidal activity bioassay

The nematicidal activity of microbial isolates from culture-dependent microbial communities (Supplementary Table 12), was determined using the pre-J2s. The bacteria were activated on LB plates, and the colonies were cultured in nutrient broth in a 120 rpm shaker at 25°C for 3 days. The cultures were centrifuged at 12,000 rpm for 10 min at 4°C, and the resulting supernatants were filtered by 0.22 μm filters, and used to test for the bioassay of nematicidal activity. 100 pre-J2s in 80 μL sterile extrapure water and 20 μL streptomycin sulfate solution (100 mg/mL) were added to a well in the 48-well plate. The bacterial supernatants at concentrations of 100, 10, and 1%, which were prepared with sterile extrapure water, and were, respectively, introduced into the wells. Sterile nutrient broth or sterile extrapure water was used as the negative control. The plates were incubated at 25°C for 48 h, and the living and dead juveniles at 12, 36, and 48 h were counted under a microscope. Four replicates were established for each treatment. The experiment was repeated two times. Mortality was calculated according to the following formula: juvenile mortality = 100% × dead juveniles/total juveniles and the calibrated mortality rate = 100 × (mortality rate of strains−mortality rate of control)/(1−mortality rate of control) (Yin et al., 2021).



2.6. Statistical analysis

Statistical analysis was carried out by GraphPad Prism 5.0 software program (GraphPad Software, United States). Significant differences in nematicidal activity and nematode dispersal assays were determined by one-way ANOVA or Student’s t-test with a threshold of p < 0.05.




3. Results


3.1. Culture-dependent microbe communities

Overall, 32 bacterial species belonging to 23 genera from five classes, and eight fungal species belonging to five genera from five classes were identified from the soils and roots (Table 1). At the phylum level, 9, 3, 9, and 11 bacterial species from Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria were identified, respectively. Seven and one fungal species were assigned to Ascomycota and Mucoromycota, respectively. Nine bacterial species (Arthrobacter sp., Bacillus sp., B. ambifaria, Enterobacteriaceae sp., F. barbaricus, Microbacterium sp., Micrococcaceae sp., Rhizobiaceae sp., and Serratia sp.) were shared, and Arthrobacter sp. and Bacillus sp. were dominant species, among all samples. On the contrary, no fungal species overlapped among the samples.



TABLE 1 Bacterial and fungal species detected by culture-dependent method.
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Compared with the M. incognita infested samples, more bacterial colonies were detected from the uninfested samples, including root and soil samples (Table 1). Thirteen bacterial species (B. amyloliquefaciens, B. thuringiensis, Ensifer adhaerens, Flavobacterium sp., Leifsonia xyli, Massilia oculi, M. sciuri, Mesorhizobium sp., M. azadirachtae, Priestia sp., Pseudomonas sp., P. nitroreducens, and Sphingobacterium puteale) were detected only from soils (US and IS). In comparison, seven root-intrinsic (UR and IR) bacterial species were identified, including Gordonia sp., C. metallidurans, Paenibacillus sp., P. glycanilyticus, Sporosarcina koreensis, S. viridobrunneus, and Terribacillus sp. Compared with the uninfested soils, more colonies of Chryseobacterium sp., E. adhaerens, Flavobacterium sp., Mesorhizobium sp., and S. puteale, and litter colonies of Comamonas sediminis, F. barbaricus, and Serratia sp. were detected from the infested soils (Table 1). In addition, in the infested soils, P. nitroreducens was exclusively present, while M. sciuri, M. azadirachtae, Priestia sp., and Streptomyces sp. vanished after M. incognita infestation. In the root samples, little colonies of S. koreensis were observed after M. incognita infection, however, Chryseobacterium sp., C. sediminis, Gordonia sp., C. metallidurans, S. viridobrunneus, and Terribacillus sp. appeared only in the uninfected root samples while Streptomyces sp. only in the infected root samples.

For the fungi, Penicillium desertorum and Plectosphaerella cucumerina were exclusive in the infested rhizosphere soil, in contrast, M. irregularis, Penicillium sp. Penicillium commune, and Sordariomycetes sp. vanished in rhizosphere soils after M. incognita infestation. On the other hand, only one fungus, Aspergillus sp. was isolated from plant roots after the presence of M. incognita.



3.2. Microbial diversity of culture-independent communities

A total of 1,563,859 bacterial (16S rRNA) and 1,540,655 fungal (ITS) clean reads were obtained from 18 samples representing rhizosphere soils (US, IS) and plant roots (UR, IR). Each sample with over 96% of reads met the demand of Q30 (Supplementary Table 2). A total of 10,561 bacterial OTUs and 2,427 fungal OTUs were obtained (Supplementary Table 3). For bacteria, 555 genera belonging to 47 phyla, 105 classes, 204 orders, and 321 families were identified from 10,561 OTUs. For fungi, 192 genera belonging to 19 phyla, 39 classes, 84 orders, and 152 families were identified from 2,427 OTUs.

The number of bacterial OTUs in rhizosphere soils (US: 7386, IS:7252) was much more than in plant roots (UR: 1238, IR: 1563), and similar results were found in fungi (US:1714, IS: 1732, UR: 931, and IR: 931; Figure 1), indicating that the microbial species in rhizosphere soils were significantly higher than those in plant roots. A total of 536 bacterial and 467 fungal OTUs were shared in four groups (US, IS, UR, and IR), including 33 and 44 with more than 1% relative abundance in one or more groups such as Ralstonia sp., Bacillus sp., Sphingomonas sp. from bacteria, and Thermomyces sp., Mortierella alpina, Penicillium simplicissimum, and Orbilia aurantiorubra from fungi. The unique bacterial and fungal OTUs were detected in all groups but showed very low abundances. Five hundred and five bacterial and 154 fungal OTUs were shared between US, IS, and IR groups, suggesting these inherent soil OTUs may spread to the roots during M. incognita infestation. In contrast, the M. incognita infestation may also mediate the inherent root OTUs translocated to the soils, including 19 bacterial and 37 fungal OTUs shared in UR, IR, and IS groups. Furthermore, 57 bacterial and 35 fungal OTUs were specifically present in IS and IR. These results suggested that M. incognita may mediate the microbial exchange between rhizosphere soils and plant roots. On the other hand, 29 bacterial and 53 fungal OTUs vanished during the infestation, demonstrating the negative effect of M. incognita on microorganism communities (Figure 1; Supplementary Table 4).
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FIGURE 1
 UpSetR plot depicts the unique, shared, core bacterial (A) and fungal (B) OTUs among four groups. The horizontal bar represents the total OTU numbers of each group, and the vertical bar represents the unique, shared, and core OTU numbers of different samples’ intersections. US, UR, IS, and IR represent the uninfested rhizosphere soil, uninfected plant root, infested rhizosphere soil, and infected plant root, respectively.


The rarefaction curves for all samples showed that the sequence depths were reliable for both bacterial and fungal identification in each sample (Supplementary Figure 3). The apparent separation of rarefaction curves indicated the richness of bacteria and fungi in rhizosphere soils was significantly higher than that of the plant roots (Supplementary Figures 3A,C). The rank-abundant analysis showed that the bacterial evenness was similar in rhizosphere soil and plant root samples (Supplementary Figures 3B,D). However, the fungal evenness was lower in rhizosphere soils than in plant roots. In general, the diversity of bacteria and fungi was significantly higher in rhizosphere soils than that in plant roots.

Compared with UR and IR samples for the alpha-diversity analysis, significantly higher bacterial and fungal abundance were detected in US and IS, as indicated by the Chao1 index (Supplementary Figure 4; Supplementary Table 5). The Simpson index of bacteria in UR and IR were significantly higher than that in US (UR vs. US, p = 0.03) and IS (IR vs. IS, p = 0.035), while there was no significant difference in fungal infested groups (IR vs. IS, p = 0.123, Supplementary Table 6). Significantly higher diversity was present in bacterial (both US and IS) and fungal (US) rhizosphere soils, compared with the corresponding root groups (bacterial UR, IR, and fungal UR). On the other hand, the Chao1 (UR vs. US, p = 3.06 × 10−6) and Simpson (UR vs. US, p = 0.009) index of fungi in US were significantly higher than in UR, together with the rank-abundance results, showing more microbes species but less evenness in the uninfested soils than that in the uninfected roots. In addition, a similar Chao1 index (US vs. IS, p = 0.309) but a significantly higher Simpson index (US vs. IS, p = 0.033) in the fungal groups were detected in IS, compared with the US, suggesting that the infestation of M. incognita may decrease the fungal diversity in the soils.

To measure the extent of the similarity among microbial communities, we performed PCoA analysis on all rhizosphere soil and plant root samples, based on the Euclidean distance matrix (Figure 2). The bacterial communities among all samples could be divided into three groups (adonis, R2 = 0.631, p = 0.001, Figure 2A). The microbial communities of the US samples were significantly different from the IS samples (R2 = 0.361, p = 0.006) and two root samples (US vs. UR: R2 = 0.674, p = 0.004; US vs. IR: R2 = 0.558, p = 0.011), but no significant difference was observed between UR and IR samples (R2 = 0.189, p = 0.098; Supplementary Table 7). Similar results were found in the fungal communities, and three groups were divided (R2 = 0.737, p = 0.001, Figure 2B): US, IS, and root samples (UR and IR). Overall, microbial communities of the rhizosphere soil samples were significantly different from those of the plant root samples, and M. incognita infestation led to significant changes in the bacteria and fungi in rhizosphere soils.
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FIGURE 2
 PCoA analysis of beta-diversity base on Euclidean distance matrix for bacteria (A) and fungi (B) communities of four groups. The Adonis was used to test the dissimilarity for bacteria (R2 = 0.631, p = 0.001) and fungi (R2 = 0.737, p = 0.001). US, UR, IS, and IR represent the uninfested rhizosphere soil, uninfected plant root, infested rhizosphere soil, and infected plant root, respectively.


In addition, UPGMA clustering analysis was also done to evaluate the beta-diversity changes in four groups (Figure 3). The bacterial beta-diversities divided the samples into two parts: rhizosphere soil and plant root samples. When M. incognita nematodes were present in rhizosphere soil samples, the abundance of OTU_10 (Chryseobacterium sp.), OTU_76 (Flavobacterium sp.), and OTU_4 (Pseudomonas sp.) was significantly increased, while OTU_8 (Chujaibacter soil) and OTU_35 (Bacillus sp.) were decreased. In plant root samples, infestation with M. incognita significantly increased OTU_6 (Burkholderiaceae sp.). The fungal beta-diversities also clustered the samples into the same two parts as bacterial ones. The top 20 most abundant rhizosphere fungal OTUs accounted for more than 73% of total fungal abundance. However, the top 20 most abundant plant root endophytic fungal OTUs represented less than 15%, indicating the unevenness of the fungal communities in rhizosphere soils. Moreover, the infestation of M. incognita could significantly increase the abundance of OTU_2 (Fusarium sp.) and OTU_22 (Onygenales sp.) in the soil samples.
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FIGURE 3
 Clustering analysis of beta-diversity based on the Euclidean distance matrix for bacterial (A) and fungal (B) communities of all samples by UPGMA method. US, UR, IS, and IR represent the uninfested rhizosphere soil, uninfected plant root, infested rhizosphere soil, and infected plant root, respectively.




3.3. Bacterial and fungal population of culture-independent communities

The bacterial and fungal OTUs that increased or decreased after M. incognita invasion were listed in Supplementary Table 8. Compared with the increased bacterial OTUs, more decreased OTUs were identified (increase: 319; decrease: 646) in rhizosphere soils after M. incognita infestation. However, the decreased bacterial OTUs were only a quarter of the increased OTUs (181, 44) in plant root samples. On the other hand, the number of decreased fungal OTUs was higher than that of increased in rhizosphere soils (171, 278), while it was reversed in plant roots (166, 119). This implied that the endophytic microbes in plant roots were not adversely influenced by nematode invasion.

A total of 8, 15, 10, and 13 dominant bacterial OTUs (relative abundance higher than 1%) were identified from US, UR, IS, and IR groups, respectively (Supplementary Table 9). One bacterial species, OTU_7 (Ralstonia sp.), was the dominant OTU shared among four groups. Three dominant bacterial OTUs were shared by US and IS, while UR and IR shared eight dominant bacterial OTUs. Moreover, for the rhizosphere soil groups, the abundance of OTU_31 (Myroides sp.), OTU_1957 (Flavobacterium sp.), OTU_76 (Flavobacterium sp.), OTU_18 (Chryseobacterium sp.), and OTU_10 (Chryseobacterium sp.) in IS was at least 15 times higher than that in the US. On the contrary, OTU_8 (Chujaibacter soli), OTU_23 (Bacillus sp.), and OTU_27 (Gammaproteobacteria sp.) in the IS were suppressed to less than a quarter after M. incognita infestation (Supplementary Table 8). For plant root samples, the abundance of OTU_6 (Burkholderiaceae sp.), OTU_14 (Pasteuria sp.), and OTU_111 (uncultured bacterium) in IR significantly increased by at least 39 times compared with UR, while two Chitinophagaceae bacteria (OTU_150 and OTU_153) were dropped to less than a tenth. Specifically, the dominant OTU in UR, OTU_220 (Xanthobacter flavus), vanished after the M. incognita infestation (Supplementary Table 9).

A total of 14, 21, 19, and 18 dominant fungal OTUs were identified from US, UR, IS, and IR groups, respectively (Supplementary Table 9). OTU_2 (Fusarium sp.) was shared among four groups, especially with high relative abundance in soil samples (US: 15.62%, IS: 20.25%). Moreover, 10 dominant OTUs were shared in rhizosphere soils, and 13 dominant OTUs were shared in plant roots. For soil groups, seven OTUs significantly increased their abundance when M. incognita infestation. OTU_22 (Onygenales sp.) was 151 times more abundant in IS than in US groups. On the contrary, OTU_23 (Trichoderma sp.) decreased to a fifth in IS compared to US groups. For root groups, the abundance of OTU_50 (Ceratobasidiaceae sp.), OTU_281 (Fungi sp.), and OTU_321 (O. aurantiorubra sp.) was significantly increased after infestation, while OTU_49 (Rhizoctonia sp.), OTU_3063 (Rhizoctonia sp.) and OTU_126 (Branch06) was suppressed to less than one fifth (Supplementary Table 9).

The top 10 bacterial taxa from different taxonomic levels of each group were defined as “major,” based on the relative abundance, including 13 at the class level, 20 at the family level, 21 at the genus level, and 28 at the species level (Figures 4A–C and Supplementary Table 10). For the class level, four bacterial classes shared in four groups were identified with more than 10% relative abundance in more than one group, including Gammaproteobacteria, Alphaproteobacteria, Actinobacteria, and Bacilli. At the family level, Burkholderiaceae was the major family with more than 6% relative abundance in all groups, and increased in plant roots after infestation (UR: 17.82%, IR: 30.65%). Another increased family in roots was Pasteuriaceae (0.33, 8.2%), 63 times in IR after infestation. Major bacterial genera were Bacillus and Ralstonia, with relative abundance >1% in each group. Most of the major bacterial species were uncultured, such as Alpha proteobacterium, Rhizobiales sp., and Xanthomonadaceae sp. (Supplementary Table 10).
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FIGURE 4
 Relative abundance of the top 10 bacterial (A–C) and fungal (D–F) classes (A,D), families (B,E), and genera (C,F) in four groups. “Unclassified” represents the OTUs unassigned to the corresponding rank. “Others” includes classes, families, or genera beyond the top 10 OTUs. US, UR, IS, and IR represent the uninfested rhizosphere soil, uninfected plant root, infested rhizosphere soil, and infected plant root, respectively.


The top 10 fungal taxa from each group included 15 from the class level, 19 from the family level, 21 from the genus level, and 23 from the species level (Figures 4D–F and Supplementary Table 10). The relative abundances of five major fungal classes were greater than 10% in one or more groups, including Sordariomycetes, Eurotiomycetes, Dothideomycetes, Agaricomycetes, and Leotiomycetes. At the family level, Nectriaceae and Trichocomaceae were the major fungal families in rhizosphere soils, and Ceratobasidiaceae and Erysiphaceae were major in plant roots. Major fungal genera included Thermomyces in rhizosphere soils and Leveillula in plant roots, with more than 7% relative abundance. The species of M. alpina, Rozellomycota sp., and Ceratobasidiaceae sp. shared among four groups, Ascobolus sp. (US: 4.88%, IS: 2.09%) and P. simplicissimum (2.38, 1.21%) shared between rhizosphere soil groups. Onygenales sp. (0.02, 2.58%) and Spizellomyces sp. (0.01, 0.68%) increased abundance in IS by more than 100 times compared with US, while Agaricomycetes sp. (0.24, 0.01%) was significantly suppressed to a twentieth in IS. On the other hand, Helotiaceae sp. (UR: 2.21%, IR: 1.97%), Pleosporales sp. (2.06, 0.99%), Alternaria sp. (1.36, 1.45%), and Malassezia arunalokei (0.81, 0.4%) existed in both root samples. After M. incognita infection, Exophiala sp. (0.003, 0.38%) increased 180 times higher in IR compared to UR, while Branch06 sp. (1.43, 0.004%) was significantly decreased (Supplementary Table 10).

In addition to the major taxa above, the other taxa from different taxonomic levels that significantly varied after M. incognita invasion were also shown (Supplementary Table 11). For bacteria, 46 and 55 genera were increased dramatically in rhizosphere soils (such as Elizabethkingia, Chryseobacterium, Myroides, Empedobacter, and Sphingobacterium) and plant roots (such as Pasteuria and Thiobacillus), respectively. Meanwhile, 56 and 15 genera declined their abundance in soils (such as Proteiniclasticum and Granulicella) and roots (such as Tistrella and Aquamicrobium). Particularly, the abundance of four genera was altered differently in rhizosphere soils and plant roots. Fluviicola and Peredibacter increased their abundance in rhizosphere soils but decreased in plant roots, whereas Deinococcus and Saccharopolyspora were reversed. For fungi, 13 (37) and 21 (13) genera were significantly increasing (decreasing) their abundance in rhizosphere soils and plant roots, respectively. Dactylella was specifically present in the infested rhizosphere soils, while the entomopathogenic fungi Beauveria bassiana was significantly increased in IS. Remarkably, except for Fusarium, 36 out of 37 decreased genera in rhizospheric soils were not changed in roots, such as Mortierella, Ascobolus, and Thielavia. Detailed information on other taxonomic levels is shown in Supplementary Table 11.



3.4. Biomarkers for four groups

Rhizosphere soil and plant root samples were further compared with LefSe to determine the discriminative taxa affected by M. incognita infestation. A total of 52 bacterial taxa were identified as biomarkers (Logarithmic LDA > 4), including 22 from US, 10 from UR, 9 from IS, and 11 from IR. Exhibiting more discriminative taxa in uninfested rhizosphere soils than in infested soils. Genus Bacillus (Logarithmic LDA = 4.178, p = 0.021) was the most significant taxa in US, followed by Chujaibacter (LDA = 4.038, p = 0.004), while the genus Flavobacterium (LDA = 4.653, p = 0.002) had the largest effect sizes in IS. The most significant genus taxa in UR was Methylobacterium (LDA = 4.261, p = 0.004), and three genera with the largest effect sizes in IR were Geobacillus (LDA = 4.433, p = 0.005), Ralstonia (LDA = 4.426, p = 0.025), and Pasteuria (LDA = 4.380, p = 0.005; Figure 5A and Supplementary Table 12).
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FIGURE 5
 Histogram of discriminative bacterial (A) and fungal (B) genera among all samples. The genera with a logarithmic LDA value over 4 were selected. US, UR, IS, and IR represent the uninfested rhizosphere soil, uninfected plant root, infested rhizosphere soil, and infected plant root, respectively.


As to fungi, 53 taxa were selected as biomarkers, including 16, 16, 10, and 11 from US, UR, IS, and IR, respectively. Nine biomarkers were identified to be genus level, including Penicillium (LDA = 4.386, p = 0.004) and Mortierella (US, LDA = 4.559, p = 0.002) from US, which are species P. simplicissimum (LDA = 4.306, p = 0.003) and M. alpina (LDA = 4.549, p = 0.002) belonged; Thermomyces (LDA = 4.931, p = 0.004) from IS; Leveillula (LDA = 4.739, p = 0.005) and Alternaria (LDA = 4.033, p = 0.004) from UR (Figure 5B and Supplementary Table 12).



3.5. Nematode dispersal in responding to bacterial isolates

The effects of bacterial isolates on M. incognita pre-J2s dispersal were tested. B. amyloliquefaciens from uninfested and infested rhizosphere soils, Bacillus sp. P35 from the uninfested rhizosphere soils, M. azadirachtae from the uninfested rhizosphere soils repelled nematodes (CI < −0.1), while no bacterial isolates attracted nematodes (CI > 0.1; Figure 6; Supplementary Table 13).
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FIGURE 6
 Meloidogyne incognita pre-parasitic second stage juveniles (pre-J2s) dispersal assay. The horizontal coordinates represent the numbers of culturable bacterial isolates.




3.6. Nematocidal activity of bacterial isolates

In vitro bioassay results showed that the supernatant of Streptomyces sp. (isolate 27) from the infested roots (not present in the uninfected roots) showed the strongest toxicity to M. incognita pre-J2s at 48 h post incubation (Supplementary Table 14A). Compared with H2O and nutrient broth treatments, the supernatants of Streptomyces sp. TR27 significantly increased the mortality rates of pre-J2s at three concentrations (100, 10, and 1%) at 12, 36, and 48 h (Figure 7; Supplementary Tables 14B,C). It was also found that the nematocidal activity was correlated with the supernatant concentrations, with 67.59% calibrated mortality of pre-J2s in the original supernatant at 48 h.
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FIGURE 7
 Effect of Streptomyces sp. TR27 culture supernatant on the calibrated mortality of M. incognita pre-parasitic second stage juveniles (pre-J2s)in different hours (24, 36, and 48 h). 1x, the supernatant of Streptomyces sp. TR27; 10x, the supernatant of Streptomyces sp. TR27 diluted 10 times; 100x, the supernatant of Streptomyces sp. TR27 diluted 100 times. Different letters indicated significant differences among different treatments (mean ± standard error, Tukey, p < 0.05).





4. Discussion

RKNs cause vital crop disease and huge loss of economic plants worldwide (Jones et al., 2013; Khan and Ahamad, 2020). Increasing evidences have demonstrated that the rhizosphere microbial community is indispensable in relieving nutrient stress and responding to pathogenic micro-invasion using root exudates from plant roots (Okubo et al., 2015). Specific resident rhizosphere soil and root-endophytic microbial communities that adapt to plants play essential roles in both optimizing growth and protecting against pathogen infection. The recruitment of beneficial microorganisms can also change the physiological function of plants to allow them to resist aerial pathogens (Kumar et al., 2012). In the present study, significant changes in the abundance of culturable and unculturable bacterial and fungal communities in rhizosphere soils and plant roots of sponge gourd were found to be associated with M. incognita invasion (Figure 8). Furthermore, among the detected bacterial isolates, Streptomyces sp. was discovered to exhibit nematocidal activity, and B. amyloliquefaciens, Bacillus sp. and M. azadirachtae to show repellent potentials for M. incognita pre-J2s, which can be used to develop RKN bio-control agents.

[image: Figure 8]

FIGURE 8
 Summary of the OTU changes in bacterial (A) and fungal (B) community among four groups. Four taxonomic levels (phylum, class, family, and genus) were shown. The quarter circle represents corresponding samples according to the legend. Relative abundance is indicated by color gradients; the color from green through yellow to red represents the value from low to high. US, UR, IS, and IR represent the uninfested rhizosphere soil, uninfected plant root, infested rhizosphere soil, and infected plant root, respectively.



4.1. Effects of Meloidogyne incognita infestation on microorganisms in rhizosphere soils

RKNs significantly affect the rhizosphere soil and root-endophytic microbial communities of the host plant (Tian et al., 2015; Wolfgang et al., 2019; Zhou et al., 2019; Cao et al., 2022). Meanwhile, the microorganisms would produce secondary metabolites to affect the RKNs infection. In this study, 46 genera were significantly increased in rhizosphere soils after M. incognita infestation, including Chryseobacterium, Elizabethkingia, Empedobacter, and Myroides. Many of the species classified in these four genera are potential pathogens intrinsically resistant to a wide range of antibiotics. Most produce beta-lactamase and are often resistant to aminoglycosides, tetracyclines, chloramphenicol, erythromycin, clindamycin, and teicoplanin (Vandamme, 1994; Bellais et al., 2002; Vessillier et al., 2002; Kirby et al., 2004; Lin et al., 2019). Sphingobacterium was another genus increase in rhizosphere soils, including species S. psychroaquaticum (4.17 times) and S. spiritivorum (2.79 times). Sphingobacterium psychroaquaticum has the antagonistic ability on fungi pathogen, which could elicit the induced systemic resistance of the host plant (Xu et al., 2020). Sphingobacterium spiritivorum is sensitive to multiple antimicrobials and is considered resistant to many commonly administered antibiotics (Anthony and Verma, 2016; Gupta et al., 2016).

Flavobacterium spp. were essential in biological control by producing antibacterial effect factors and substances, extracellular macromolecular degrading enzymes, etc. Several root- and soil-derived Flavobacterium bacteria antagonize various phytopathogens and promote plant growth in different crops (Sang and Kim, 2012; Gunasinghe et al., 2015; Kwak et al., 2018; Carrión et al., 2019; Kraut-Cohen et al., 2021; Sun et al., 2021). Most of the Pseudomonas spp. show pathogens inhibitory activity attributing to iron sequestration via siderophore production, nutrient limitation or other unreported mechanisms, and some Pseudomonas species exhibit significant nematocidal activity and plant-growth promotion effects (Burlinson et al., 2013; Benner, 2014; Sun et al., 2021). In our study, the abundances of Flavobacterium (including F. anatoliense, F. lindanitolerans, Flavobacterium sp. GXW15-4, F. ceti, and Flavobacterium sp. MH51) and Pseudomonas bacteria in rhizosphere soils were 5.73 and 3.7 times higher after M. incognita infestation. It seemed that Flavobacterium and Pseudomonas bacteria in rhizosphere soils play special roles during M. incognita infestation, whether they have anti-nematode activity or plant growth ability need further research. On the contrary, genera Arthrobacter, Bacillus, and Chujaibacter decreased their abundance. Bacillus bacteria shows significant anti-nematode activity by producing plantazolicin (such as B. amyloliquefaciens FZB42) or inducing systemic resistance in plants (such as B. atrophaeus GBSC56) (Liu et al., 2013; Xiong et al., 2015; Cheng et al., 2020; Ayaz et al., 2021; Migunova et al., 2021; Yin et al., 2021). Moreover, Bacillus colonization was negatively correlated with pathogen abundance and disease incidence (Xue et al., 2015). Consistently, in the present results, the abundance of Bacillus bacteria (US vs. IS: 3.82% vs. 1.43%) in rhizosphere soils significantly decreased after M. incognita infestation. Interestingly, two Bacillus species (B. amyloliquefaciens and Bacillus sp.) isolated by culture-dependent method repelled M. incognita pre-J2s. Why M. incognita presence decreased the abundance of Bacillus species which can repel the nematodes needs further investigation. In addition, M. azadirachtae, a plant growth-promoting actinobacterium (Madhaiyan et al., 2010), which repelled nematodes from the uninfested rhizosphere soils. Therefore, it may be a potential root-knot nematode control agent, which is worthy of further development.

RKN infection of plants leads to physiological changes in the host and affects the composition of root exudates (Tian et al., 2015). Some of these root exudates can directly antagonize disease and insect pests, while others can collect and select microbial flora conducive to plant growth under the action of microbial chemotaxis (Bücking et al., 2008; Cao et al., 2022). It is suggested that the different regulations of the abundance of Bacillus, Flavobacterium, and Pseudomonas resulted from the interaction among nematodes, fungi, and plants in rhizosphere soils. However, all of these bacterial genera were potential nematicides. Chujaibacter soli is essential in polyfluoroalkyl substances and lindane degradation, while Arthrobacter sp. can degrade unusual and polymeric compounds (Senevirathna et al., 2022; Wu et al., 2022). Both bacteria play a crucial role in biodegrading agrochemicals and pollutants but were suppressed by M. incognita in rhizosphere soils. Indicating M. incognita not only hindered plant growth but also damaged the recovery ability of soil from pollution.

Dactylella fungi comprise 72 species, all of which are considered to trap and consume nematodes (Ahrén et al., 1998). Dactylella sp. was specifically present in rhizosphere soils after M. incognita infestation, and it appeared this fungus might come along with the nematode. In addition, the abundance of genus Beauveria, especially B. bassiana, was increased in rhizosphere soils after M. incognita infestation. Beauveria bassiana (Bb) is a filamentous fungus that can secrete a variety of extracellular enzymes and it is a well-known biological insecticide, including nematicidal activity (Kepenekci et al., 2017; Amobonye et al., 2020). Three major fungal genera including Catenaria, Mortierella, and Penicillium (mainly P. simplicissimum) were suppressed in rhizosphere soils after M. incognita infestation. Species of Catenaria are known primarily as pathogens of nematodes (Platzer and Platzer, 1999; Castillo and Lawrence, 2011). Some species from Mortierella and Penicillium can produce antibiotic and has potential antagonist activity against various plant pathogens (Platzer and Platzer, 1999; Tagawa et al., 2010). P. simplicissimum can release nematicidal alkaloid such as peniprequinolone A and penigequinolone B (Kusano et al., 2000). They were suppressed to less than a half in the rhizosphere soils after M. incognita infestation, which was confirmed by the culture-dependent method. Notably, Pisolithus vanished in infested rhizosphere soils, known for producing antibiotics such as pisolithins A and B (Kope et al., 1991). In the infested rhizosphere soils, the composition and abundance of these anti-pathogenic fungi changed oppositely, which may result from the competitive effects of nematodes toxin and plant root exudates.



4.2. Effects of Meloidogyne incognita infestation on plant root-endophytic microorganisms

Six root-endophytic bacterial genera significantly increased their abundance after M. incognita infestation, but no bacterial genera significantly decreased in this process. The bacterial genus or species decreased in infested rhizosphere soil, such as Bacillus, C. soli, and Arthrobacter were not changed in the infected plant root, indicating the plant root could protect the root-endophytes. Genus Flavobacterium increased 4.2 times in the infected roots. It appears to be a widespread bacterium (present at rhizosphere soils and plant roots) that plays a protective role from plant pathogenic infection. Some species of genera Geobacillus and Pasteuria in rhizosphere soils or plant roots show insecticidal or nematicidal activity, such as G. thermoglucosidasius and P. penetrans (Liu et al., 2019; Siddharthan et al., 2022). Both genera were not changed at rhizosphere soils but significantly increased in the infected roots, especially genus Pasteuria. Similarly, Ancylobacter, Methylobacterium, and Streptomyces increased in infected plant roots. All these three genera play essential roles in plant growth promotion (Fu et al., 2021; Worsley et al., 2021; Nie et al., 2022). Moreover, Streptomyces display enhanced antagonistic activities and suppression of the root rot and wilt diseases in pulses (Manikandan et al., 2022). It is speculated that the internal root environment specifically increased the population of beneficial bacteria.

On the other hand, we found three major root-endophytic fungal genera increased abundance after infection, including Exophiala, Orbilia, and Phaeoacremonium. Many species in the genus Orbilia have been confirmed to be knob-forming nematophagous hyphomycetes, which could capture the nematodes utilizing adhesive stalked knob (Liu et al., 2005). This indicated that a high abundance of O. aurantiorubra might be essential in protecting the L. cylindrica from M. incognita infection. Moreover, Fusarium mangiferae and Pestalotiopsis spp. disappeared in the infected roots, both of which can secrete cytotoxins (Hamzah et al., 2018; Zhao et al., 2021). All these bacterial and fungal beneficial plant growth promoters or antagonists with diverse anti-nematode activity in roots became dominant after M. incognita infection, demonstrating the protective effect of the plant on these genera.

In summary, in the case of M. incognita invasion, microbial communities in rhizosphere soils were mainly affected by two factors, the secondary metabolites secreted by M. incognita and the exudates secreted by plant root. The secreta from M. incognita may increase the abundance of bacteria with antibiotic-resistant activity (such as Chryseobacterium, Elizabethkingia, Empedobacter, Myroides, and Sphingobacterium), but suppress the fungi with antibiotic activity (Ascobolus, M. alpina, and P. simplicissimum), as well as increase the bacteria associate with reducing soils’ ability to recover from pollutions (such as Chujaibacter and Arthrobacter). Meanwhile, in response to the M. incognita invasion, the root exudates may provide a better environment to promote the growth of nematode eaters or plant growth promotors (such as Flavobacterium, and Pseudomonas from bacteria, Dactylella and Beauveria from fungi). On the other hand, in the infected plant roots, the host plant trended to protect the beneficial bacteria that were suppressed in the infested soil (such as Bacillus, Chujaibacter, and Arthrobacter), and increased the abundance of insecticidal or nematicidal (F. lindanitolerans, Flavobacterium. sp. GXW15-4, F. ceti, Flavobacterium. sp. MH51, and F. anatoliense, Geobacillus, Pasteuria, and Streptomyces from bacteria, Orbilia from fungi) and plant growth-promoting (Streptomyces and Methylobacterium) bacteria. And may be due to the enhancement of the immune system, toxin-secreting fungi (F. mangiferae and Pestalotiopsis) were eliminated in the infected plant roots. More candidate microorganisms are listed in Supplementary Table 10, which is worthy further study.




5. Conclusion

In this study, from the surrounding soils and roots of sponge gourd with and without M. incognita, 32 bacterial and 8 fungal isolates were detected by culturable method. Ten thousand five hundred and sixty-one unculturable bacterial and 2,427 fungal OTUs were also obtained. Supernatant of Streptomyces sp. from the uninfected soils exhibited approximately 67.59% nematocidal activity against M. incognita pre-J2s. B. amyloliquefaciens, Bacillus sp., and M. azadirachtae repelled the nematodes. M. incognita invasion significantly influenced the microbiota composition in rhizosphere soils and plant roots. These results provided insights into exploring novel microbiological agents for safe control of these harmful plant nematodes.
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The development of salt-alkali tolerant genetically modified crops represents an important approach to increase grain production in saline-alkali soils. However, there is a paucity of research on the impact of such genetically modified crops on soil microbial diversity. This study aims to investigate the straw degradation of betaine aldehyde dehydrogenase (BADH) transgenic maize BZ-136 and its effects on soil chemical properties, fungal community composition, community diversity and ecological function compared to non-transgenic maize Zheng58 straw. The degradation experiments of BZ-136 straw were carried out under a simulated burying condition with saline-alkali soil for 210 days. The results showed that the degradation rate of C and N of BZ-136 straw was significantly faster than that of Zheng58 in the early stage (p < 0.05). Compared to Zheng58, the straw degradation of BZ-136 increased the soil available nitrogen (AN), total phosphorus (TP), and available phosphorus (AP) in the early stage (p < 0.05). The AN content of soil with BZ-136 straw was 18.16 and 12.86% higher than that of soil with Zheng58 at day 60 and 120 (p < 0.05). The TP content of soil with BZ-136 was higher 20.9 and 20.59% than that with Zheng58 at day 30 and 90 (p < 0.05). The AP content of soil with BZ-136 was 53.44% higher than that with Zheng58 at day 60 (p < 0.05). The straw degradation of BZ-136 increased the OTU number of soil fungal community by 127 (p < 0.05) at day 60, and increased Chao1 and Shannon index at day 60 and 180 (p < 0.05). The degradation rate of C and N in BZ-136 straw was higher than that in Zheng58 at early stage, which led to the phased increase of soil AN and TP contents, and the obvious changes of relative abundances (RA) of some genera and guilds. These findings are important as they provide insight into the potential benefits of BADH transgenic crops in upgrading the soil fertility and the fungal community diversity.
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1. Introduction

Soil salinization is a widespread problem caused by chemical weathering, salt redistribution and seawater irrigation, etc. Report shows that the area of salinized soil increases at a rate of 1.0–1.5 × 106 hm2 per year (Vanhie et al., 2015). Soil salinization constrains the agricultural production by decreasing crop yield and deteriorating crop quality (Liu et al., 2010). Physical or chemical methods are traditionally used to cope with soil salinization, but these methods are cost efficiently and often cause secondary soil salinization. Therefore, scientists try to explore transgenic technology to solve this issue and many salt tolerant crops have been bred by transforming abiotic-stress resistant genes into crop genome.

However, GM (genetically modified) crops can pose multiple environmental risk. Therefore, the risk assessment is essential for the planting of GM crops. The return of transgenic crop straw may release recombinant DNA and its protein to the soil through litter fall (Ceccherini et al., 2003; De Vries et al., 2003), which may be adsorbed onto soil minerals (Crecchio et al., 2005; Cleaves et al., 2011), and ingested by soil microbes (Finkel and Kolter, 2001; Levy-Booth et al., 2008; Alvarez et al., 2010). The research on the impact of GM crops on soil microorganisms is crucial, as these organisms make up over 80% of underground biomass and play a significant role in shaping terrestrial ecosystems (Bruinsma et al., 2003).

However, various biotic and abiotic factors have prevented researchers from reaching a consensus on whether GM crops can affect soil microbes (Guan et al., 2016). On the one hand, some publications have shown that transgenic plants had negative effects on microbial biomass, enzyme activity and microbial diversity (Chen et al., 2012, 2017; Wei et al., 2022). On the other hand, most studies consider these effects are insignificant, and even there is significant, it is temporary.

The betaine aldehyde dehydrogenase (BADH) gene encodes a key enzyme for the synthesis of glycine betaine (GB), and its activity will be greatly increased under drought and salt stress, thus causing high amount of GB accumulation in maize (Hanson et al., 1985; Keita et al., 1987), maintaining intracellular osmotic pressure, stabilizing cell membrane structure and finally ensuring maize growth under salt or drought stress (Gorham, 1995).

Except root exudates, the incorporation of BADH transgenic maize straw to the field is a main pathway of GB into soil environment, therefore, its potential effects on soil microbes deserve more attention (Xu et al., 2018). The literature on the effects of BADH straw on soil microorganisms is particularly sparse (Huang et al., 2020). Both fungal and bacterial communities play important roles in degrading soil xenobiotics (Banerjee et al., 2016; Kumar et al., 2021, 2022). Fungi degrade cellulose and lignin in straw through two extracellular enzyme systems (hydrolases and oxidases) (Sanchez, 2009; Andlar et al., 2018). However, it remains unclear how fungi change with BADH transgenic maize degradation. In this study, the effects of straw from BADH transgenic maize BZ-136 and non-GMO maize Zheng58 on fungal communities in saline-alkali soil were compared, and straw decomposition and soil nutrient changes were also studied as environmental factors. The results of this study will provide valuable information for evaluating the influence of abiotic-stress resistance transgenic plant straw return to the field on soil ecology.



2. Materials and methods


2.1. Soil and maize plants

The soil (saline-alkali chernozem) used in this experiment was collected from Lindian of Heilongjiang province, China. The properties of soil were determined as pH 8.08, conductivity 0.653 ds·m−1, organic carbon (OC) 2.39%, total nitrogen (TN) 0.60 g·kg−1, available nitrogen (AN) 80.92 mg·kg−1, total phosphorus (TP) 0.63 g·kg−1, available phosphorus (AP) 12.64 mg·kg−1, available potassium (AK) 118.73 mg·kg−1, and Na+ 98.5 mg·kg−1 (Page et al., 1982). The soil was divided into two parts, one for maize planting and the other for straw burying. One transgenic maize cultivar BZ-136 (expressing BADH gene) and its parental cultivar Zheng58 were planted with above saline-alkali soil in a greenhouse under normal agricultural management (Di et al., 2015). Maize straws were collected after maize plants were mature, and the initial characteristics of BZ-136 and Zheng58 straw were determined as cellulose 39.19 and 38.76%, lignin 17.92 and 18.50%; C/N 52.81 and 57.33; P 6.36 g·kg−1 and 5.04 g·kg−1; K 14.36 g·kg−1 and 15.77 g·kg−1; GB 7.63 mg·g−1 and 0.86 mg·g−1.



2.2. Experimental design of straw degradation

The degradation experiment was conducted at Northeast Agricultural University (126°73′ e and 45°75′ n) from November 2017 to May 2018 (210 days). The straws were air-dried at 60°C, cut into 1 cm of segments, and put into nylon bags with soil (3 g of straws thoroughly mixed with 97 g of soil, and totally 21 bags for each kind of maize). Then, the 3 bags containing the same kind of straws were buried into soil bucket to a depth of 15 cm (28 cm in diameter and 32 cm in depth). Soil moisture was sustained at 60–80% of the field water holding capacity, and room temperature was maintained at 25 ± 1°C. For both kinds of maize, bags in the same bucket were taken out at day 30, 60, 90, 120, 150, 180, and 210, respectively. The straw samples were carefully separated from soil and dried to constant weight at 60°C for further chemical property analysis. The soil samples were divided into two parts, one was stored at −80°C for soil DNA extraction and fungal community analysis, the other part was air-dried for chemical property determination.



2.3. Chemical properties and elements content of straws

The straws were crushed, passed through a 0.5 mm sieve, weighed and put into a muffle furnace at 500°C, then ash mass was weighed and ash content was calculated (Lu et al., 2010). The C content was determined by total organic carbon analyzer (TOCA) (TOC-L, Tsushima, Japan). The N, P and K contents were measured by Kjeldahl™ 8,400 Auto Sample Systems (FOSS Tecator AB, Sweden), flame photometer (6400A, Rainbow, China) and Molydenum-antimony-D-iso-ascorbie-acid-colorimetry respectively, after straws were digested in concentrated H2SO4 (Varley, 1966).



2.4. Chemical properties of soil

The OC content was determined according to Walkley and Black’s method based on the reaction with K2Cr2O7 and H2SO4 (Walkley and Black, 1934). The AK content was directly measured with a flame photometer after the soil was extracted with neutral 1 M NH4OAc (Lacy, 1965). TN and AN were determined according to Kjeldahl method (Bremner and Mulvaney, 1982) and alkali hydrolysis-diffusion method (Cornfield, 1960), respectively. TP and AP were determined by the molybdenum antimony colorimetric method after the soil was digested with HClO4-H2SO4 and treated with 0.5 M Na2HCO3.



2.5. Fungal high-throughput sequencing and functional prediction

The soil DNA was extracted with TIANamp Soil DNA Kit, according to the manufacturer’s instructions. The primers ITS1-F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2-R (5′-GCT GCTGCGTTCTTCATCGATGC-3′) were used to amplify the ITS1 regions of the fungal ITS rRNA genes. The DNA library was constructed with PrimeSTAR® GXL DNA Polymerase (TaKaRa) according to the manufacturer’s protocols. Library was quantified using NGS™ dsDNA HS Assay Kit by Qubit® 3.0 Fluorometer (Life Technologies, USA). The qualified libraries were sequenced on Illumina Miseq platform by 250-bp mode. Inhouse Perl scripts were used to analyze alpha diversity. Graphical representation of the relative abundance of fungal diversity from phylum to species can be visualized using Krona chart. Using CoNet plug-in of Cytoscape to draw network graph and analyze the correlation between environmental factors and relative abundance of OTUs. OTUs information was uploaded to the FUNGuild database for functional groups (guild) prediction.



2.6. Statistical analysis

Data were expressed as mean ± standard deviation. SPSS 23.0 was used for Pearson coefficient and other data analysis. One-way ANOVA was used to compare the data between groups, and p < 0.05 presents significant difference. ANOSIM differences were calculated using the vegan package in R software. Cytoscape 3.8.0 was used to infer correlation between environmental factors and relative abundance of OTUs.



2.7. Accession numbers

Structure factors have been deposited in the Protein Data Bank with accession number PRJNA563165.




3. Results


3.1. Changes in ash-free dry mass and element content of straws

According to the degradation rate of straws shown in Figure 1, the degradation process may be divided into two stages: the early stage is a rapid degradation period from day 1 to 30, during which ash-free dry mass (AFDM) and the contents of C, N, P, and K decreased rapidly; the later stage is a slow degradation period from day 30 to 210, during which the degradation rate decreased significantly. The contents of C, N, P, and K in straws decreased gradually with time, among which K content decreased fastest, followed by P, N and C. During the early stage, C, N, and P content of BZ-136 decreased more markedly than that of Zheng58 by 10.44, 6.14, 5.74%, respectively, at day 30. It was noteworthy that only K content of Zheng58 decreased more than that of BZ-136 by 4.94% in the first stage. During the later stage, C content of BZ-136 was 13.96 and 11.84% lower than Zheng58 (p < 0.05), N content of BZ-136 was 6.81 and 6.33% lower than Zheng58 (p < 0.05) at day 60 and 90, respectively. Apparently, P and K contents of BZ-136 were generally higher than those of Zheng58 in most period of the later stage, but there was no significant difference between two straws. In brief, the changes of all element contents between different straws gradually reduced over time, and the differences of C and N content of two straws were narrowed to 4.50 and 3.23%, respectively (p > 0.05), leading to a similar AFDM of different straws in the whole period. The content of GB of Zheng58 sustained at a very low level, while that of BZ-136 continuously declined to 0.14 mg·g−1 at the end of degradation.

[image: Figure 1]

FIGURE 1
 Changes in residual rate of two straws components over time. A, residual rate of C; B, residual rate of N; C, residual rate of P; D, residual rate of K; E, residual rate of ash-free dry mass; F, glycine betaine content. * represents significant difference (P < 0.05).




3.2. Soil chemical properties

As shown in Figure 2A, OC content of different soil samples decreased slowly over time, and there was no significant difference in OC content between different soil samples. In most of time, OC content of soil with BZ-136 straw was slightly higher than that with Zheng58 by 0.27, 0.37, 0.15, and 0.14% at day 30, 60, 90, and 120 (p > 0.05), respectively. It was that OC content of soil with BZ-136 was 0.01% lower than its initial value, and this scenario did not appear in soil with Zheng58.

[image: Figure 2]

FIGURE 2
 Changes of soil OC (A), AK (B), TN (C), AN (D), TP (E), and AP (F) content over time. The different letters represent significant differences (P < 0.05).


As shown in Figure 2B, the AK contents of soil with BZ-136 and Zheng58 straw were 183.62 mg·kg−1 to 211.11 mg·kg−1 and 191.47 mg·kg−1 to 213.08 mg·kg−1, respectively. and there were no significant differences between soil samples and degradation time.

As shown in Figures 2C,D, the change in soil TN content of both soil samples was unremarkable. Compared with Zheng58, the degradation of BZ-136 straw did not cause obvious change in TN content, but had a greater impact on AN. The AN content of soil with BZ-136 straw was 18.16 and 12.86% higher than that of soil with Zheng58 at day 60 and 120 (p < 0.05).

As shown in Figures 2E,F, the change in TP content of soil with BZ-136 showed a down-up-down trend, specifically, TP content was 0.81 g·kg−1 at day 30 and 0.82 g·kg−1 at day 90, which was 0.07 g·kg−1 and 0.08 g·kg−1 higher than that at day 60, respectively (p < 0.05). The TP content of soil with BZ-136 was higher 20.9 and 20.59% than that with Zheng58 at day 30 and 90 (p < 0.05), but there was no significant difference between them after 120 days. The AP contents of both soils fluctuated at different sampling days, AP content of soil with BZ-136 was 53.44% higher than that with Zheng58 at day 60 (p < 0.05), but difference between two soil samples disappeared after day 90.



3.3. Soil fungal community structure and function


3.3.1. Diversity and richness of fungal community

A total of 4,743,109 effective sequences in 42 soil samples was retrieved from the optimized database, and the average length of each sample was 274.31. Based on the similarity level of 97%, all sequences were divided into OTUs for biological information analysis. The number of OTUs, Shannon diversity index and Chao1 richness index obtained from the optimized sequence database were shown in Figure 3. The number of OTUs in the soil with BZ-136 straw was 507 at day 60, while that with Zheng58 was 380 (p < 0.05), Shannon index of the former was 3.30 at day 180, which was 1.31 higher than that of the latter (p < 0.05), and Chao1 index of the former at day 60 was 606, 145 more than that of the latter (p < 0.05). The highest values of OTUs, Shannon and Chao1 of different soils all appeared at day 60.

[image: Figure 3]

FIGURE 3
 Alpha diversity statistics. Comparison of OTU numbers, Shannon index, and Chao1 index between the two components of straws, represented by A, B, and C, respectively. * represents significant difference (P < 0.05).




3.3.2. Fungal community composition at phylum level

The phyla listed in Figure 4A were top 4 phyla with high relative abundances (RA). Except for unidentified phyla which cannot be compared with sequence in the database under the confidence threshold, the phyla were Ascomycota, Basidiomycota and Zygomycota in order of RA. During the whole degradation period, there was no significant difference of fungal community composition at phylum in different soil samples.

[image: Figure 4]

FIGURE 4
 (A) Fungal community composition of different soil at phylum level, 30 dAB represents soil with BZ-136 straw at day 30, 30 dAZ represents soil with Zheng58 straw at day 30, and so on; (B) Heatmap of fungal community composition at genus level of different soils.




3.3.3. Fungal community composition at genus level

As shown in Figure 4B, 56 dominant genera were identified in the heatmap, and their RA was represented by the color intensity as illustrated in the figure. The results showed that the fungal community composition of soil with BZ-136 straw had lower similarity with soil with Zheng58 at day 60. In detail, the RA of Cyphellophora (only appeared in soil with BZ-136) was 0.0016%, that of Bullera (only appeared in soil with Zheng58) was 0.0020% (p < 0.05) at day 60, that of Mortierella (only appeared in soil with BZ-136) was 0.63% (p < 0.05) at day 30; that of Truncatella and Sebacina of the former was 0.00092 and 0.068%, respectively, which was 0.00092 and 0.057% higher than that of the latter (p < 0.05) at day 90; and at day 150 that of Acremonium of the former was 0.56% higher than that of the latter (p < 0.05). Except at day 90, the RA of Penicillium and Fusarium of the former was higher than that of the latter at most degradation stages (p > 0.05), while that of Aspergillus of the former was higher than that of the latter in the early stage of degradation and lower in the later stage (p > 0.05). It is worth mentioning that Zygosaccharomyces as a salt and osmotic tolerant genus showed a high relative abundance in different soils.



3.3.4. The environmental factors influencing OTU relative abundance

The co-occurrence network analysis (Figure 5) clearly revealed the correlations between the RA of fungal OTUs and environmental factors. In BZ-136 group (Figure 5A), the correlation between TN and OTUs was not shown in the figure, because their coefficient value was lower than 0.3. Other factors, such as OC, AK, TN, AN, TP, and AP, had the strongest correlation with New.ReferenceOTU63(0.407), New.ReferenceOTU63(0.533), JN225904(0.289), JN905688(0.635), New.ReferenceOTU108(0.382), and JN905688(0.553), respectively. AN had the greatest effect on OTUs, followed by AP. In Zheng58 group (Figure 5B), the correlations between OC and TP with OTUs were not shown in the figure, because their coefficients were all lower than 0.3. OC, AK, TN, AN, TP, and AP had the strongest correlation with FJ882010(0.406), New.ReferenceOTU30(0.339), New.CleanUp.ReferenceOTU4674(0.360), New.ReferenceOTU129(0.674), FJ882010(0.355) and New.CleanUp.ReferenceOTU181(0.745), respectively. Obviously, according to the coefficient values, AP had the greatest effect on OTUs, followed by AN.

[image: Figure 5]

FIGURE 5
 Co-occurrence network analysis between OTUs and environmental factors (A) BZ-136 group; (B) Zheng58 group.


In BZ-136 group, JN905688, New.ReferenceOTU122, New.CleanUp.ReferenceOTU109 and HQ630976 were the 4 OTUs with the highest correlation value with AN and AP. In Zheng58 group, 11 OTUs such as New.ReferenceOTU129, FN812833, New.ReferenceOTU122, New.CleanUp.ReferenceOTU181, New.ReferenceOTU36 were more related to the above 2 environmental factors. The detailed correlation coefficient between RA of OTUs and environmental factors in BZ-136 and Zheng58 group was listed in Supplementary Table S1.

Each orange node represents an OTU. The prefix New. CleanUp. ReferenceOTU of OTU was abbreviated as New. CU., and New. ReferenceOTU was abbreviated as New. OTU. Other color nodes represent environmental factors, OC: Organic carbon; AK: Available potassium; TN: Total nitrogen; AN: Available nitrogen; TP: Total phosphorus; AP: Available phosphorus. The correlation between OTUs was represented by red edges (positive) and blue edges (negative). Black edges indicated that the correlation values between OTU and environmental factors were greater than 0.3.



3.3.5. Probe of fungal functional group

In this study, FUNGuild was used to classify soil fungi OTUs, and 3 trophic modes and 65 guilds were obtained. Excluding the lower abundant guilds, there were still 20 guilds in Figure 6A. The RA of Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined Saprotroph of soil with BZ-136 straw was higher than that with Zheng58 from day 30 to 120, especially 0.63% higher at day 30 (p < 0.05) and 11.68% at day 60 (p < 0.05), but at the end of degradation, it became lower than that of the latter (p > 0.05). The RA of Ectomycorrhizal fungi of soil with BZ-136 straw was lower than that with Zheng58 straw at day 30, 90, 120, 150 and 180, but there was a significant difference between them at day 120 (p < 0.05). In addition, due to the importance of saprophytic fungi in the decomposition process of plant litter, it was not surprising that the RA of Undefined Saprotroph was highest in all samples, and the RA of Undefined Saprotroph of both soils has a trend of up-down-up over time. In the soil with BZ-136 straw, the peak value (45%) of the RA of Undefined Saprotroph appeared at day 60 and 180, while in the soil with Zheng58 straw, the peak value (48%) of the RA of Undefined Saprotroph appeared at day 120, 180, and 210. There was no significant difference in the RA of Undefined Saprotroph between different soils at the same period. A total of 419 OTUs were assigned to Undefined Saprotroph guild, of which 390 belong to some genera of Ascomycota phylum (e.g., Aspergillus, Penicillium, Zygosaccharomyces, Trichoderma, Khuskia, and Thozetella). There was no significant difference in RA of Wood Saprotroph between different soils at the same period. Except for day 150 and 180, the RA of the guild in soil with BZ-136 straw was higher than that with Zheng58 (p > 0.05). A total of 51 OTUs were assigned to Wood Saprotroph guild, of which 42 belonged to some genera of Basidiomycota phylum (e.g., Ceriporia, Schizophyllum, and Heliocybeceriporia), and 9 OTUs belonged to Ascomycota phylum.

[image: Figure 6]

FIGURE 6
 (A) Functional groups (Guilds) of fungal OTUs by FUNGuild database; (B) principal co-ordinates analysis (PCoA) of fungal community composition in different soils.




3.3.6. Community composition similarity

Principal co-ordinates analysis (PcoA) was used to analyze the similarity and difference of community composition. As shown in Figure 6B, symbols of the same color and shape represent 3 repetitions of the same soil sample. According to ANOSIM analysis, both BZ-136 and Zheng 58 straw degradation did not cause significant changes in soil fungal community composition.





4. Discussion

To cope with the adverse impact of soil salinization on plant growth, scientists developed novel salt-tolerant crops by transgenic technology (Di et al., 2015) and evaluated the risk of these transgenic plants on soil environment and microbial activities (Bai et al., 2019). The study conducted by Sahoo and Tuteja (2013) demonstrated that no discernible trends were observed in soil properties (pH, EC, organic C, and N) at any growth stage of two lines of maize containing the BADH gene, either in neutral or saline-alkaline soil. The study by Zeng et al. (2022) demonstrated that the cultivation of BADH genetically modified maize had no effect on soil enzyme activity and nematode communities.

However, few studies have addressed the potential influence of the residue degradation of these transgenic crops on microbial community structure and diversity. The BADH gene encodes a key biosynthesis enzyme of a quaternary ammonium compound GB that can increase the intracellular osmotic pressure in response to different stresses in plants (Mao et al., 2019). BADH transgenic plants not only possess higher tolerance to abiotic stresses, but also have a higher N content in their straws, which directly determines degradation rate of plant residue. In this study, the content of GB of transgenic maize straw was significantly higher than that of non-transgenic straw (p < 0.05). Many fungi, such as Aspergillus fumigatus (Lambou et al., 2013), Penicillium fillutanu (Park et al., 1999) and Aspergillus nidulans (Kacprzak et al., 2004), can use GB as carbon and nitrogen sources (Wargo, 2013), some even ingest environmental GB instead of synthesis in person (Galinskie and Truper, 1982). Since straw degradation is dominated by microbes, the degradation rates of C and N of BZ-136 straw were significantly higher than those of Zheng58 in the early stage (p < 0.05), due to higher GB content in transgenic maize. Pearson analysis also showed that there was a significant correlation between GB content and the changes of C and N in the two kinds of straws (p < 0.01), especially in the transgenic straw, the correlation coefficient between them was as high as 0.941 (p = 0.002) and 0.922 (p = 0.003), respectively. Moreover, carboxyl of GB can precipitate Ca2+ and Mg2+ in soil, thus reduce the osmotic pressure of saline-alkali soil and create a suitable growth condition for microbes. Among tested 4 elements, the content of K decreased fastest, a plausible explanation is that about 80% of K absorbed by crops is stored in straw, which will be released into the soil quickly with the straw degradation (Saha et al., 2010).

The degradation of BADH transgenic maize straw with higher nitrogen content might inhibit the mineralization of soil organic carbon. As displayed in Figure 2, the content of OC in soil with transgenic straw was slightly higher than that with non-transgenic (p > 0.05) in the early stage, while it greatly reduced in the later stage probably due to the enhanced protection of clay particles to OC (Six et al., 2002), which led to a decrease in straw degradation rate. At day 60, the AN content of soil with transgenic straw was significantly higher than that of soil with non-transgenic straw (p < 0.05). This is because nitrogen input can also enhance soil nitrification, thus increasing NO3−-N and NH4+-N, and reducing soil pH (Turner and Henry, 2009; Hogberg et al., 2010), which plays an indirect role in improving salinealkali soil. Pearson correlation coefficient also showed that there was a high correlation between GB content in straw and AN content in soil (r = 0.893, p < 0.01). Of course, if the input of exogenous nitrogen exceeded the demand of the ecosystem, the degradation of lignin by white rot fungus will be inhibited, resulting in the transformation of microbial community composition to low efficiency, which was unfavorable for the degradation of crop residues (Prescott and Blevins, 2004). In this study, it was apparent to find that the degradation of BADH transgenic straws increased soil TP and AP content in most period of degradation (p < 0.05). Firstly, AMF colonized at roots of BADH transgenic maize enhanced P uptake by crops and correspondingly increased P content in straws (Kim and Weber, 1985; Bolan et al., 1987). The second reason is that the input of exogenous nitrogen might promote phosphatase activity (Johnson et al., 1998; Henry et al., 2005; Stursova et al., 2006), and subsequently facilitated the transformation of organic phosphorus into inorganic phosphorus as well as unavailable to available phosphorus. However, the degree of this influence was periodic and was recovered in the later stage.

The co-occurrence network analysis showed that compared with other soil chemical properties, AN and AP content had a greater impact on the RA of soil fungal OTUs. In addition, in the early stage, soluble sugars were released into soil with straw residue degradation. Bacteria, especially those of r-strategy, used these soluble sugars for rapid proliferation, and released antibiotics and chitinase that inhibited the fungi growth. Therefore, the highest fungal OTUs number appeared at day 60 rather than day 30. After the easy-to-use substances were decomposed, cellulose and lignin were the main energy substances of microbes. At this time, fungi, especially those of K-strategy, used them for self-proliferation, and their number increased gradually (Meidute et al., 2008; Mcguire and Treseder, 2010; Marschner et al., 2011). After 60 days, the differences of OTUs, Shannon and Chao1 in different soil almost disappeared, which indicated that the effect of BADH maize straw degradation on the alpha diversity of soil fungal community was temporary. Ascomycota was the most abundant phylum in this experiment. The trophic modes of its members are saprophytism, parasitism and symbrosis. Saprophytic Ascomycota can cause mildew of wood, food, cloth and leather, and decomposition of animal and plant residues. However, the degradation of BADH transgenic maize straw had no significant effect on the soil fungal community composition at phylum level, and had little effect at the genus level as well. This study only found that the RA of 6 genera (Cyphellophora, Truncatella, Sebacina, Mortierella, Acremonium and Bullera) were different among different soils (p < 0.05). Some species of Sebacina and Acremonium have the function of cellulose degradation (Kohler et al., 2015), and their RA at day 90 and 150 in the soil with transgenic straw were higher than that with non-transgenic (p < 0.05). The other 4 genera were not found to be related to the straw degradation, which needs further study. Due to the effect of GB, the BADH transgenic maize had more vigorous growth in saline-alkali soil than non-transgenic, as well as a better developed root system, which was more favorable for the symbiosis of endophytic fungi, resulting in more nutrients absorption especially phosphorus. In addition, the degradation rate of transgenic maize straw was faster than that of non-TRANSGENIC in the early stage, resulting in the RA of many saprophytic fungi increased. Therefore, compared with the non-transgenic, the addition of transgenic straw increased the RA of Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined Saprotroph guild at day 30, which is noteworthy that fungi in this guild have strong cellulose decomposing ability, such as Aspergillus, Penicillium, and Trichoderma. Generally, in the initial stage, the carbohydrates and proteins in straws are degraded preferentially, while cellulose and other substances are difficult to be used. Therefore, the RA of Undefined Saprotroph was the lowest at day 30, and exhibited a rising-falling-rising trend in the whole process. The results of Kimura and Tun (1999) showed that there were complex microbial community changes in the process of straw degradation, which needs further study. It is worth noting that the decrease of microbial diversity does not necessarily affect the normal function of soil (Wertz et al., 2007), and most of the microbes exist functional redundancy, that is, the ecological functions of some species overlap to a certain extent. When a species is removed, the diversity is reduced, the ecological function of the soil will remain unchanged or close to the normal state (Wohl et al., 2004).

This study only examined the short-term changes in soil environment and fungal community. Future research could consider long-term observations of the effects of transgenic straw on soil microbial community, in order to better understand the mechanisms by which different straw types influence soil microbial community structure and function. Additionally, the results of this study indicated that the decomposition of transgenic maize straw affected the release rate of certain nutrients in the soil. Future research could investigate whether this effect is caused by microbial decomposition or other mechanisms, such as chemical reactions or physical processes.



5. Conclusion

The degradation rate of C and N in BZ-136 straw was significantly faster than that of Zheng58 in the early stage, but there was little difference in P, K, and AFDM. In the early stage, the degradation of BZ-136 straw significantly increased the content of AN, TP, and AP in soil. There was no significant difference in fungal community composition at phylum level in soils with different straws. At genus level, compared Zheng58 straw, the degradation of BZ-136 straw increased the RA of Mortierella at day 30; increased that of Cyphellophora and decreased that of Bullera at day 60; increased that of Truncatella and Sebacina at day 90. The co-occurrence network analysis of combined environmental factors showed that the RA of soil fungal OTUs with different straws had stronger correlation with soil AN and AP contents. The RA of fungal Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined Saprotroph guild in soil with BZ-136 straw increased significantly at day 30, and that of Plant Pathogen guild increased significantly at day 60, and that of Ectomycorrhizal guild reduced significantly at day 120, but all these changes were temporary.

In summary, this study investigated the impact of different types of straw on soil fungal community composition and nutrient release. The results showed that the degradation rate of carbon and nitrogen in BZ-136 straw was faster than that of Zheng58 in the early stage, and the degradation of BZ-136 straw significantly increased the content of some soil nutrients. At the genus level, the degradation of BZ-136 straw had a significant impact on the relative abundance of several fungal genera. However, there was no significant difference in fungal community composition at the phylum level between the soils with different straws. The co-occurrence network analysis revealed that the fungal OTUs with different straws had a stronger correlation with soil nutrient contents. Furthermore, the further research could explore the long-term effects of genetically modified straw on soil microbial communities and the mechanisms underlying the effects of straw decomposition on nutrient release.
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Cathaya argyrophylla is an ancient Pinaceae species endemic to China that is listed on the IUCN Red List. Although C. argyrophylla is an ectomycorrhizal plant, the relationship between its rhizospheric soil microbial community and soil properties related to the natural habitat remains unknown. High-throughput sequencing of bacterial 16S rRNA genes and fungal ITS region sequences was used to survey the C. argyrophylla soil community at four natural spatially distributed points in Hunan Province, China, and functional profiles were predicted using PICRUSt2 and FUNGuild. The dominant bacterial phyla included Proteobacteria, Acidobacteria, Actinobacteria, and Chloroflexi, and the dominant genus was Acidothermus. The dominant fungal phyla were Basidiomycota and Ascomycota, while Russula was the dominant genus. Soil properties were the main factors leading to changes in rhizosphere soil bacterial and fungal communities, with nitrogen being the main driver of changes in soil microbial communities. The metabolic capacities of the microbial communities were predicted to identify differences in their functional profiles, including amino acid transport and metabolism, energy production and conversion, and the presence of fungi, including saprotrophs and symbiotrophs. These findings illuminate the soil microbial ecology of C. argyrophylla, and provide a scientific basis for screening rhizosphere microorganisms that are suitable for vegetation restoration and reconstruction for this important threatened species.
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 endangered species, soil bacterial community, fungal diversity, natural forests, rhizosphere, soil physicochemical properties, tree growth, Cathaya argyrophylla


1. Introduction

Cathaya argyrophylla Chunet Kuang is a Class I key protected wild plant in China due to its low population size of less than 1,000 mature individuals in the wild, resulting from severe climatic changes during the Quaternary glacial period (Qian et al., 2016; Forest et al., 2018). C. argyrophylla is discontinuously distributed in the subtropical mountains of Guangxi, Hunan, Sichuan, and Guizhou provinces (Fan et al., 2020). The endangered status of C. argyrophylla can be attributed to poor germinability, poor interspecific competition, and low adaptive ability to new environments (Xiao et al., 2022), as well as disturbances caused by broadleaf species during succession, which have led to drastic changes in genetic diversity and population structure. As the only extant species in the Cathaya genus, the extinction of C. argyrophylla would cause ecological destabilization, and could have profound effects on 10–30 species in its closely related ecosystem (Forest et al., 2018). Many scholars have conducted studies on the features of C. argyrophylla populations that have contributed to its endangered status, including community structure types, survival environment, reproductive patterns, and biological traits (Vaario et al., 2006; Wang and Ge, 2006; Wang et al., 2010; Xiao et al., 2022). Artificial propagation has been attempted via a seedling raising and regeneration system (Erfmeier et al., 2019; Zheng et al., 2021). Based on in situ and in vitro evidence, it has been established that C. argyrophylla is a typical ectomycorrhizal plant, and the microbial community within its rhizosphere is a crucial component of its ecosystem (Sun et al., 2006). The survival of C. argyrophylla is inextricably linked to the rhizosphere microbial communities that occur around the plant. Mycorrhizal fungi play a critical role in the survival and growth of many plants, including pine trees, by forming symbiotic relationships with their host organisms (Genre et al., 2020). Ectomycorrhizal fungi are essential in all stages of Pinus sylvestris var. mongolica, and it cannot survive independently of ectomycorrhizal fungi (Guo et al., 2020).

Since the initial colonization of land by plants approximately 400 million years ago, Phytomycota have evolved inextricable associations and co-evolved with their plant hosts (Brundrett, 2002). Plant-associated rhizosphere microorganisms play an indispensable role in the survival, growth, and adaptation of plants to their environment. Microorganisms fulfill integral functions in nutrient acquisition, nitrogen cycling, carbon cycling, soil morphogenesis (Wang J. et al., 2020), mineral uptake, and augmenting plant tolerance to diverse environmental stresses (Harman et al., 2020; Ge et al., 2023) including drought, salt and pathogens. Furthermore, these rhizosphere microbial communities are vital to maintain plant health by enabling nutrient sequestration, promoting drought and salt tolerance, and supporting plant flowering (Lu et al., 2018; Jiang et al., 2023; Xu et al., 2023). Different microbial communities respond differently to the host plant genotype, age, and external environmental conditions (Bahram et al., 2018; Cui et al., 2019). For example, Variovorax can produce growth hormones that can regulate the concentration of plant growth hormones and affect root growth (Rousk et al., 2010). Some plants have adaptations that allow them to acquire nutrients through alternative pathways under nutrient shortage circumstances; for example, inorganic and organic nutrients become available through microbial turnover of soil organic matter (Canarini et al., 2021).

The plant-associated microbial community is shaped by the host, but is also influenced by the environment (Coleman-Derr et al., 2016; Razanamalala et al., 2017). Shaping the microbial community of the root microbiome is a mechanism that many plants use to adapt to different phytogeographical regions. Plant genomes can partially determine the composition and function of a microbial community, and the plant species is therefore one of the most important factors affecting the soil microbial community (Zhang et al., 2019; Zheng and Gong, 2019; Dai et al., 2021). The characteristics of soil microbial niches can be modified by changing the physical conditions of the soil, modifying the distribution of organic matter and nutrient content, or soil temperature. Soil physicochemical properties are primary determinants of microbial diversity and community dynamics (Xie et al., 2023). Soil pH has a significant impact on microbial communities. It indirectly affects microbial survival and biodiversity by regulating factors such as organic matter solubility and redox conditions that determine microbial habitability. As a central dimension of the microbial niche, soil pH exerts system-level impacts on population dynamics and ecosystem functioning (Malik et al., 2018; Qi et al., 2018). The supply and accrual of organic carbon are key environmental determinants governing the dynamics of soil microbial communities. By providing microbes with energetic substrates, organic carbon inputs substantially reshape microbial community structure and stimulate microbial activity (Bastida et al., 2021). The plant’s short-term ability to adapt to environmental changes is driven by its closely-related and responsive microbial communities, while in the long term (over a century), plant-microbe interactions are the key driver of plant adaptation (Trivedi et al., 2022; Zhu et al., 2022). Anthropogenic climate change has had a significant impact on the habitat of C. argyrophylla (Ran et al., 2019), both in terms of habitat availability and fragmentation. Despite the crucial role that microorganisms play in the habitat of C. argyrophylla, the distribution of microorganisms among current C. argyrophylla habitats has not been adequately surveyed. Furthermore, the interactions between the plant and its microbiome, and their impact on plant adaptation and evolution, remain poorly understood. Investigating the microbial properties of the root zone of C. argyrophylla, and the factors influencing them is essential to understand how the species adapts to environmental changes. This information is also necessary to develop strategies for the conservation of C. argyrophylla and its ecosystem, including the mycorrhizal fungi and microbial community.

To address this issue, in the present study we collected rhizosphere soil from four distribution sites of C. argyrophylla in Hunan Province, China, and used high-throughput sequencing to analyze the soil physicochemical properties and microbial community structure in the rhizosphere of C. argyrophylla. We hypothesized that soil properties will influence the diversity and composition of bacterial and fungal communities in the C. argyrophylla rhizosphere. The present study aimed to (1) establish the microbial diversity and community structure of the C. argyrophylla rhizosphere, (2) explore the effects of physicochemical properties of the rhizosphere soil on the microbial community diversity and community structure of C. argyrophylla, and (3) predict the potential functions of these microbes in the ecosystem. Our findings provide new insights into the ecology of C. argyrophylla and its associated microorganisms, and could contribute to the development of sustainable forest management practices. These findings will also support further research toward the conservation of this critical ancient tree species and its associated microbial communities.



2. Materials and methods


2.1. Study site description

Two wild C. argyrophylla sites in Hunan Province were used to collect the experimental material. The first was the Shajiao Tung C. argyrophylla Nature Reserve, located in the Chengbu Miao Autonomous County of Hunan Province (25°58′–26°42′N, 109°58′–110°37′E). This region has a subtropical mountain climate, with a mean annual temperature of 16.1°C and a mean annual precipitation of 1,200 mm. This climate has four distinct seasons, with moderate temperatures and abundant rainfall. The wild community of C. argyrophylla is primarily distributed in the Luohandong forest area at the junction of Chengbu County and Xinning County in Hunan Province (26°33′N, 110°36′E). The trees are mainly concentrated in the narrow ridges of Luanyandong and Mapigu, with a higher elevation of 1,050 m and a lower elevation of 950 m. We designated the higher elevation as Shajiao Tung C. argyrophylla Nature Reserve No.2 (CBY) and the lower elevation as Shajiao Tung C. argyrophylla Nature Reserve No.1 (CBE). The soil type in this area is mountain yellow soil, and the C. argyrophylla community is a mixed forest type of C. argyrophylla and Tsuga longibracteata. The second site was the Bamian Mountain National Nature Reserve, which is located in the western part of Guidong County (25°54′–26°06′N, 113°37′–113°50′E). The area is characterized by a subtropical monsoon humid climate with a mean annual temperature of 15.8°C and a mean annual precipitation of 1700 mm. Rainfall has an abundant and uneven annual distribution with significant interannual variation. The wild community of C. argyrophylla is primarily distributed on the northwest slope of Bamian Mountain (25°57′–26°3′N, 113°40′–113°51′E), situated at the junction of Zixing and Guidong in Hunan Province. The Jiaopenliao population (JPL) of C. argyrophylla is located at an altitude of 1,200 m in the middle of the slope, while Simaoping (SMP) is situated at an altitude of 1,100 m in the lower part of Bamian Mountain. The soil type in this region is mountain yellow-brown soil, with a soil thickness of around 40 cm. The C. argyrophylla community type in this area is a mixed forest of C. argyrophylla and Castanopsis eyrei.



2.2. Soil sampling

Two individual sites were randomly selected from the Shajiao Tung C. argyrophylla Nature Reserve and the Bamian Mountain National Nature Reserve sites. Based on the topography, elevation, natural vegetation, and other characteristics of the C. argyrophylla distribution area, two representative sampling sites were selected in the Shajiao Tung C. argyrophylla Nature Reserve and two representative sampling sites were selected in the Bamian Mountain National Nature Reserve to establish standard sample plots (Table 1). Rhizosphere soil samples were obtained by gently brushing off the soil tightly adhered to the roots of C. argyrophylla using a sterile soft-bristled paintbrush. Soil samples were collected from the top 20 cm of the rhizosphere soil. Five independent rhizosphere soil samples were randomly collected from each plot and subsequently pooled to form a composite sample. The mixed soil samples were subdivided into two components: one part was frozen in liquid nitrogen, transported to the laboratory on dry ice, and stored at −80°C to survey the soil microbial community. The remaining sample fraction was airdried to determine the soil physicochemical properties.



TABLE 1 Geographic location of the Cathaya argyrophylla sampling plots.
[image: Table1]



2.3. Determination of soil physicochemical properties

Soil total carbon (TC) and total nitrogen (TN) were measured using an EA 3000 elemental analyzer (Grunert et al., 2019). The pH was determined using the potentiometric method with a water-to-soil ratio of 2.5:1 (Yang et al., 2020). The available phosphorus (AP) content was determined using the hydrochloric acid ammonium chloride method. Soil organic matter (SOM) content was measured using the K2Cr2O7 oxidation method. Available potassium (AK) was assayed using flame photometry (Song et al., 2020). Solutions were analyzed using an FIAstar 5,000 Analyzer (Foss Tecator, Denmark) to obtain NH₄+-N and NO3−-N values (Huang et al., 2015). Available soil N was calculated as the sum of NH₄+-N and NO3−-N.



2.4. DNA extraction and PCR amplification

Total soil DNA was extracted from soil samples using a soil microbe DNA kit (QIAGEN, United States) according to the manufacturer’s instructions. A NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, United States) was used to determine the concentration and purity of DNA samples, and the quality was assessed using 1% agarose gel electrophoresis. The PCR primers 338F (5′- ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′- GGACTACHVGGGTWTCTAAT-3′) were used to amplify bacterial 16S rRNA, and ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′- GCTGCGTTCTTCATCGATGC-3′) were used to amplify fungal ITS. The PCR reaction mix contained 1× FastPfu Buffer, 2.5 mM dNTPs, 5 μM each of forward and reverse primers, 1 U FastPfu polymerase (0.4 μL), and 10 ng of template DNA in a 20 μL volume. The thermocycler settings were: 2 min at 95°C, followed by 28 cycles of 45 s at 95°C, 2 min at 45°C, 3 min at 72°C, and a final elongation for 10 min at 72°C. PCR was performed in triplicate for each extracted soil sample. Amplified products were quantified using QuantiFluor™-ST (Promega, United States) and purified using the AxyPrep DNA Gel Extraction Kit according to the manufacturer’s instructions (Axygen Biosciences, USA). Sequencing was performed at Majorbio BioPharm Technology Co., Ltd. using the Illumina MiSeq platform (Illumina, San Diego, CA, United States; Shanghai, China).



2.5. Illumina sequencing and processing of sequencing data

To produce raw tags, 16S rRNA gene paired-end reads were assembled using Flash (v1.2.11).1 QIIME (v1.9.1)2 was used to analyze the relative abundance of taxonomic summaries, beta diversity, and rarefactions. UPARSE (v7.0.1090)3 was used to cluster sequences by operational taxon unit (OTU). The ribosomal database project classifier (v2.11)4 was used to classify taxa. USEARCH (v7.0) was used to find concatenated sequences.5 The classification of each 16S rRNA sequence was performed with a confidence threshold of 70%. Each 16S rRNA gene sequence was classified using the RDP classifier method,6 with a 70% confidence threshold, against the Silva database (Release132).7 Each ITS sequence was classified using the RDP classifier method, with a confidence level of 70%, against the Unite database (version 7.2).8 Based on this, 505,618 bacterial and 701,449 fungal sequences were obtained from 12 samples. The average length of each sequence was 410 bp, and the total number of OTUs was 2,307, which included 28 phyla, 72 classes, 167 orders, 258 families, 393 genera, and 732 species. Based The fungal ITS sequencing project enabled the clustering of reads into 590 species, 396 genera, 225 families, 110 orders, 45 classes, and 9 phyla.



2.6. Statistical analysis

Data means and standard deviations were computed and statistically analyzed using SPSS (SPSS, Inc., Chicago, IL, United States). Differences between groups were assessed using ANOVA and Duncan’s multiple range tests, with a p < 0.05 denoting statistically significant differences. The Chao1, Shannon, ACE, and Simpson indexes and rarefaction curves were computed using Mothur software [version 1.30.2, available at: https://www.mothur.org/wiki/Download_mothur (Schloss et al., 2009)], and were used to analyze the alpha diversity of the microbial community. To further explore the microbial diversity, Venn diagrams were generated at the OTU level using the Venn Diagram package (Chen and Boutros, 2011). R version 2.1.3 was used to conduct principal coordinate analysis (PCoA) to condense the original variables’ dimensions based on Bray-Curtis distances. The distinct genus distributions were determined using the linear discriminant analysis (LDA) effect size (LEfSe). An LDA score > 3.5 and p ≤ 0.05 were used to filter indicator genera that were considered ‘extremely enriched’. The relationship between environmental factors and microbial community structure was evaluated using the mental test method, and the significance level was set at p < 0.05. The functional profiles of the bacterial communities were predicted using PICRUSt2 (Langille et al., 2013) while those of the fungal communities were predicted using FUNGild (Nguyen et al., 2016). Using “pheatmap,” a Spearman correlation heatmap was generated to examine the relationship between the structures of the soil microbial community and the factors affecting the soil environment.




3. Results


3.1. Diversity of soil bacterial and fungal communities

Among all samples, there was a higher proportion of OTUs shared by bacteria (30.60%) than fungi (8.39%). The bacterial OTUs were classified into the major phyla Proteobacteria, Actinobacteria, and Acidobacteria. CBY had the fewest OTUs for both bacteria and fungi (Figure 1). Of all OTUs, 526 (21.74%) were unique to JPL, which was significantly higher than the number of OTUs that were unique to each of the other three sampling sites.
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FIGURE 1
 Venn diagram of microbial communities in the rhizosphere soil of Cathaya argyrophylla at different sites. Different colors represent distinctive groups. The numbers on each diagram refer to (A) the number of C. argyrophylla bacterial soil operational taxon units (OTUs) and (B) the number of C. argyrophylla fungal soil OTUs.


The Chao1, ACE, Simpson, and Shannon alpha diversity indexes were calculated to quantify the diversity and richness of the microbial community at each site (Figure 2). The bacterial community at CBY had significantly higher Shannon indices than that at JPL (p = 0.09). The bacterial community at CBY had significantly higher Simpson indices than at CBE (p = 0.041). The bacterial community at CBE had significantly lower ACE and Chao 1 indices than those at CBE or JPL. Fungal community diversity at JPL was significantly higher than that at CBE or CBY. As expected, the bacterial and fungal communities varied at each of the different natural habitats.

[image: Figure 2]

FIGURE 2
 Alpha diversity of C. argyrophylla soil microbial communities, including community richness (observed species, Chao, ACE indexes) and diversity (Shannon, Simpson indexes). Box-and-whisker plots show the median values and their interquartile ranges. Different colors signify each sampling site. Student’s t-test was performed for estimators (*p < 0.05, **p < 0.01, **p < 0.001). (A) the Alpha diversity indices of bacterial soil microbial communities associated with C. argyrophylla. (B) the Alpha diversity indices of fungal soil microbial communities associated with C. argyrophylla.


PCA of the 16S rRNA sequencing data revealed that in the bacterial community 64.5% of the variation accounted for by PCoA1 and PCoA2 (Figure 3A), while PCA of the ITS rDNA sequencing revealed that 60% of the variation accounted for by PCoA1 and PCoA2 in the fungal community composition (Figure 3B). The different replicates from each site cluster together closely. According to the 16S rRNA data, the bacterial composition was different at each location. CBY was separated from the other three groups on the X-axis, and JPL was separated from the other three groups on the Y-axis. Based on ITS gene sequencing, the fungal composition was also site-specific, with JPL clustering on the positive side of the X-axis and CBE clustering on the positive side of the Y-axis. Taken together, these findings support the hypothesis that differences in C. argyrophylla distribution at different natural sites may be associated with the composition of the soil microbial community.

[image: Figure 3]

FIGURE 3
 Microbial communities in the soil of C. argyrophylla at various locations were analyzed using principal coordinate analysis (PCoA), based on the Bray-Curtis distance. (A) Distribution of bacterial communities in the soil of C. argyrophylla at different sites. (B) Distribution of fungal communities in the soil of C. argyrophylla at different sites.




3.2. Taxonomic composition of soil bacterial and fungal communities

The dominant major phyla in the C. argyrophylla rhizosphere bacterial community are Proteobacteria, Acidobacteria, Actinobacteria, and Chloroflexi (Figure 4A). Acidothermus is the most abundant bacterial genus (Figure 4B). Basidiomycota and Ascomycota were the two main fungal phyla, and were found at all sampling sites (Figure 4C). Russula was the dominant fungal genus (Figure 4D). These taxa were the core rhizosphere microbial taxa, and were highly abundant in the soil of C. argyrophylla. These core microbes may be key determinants of host health, as well as contributing to the functionality and health of the entire ecosystem.
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FIGURE 4
 The composition of microbial communities in the soil of C. argyrophylla at various locations. (A) Phylum-level composition of the bacterial community. (B) Phylum-level composition of the fungal community. (C) Genus-level composition of the bacterial community. (D) Genus-level composition of the fungus community. The outermost colors represent different groups. The innermost rings represent different species. Bar width represents the relative species abundances across all samples.


LEfSe was used to identify the bacterial genera with significant differences in abundance in the soil of C. argyrophylla at different sites (Figure 5). Proteobacteria was the most abundant bacterial phylum, followed by Acidobacteria and Planctomycetota. Based on these findings, the C. argyrophylla rhizosphere bacterial community is dominated by Proteobacteria, which is therefore likely to have an influence on the soil qualities”. In terms of the C. argyrophylla rhizosphere fungal community, the numbers of Basidiomycota, Ascomycota, Rozellomycota, and Glomeromycota differed significantly at each site. For example, Rozellomycota was only present at SMP, whereas Glomeromycota was present only in JPL, and was not significantly enriched at any of the sites. There were 22, 8, 25, and 17 enriched fungal genera in CBY, CBE, JPL, and SMP samples, respectively. Basidiomycota and Ascomycota were the two most abundant fungal phyla. In both the bacterial and fungal communities, the CBE site had significantly fewer biomarkers than the other three groups.
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FIGURE 5
 Analysis of the bacterial and fungal communities in the soil of C. argyrophylla at various sites using linear discriminant analysis (LDA) effect size (LEfSe) with an LDA threshold of >3.5. Groups from phylum to genus levels were determined to be significant representations of their sample group. An all-against-all comparison in multiclass analysis was performed. Each variable was ranked based on the size of its effects in each sample. When compared among samples, habitat was identified as significant (p < 0.05).




3.3. Relationship between soil microbial community structure and environmental factors

Various physicochemical characteristics of rhizospheric soil samples collected from four C. argyrophylla sites were analyzed (Table 2). The soil in the C. argyrophylla forest at each site was acidic. CBE had the highest concentrations of TN (0.7505 g/kg), TC (15.5501 g/kg), and SOM (322.6155 g/kg), while JPL had the lowest (0.4408 g/kg, 10.2801 g/kg and 123.7940 g/kg). The soil physicochemical properties at CBY and SMP were only slightly different, whereas there were larger differences in the soil properties between CBE and JPL. Specifically, JPL had much higher pH and nitrate nitrogen (NO3−-N) concentrations than the other sites, but lower nutrient concentrations.



TABLE 2 Physical and chemical characteristics (mean ± SE) of rhizosphere soil samples collected from Cathaya argyrophylla at different sites.
[image: Table2]

A variance inflation factor (VIF) test was performed as the first step in the empirical analysis of the soil samples, taking TN, NH₄+-N, NO3−-N, available P, available K, and pH into account. Mantel tests were conducted to determine the correlation between the soil microbial community structure and environmental parameters (Figure 6). There was a stronger correlation between fungal community structure and soil physicochemical properties than that of bacteria. The presence of Chloroflexi was strongly correlated with NH₄+-N (p < 0.05). In the fungal community, there was a significant positive correlation observed between the presence of unclassified_k_fungi, Rozellomycota, Basidiomycota, and Ascomycota and NH₄+-N (p < 0.01). TN was correlated with the presence of Ascomycota, unclassified_k_fungi, and Basidiomycota (p < 0.05). The Mantel test revealed a significant correlation between NH₄+-N and soil fungal and bacterial community structures, indicating that N is a major factor driving changes in soil microbial communities (p < 0.05).
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FIGURE 6
 Correlation between soil characteristics and networked community structures (Bray-Curtis distance). The Mantel’s r value is represented by edge width, and statistical significance is indicated by edge color. The intensity of the color corresponds to the value of the Pearson’s correlation coefficient. Total nitrogen (TN), ammonium nitrogen (NH₄+-N), nitrate nitrogen (NO3−-N), total organic C (TOC), and pH are the soil variables. (A) Mantel test analysis of the relationship between bacteria and soil physicochemical properties and (B) Mantel test analysis of the relationship between fungi and soil physicochemical properties.




3.4. Functional prediction of bacterial and fungal communities in soil

To better understand the microecological functions of the soil rhizosphere microorganisms of C. argyrophylla, we used PICRUSt to assess the enriched processes associated with the C. argyrophylla bacterial communities (Figure 7). Among the identified taxa, functions related to bacterial metabolism were enriched, including amino acid transport and metabolism, energy production and conversion, translation, ribosomal structure and biogenesis, cell wall/membrane/envelope biogenesis, transcription, carbohydrate transport and metabolism, inorganic ion transport, and metabolism. Although the enriched functions associated with the bacterial community structure were similar at all of the sample sites, this analysis does not take the relative bacterial abundances at each site into account. The relative frequency of the major functional traits was highest for the microbial community at JPL and lowest for that at CBE.
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FIGURE 7
 Functional characteristics of C. argyrophylla soil microbial communities at various locations. (A) Functional features of the bacterial community and (B) functional features of the fungal community. The COG classification is represented by the abscissa, and the ordinate indicates the abundance of the function.


We next separated the fungal OTUs into distinct ecological locations after assigning them to various nutritional categories. Ectomycorrhizal fungi were greatly enriched, followed by undefined saprotrophs and wood saprotrophs (Figure 7B). Ectomycorrhizal relative abundances at CBE were higher than those at the other three sites, whereas undefined saprotrophs, wood saprotrophs, and plant pathogens were the least abundant at CBE. This indicates that the broad nutritional category of the dominant fungal community in the rhizosphere of C. argyrophylla is different at different sites. The 2,420 fungal OTUs included 658 with a highly probable confidence ranking. These OTUs belong to eight trophic modes: saprotroph (42.9%), symbiotroph (19.3%), saprotroph-symbiotroph (10.3%), pathotroph-saprotroph-symbiotroph (10.0%), pathotroph (6.9%), pathotroph-saprotroph (6.7%), pathotroph-symbiotroph (3.8%), and pathotroph-saprotroph-symbiotroph (0.2%).




4. Discussion

C. argyrophylla is an ancient plant, and is the last remaining species in its genus. The closely-associated rhizosphere microbial community may be essential to the successful germination and growth of C. argyrophylla seeds. Despite this, the microbial community in the soil around the roots of C. argyrophylla in the wild has not been previously classified. The present study therefore aimed to use next-generation sequencing technology to survey and classify the rhizosphere of C. argyrophylla in order to identify soil bacterial and fungal genera associated with C. argyrophylla in the wild. In the present study, we explored the diversity of rhizosphere soil bacterial and fungal communities of C. argyrophylla across different natural distribution sites. Our results suggest that the diversity of bacterial and fungal communities may be more affected by changes in the soil environment. Previous research has demonstrated that soil nutrients are a critical factor influencing microbial communities (Bayranvand et al., 2021; Cheng et al., 2022; Xie et al., 2023), and that soil nutrients can be influenced by altitude, climate, and vegetation (Hirao et al., 2021; Zhang et al., 2022).”

In the present study, the C. argyrophylla rhizosphere microbial diversity may have been affected by the distinct soil physicochemical properties observed at the CBE and JPL sites, with markedly lower levels of TC, TN, SOM, NH₄+-N, AN, and AK detected at JPL than at CBE. We hypothesize that the differences in bacterial and fungal microbial diversity across natural distribution sites may be attributed to more intense competition for nutrients among fungal communities in areas such as CBE, where soil nutrients are more readily available, potentially resulting in an altered community structure.

Different ecological drivers can influence the composition of bacterial and fungal communities, and their responses to environmental changes are often distinct (Chen et al., 2022). Previous studies have suggested that the structure of bacterial communities is primarily determined by soil conditions, while climate is a major factor shaping fungal communities (Looby and Martin, 2020). The present findings in the natural habitat of C. argyrophylla support this, as we observed different bacterial and fungal communities with different soil physicochemical properties. Specifically, we found that the abundance of bacterial genera in each community was relatively stable across different sampling sites, potentially due to their greater adaptability to environmental variations compared to fungi. Conversely, the fungal community seemed to be more site-specific, suggesting that fungi are more susceptible to changes in soil composition.

At the phylum level, our analysis revealed that Proteobacteria, Acidobacteria, Actinobacteria and Chloroflexi are the dominant bacterial phyla at all sites. Proteobacteria are commonly found in nutrient-poor soils, and possess a high capacity for nutrient decomposition, allowing them to thrive in cold environments and under a broad range of growth conditions (Finn et al., 2020). Acidobacteria are important members of plant–soil microbiomes and agroecosystems, where they contribute to crop performance and productivity by participating in the nitrogen cycle (Kalam et al., 2020). The dominance of these bacterial phyla in the rhizosphere of C. argyrophylla highlights their essential roles in the decomposition of organic matter, utilization of nitrogen sources, and cycling of important nutrients such as cellulose and lignin in plant residues, ultimately promoting soil fertility. C. argyrophylla thrives in regions with infertile soil that is rich in Proteobacteria, which produce abundant nutrients. This implies that C. argyrophylla likely requires a substantial nutrient supply for optimal growth.

The rhizosphere fungal community composition of C. argyrophylla is dominated by the phyla Basidiomycota and Ascomycota, likely due to the presence of apoplastic leaf litter, which is rich in lignin and cellulose, in the growth environment of C. argyrophylla. These two fungal phyla play a crucial role in the breakdown of recalcitrant organic matter, particularly lignin and cellulose. Interestingly, Basidiomycota had the highest relative abundance in CBE, followed by CBY and SMP. The lowest abundance was found in JPL. possibly due to the more anaerobic conditions and higher lignin concentration at CBE. In contrast, the abundance of Ascomycota varied significantly (p < 0.01) across the different natural ranges of C. argyrophylla, with the highest abundance observed at JPL. This may be attributed to the harsh environmental conditions at JPL, where Ascomycota, known for their ability to adapt to environmental stress and efficiently use limited resources, play a significant role in soil organic matter decomposition.

The present study supports our hypothesis that soil properties are a critical determinant of the distribution of rhizosphere microorganisms. Previous research has demonstrated that soil physicochemical properties strongly influence soil microbial populations, and spatial variation in soil nutrients can lead to heterogeneity in fungal communities (Egidi et al., 2019; Vuong et al., 2020; Zhang et al., 2020). The combination of plant traits and soil variables explains the greatest variation in microbial communities along altitude (Ren et al., 2018; Bayranvand et al., 2021), with soil pH being particularly influential (Che et al., 2022). This is because low temperatures at high altitudes tend to reduce nutrient decomposition ability and alter plant root traits, which in turn influence the growth and diversity of rhizosphere microorganisms (Zeng et al., 2020).

Soil pH also plays a crucial role in soil bacterial and fungal communities, as minerals including K and P are more readily released and effectively used by plants in acidic environments. Additionally, soil pH can directly or indirectly influence soil properties (such as enzyme activity, C content, and nutrient effectiveness), thereby impacting the diversity and composition of soil microorganisms (Wahome et al., 2023). Plants have a preferred pH range, which is closely associated with the development of specific soil microbiota (Liu et al., 2018). In our previous study of pine forests, the sampled soils were acidic, with pH values ranging from 3.6 to 5.3 (Tian et al., 2021). The low soil pH of the growing environment of C. argyrophylla is likely due to the harsh conditions in which it grows, where soil sulfide complexes are oxidized or alkaline ions are leached from the soil. The soil pH at JPL was the highest among the four selected sites, and the soil bacterial community was significantly different from that of the other three sites. Hydrogen ions can affect the physiological state of plants, the structure of root secretions, and the structure of microbial communities. Soil pH is therefore an important factor to consider for the ongoing conservation of C. argyrophylla.

A Mantel test revealed that NH₄+-N and TN were the key environmental factors affecting the abundance of dominant bacterial groups in the rhizosphere microbial community of C. argyrophylla. Ammonium is the predominant nitrogen form in acidic or well-watered soils (Wang S. et al., 2020), and nitrifying bacteria convert ammonium nitrogen to NO3−-N, which can be readily assimilated by plants (Hachiya and Sakakibara, 2017). The distinct responses of soil bacterial and fungal communities of C. argyrophylla to soil physicochemical parameters may be attributed to factors such as material exchange in the soil, nutrient flow, and microbial adaptation to the environment. While soil physicochemical properties may partly account for the variation in the structural composition of regional microbial communities, preserving natural forests of C. argyrophylla necessitates a comprehensive and integrated technical approach. Other environmental or biological factors may also impact the community structure of C. argyrophylla. Future studies could explore the effects of climate, geography, soil enzyme activity, soil aggregate structure, and associated plant communities on the diversity and structure of rhizosphere microbial communities of C. argyrophylla. Additionally, metagenomics could be employed to identify fungi and bacteria with unknown biological functions.

In summary, the present study makes a significant contribution to our understanding of the relationship between soil properties on the C. argyrophylla rhizosphere, and provides valuable insights into the diversity and community structure of rhizosphere microorganisms associated with this species. Our findings underscore the critical role of soil environmental factors in shaping the microbial communities of C. argyrophylla, and emphasize the need for interdisciplinary approaches for the conservation and management of wild forests.



5. Conclusion

In the present study, we utilized high-throughput sequencing technology to investigate the composition of bacterial and fungal communities inhabiting the rhizosphere soil of C. argyrophylla. Our research aimed to elucidate the distribution patterns and drivers of rhizosphere soil microbial diversity in C. argyrophylla, thereby advancing our understanding of the rhizosphere microbes in this natural ecosystem. Our findings revealed significant differences in α- diversity and community composition of rhizosphere soil bacteria and fungi along the natural altitude gradient, with soil properties closely related to the effect of altitude on the rhizosphere soil microbial community. Specifically, we identified soil NH₄+-N and TN as the primary drivers of soil bacterial and fungal community changes. Importantly, we observed that the correlation between fungal communities and soil physicochemical properties was stronger than that between bacterial communities and soil physicochemical properties. The present study sheds light on the different microbial adaptation strategies of rhizosphere soil microorganisms in the natural ecosystem of C. argyrophylla, which are strongly influenced by soil nutrients. We also clarified the relationship between soil properties and rhizosphere soil microbial communities, thereby deepening our understanding of the rhizosphere microbial ecology of the C. argyrophylla ecosystem.
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Footnotes

1   https://ccb.jhu.edu/software/FLASH/index.shtml

2   http://qiime.org/install/index.html

3   http://www.drive5.com/uparse/

4   https://sourceforge.net/projects/rdpclassifier/

5   http://www.drive5.com/usearch/

6   http://rdp.cme.msu.edu/

7   http://www.arb-silva.de

8   http://unite.ut.ee/index.php
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Organic fertilizers can partially replace chemical fertilizers to improve agricultural production and reduce negative environmental impacts. To study the effect of organic fertilizer on soil microbial carbon source utilization and bacterial community composition in the field of rain-fed wheat, we conducted a field experiment from 2016 to 2017 in a completely randomized block design with four treatments: the control with 100% NPK compound fertilizer (N: P2O5: K2O = 20:10:10) of 750 kg/ha (CK), a combination of 60% NPK compound fertilizer with organic fertilizer of 150 kg/ha (FO1), 300 kg/ha (FO2), and 450 kg/ha (FO3), respectively. We investigated the yield, soil property, the utilization of 31 carbon sources by soil microbes, soil bacterial community composition, and function prediction at the maturation stage. The results showed that (1) compared with CK, organic fertilizer substitution treatments improved ear number per hectare (13%−26%), grain numbers per spike (8%−14%), 1000-grain weight (7%−9%), and yield (3%−7%). Organic fertilizer substitution treatments increased the total nitrogen, available nitrogen, available phosphorus, and soil organic matter contents by 26%, 102%, 12%, and 26%, respectively, compared with CK treatments. Organic fertilizer substitution treatments significantly advanced the partial productivity of fertilizers. (2) Carbohydrates and amino acids were found to be the most sensitive carbon sources for soil microorganisms in different treatments. Particularly for FO3 treatment, the utilization of β-Methyl D-Glucoside, L-Asparagine acid, and glycogen by soil microorganisms was higher than other treatments and positively correlated with soil nutrients and wheat yield. (3) Compared with CK, organic fertilizer substitution treatments increased the relative abundance of Proteobacteria, Acidobacteria, and Gemmatimonadetes and decreased the relative abundance of Actinobacteria and Firmicutes. Interestingly, FO3 treatment improved the relative abundance of Nitrosovibrio, Kaistobacter, Balneimonas, Skermanella, Pseudomonas, and Burkholderia belonging to Proteobacteria and significantly boosted the relative abundance of function gene K02433 [the aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln)]. Based on the abovementioned findings, we suggest FO3 as the most appropriate organic substitution method in rain-fed wheat fields.
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organic manure partial substitution chemical fertilizer, soil microbial carbon sources metabolic characteristics, soil bacteria community, bacteria functional prediction, soil nutrients, wheat yield


1. Introduction

Fertilization is crucial for modern agricultural production. Fertilizer types and application rates greatly affect crop production, soil properties, and soil microorganisms (Geisseler et al., 2017). The application of chemical fertilizers can increase the yield of crops by more than 50% (Tang et al., 2020). However, in the past 20 years, with the substantial amount of chemical fertilizer application, the phenomenon that its returns were diminishing appeared in agricultural production (Peng et al., 2021), especially in the arid areas on the Loess Plateau with insufficient precipitation and poor soil texture and quality. Excessive chemical fertilizer aggravates soil acidification, hardening, and nutrient loss, thereby reducing crop yield (Hui et al., 2018; Li, 2021).

Fertilization has significant effects on the activity of soil microbes (Francioli et al., 2016). Fertilizer application also influences the evolutions in the soil pH, available potassium, SOC, total N, and microbial biomass C and N, which were observed upon fertilizer application (Ji et al., 2018). The application of organic fertilizer with rich nutrients and a slow-release rate can not only alleviate the deterioration of soil physiochemical and biological properties caused by chemical fertilizer inputs but also supply various nutrients for crop growth, promote microbial reproduction, and enhance the ability of soil to retain fertilizer and water (Karuku et al., 2018). Previous studies have revealed that the combined application of organic fertilizer and chemical fertilizers significantly increased the crop yield and reproduction of soil microorganisms (Dominchin et al., 2021; Han et al., 2021a), as well as improved soil fertility and soil bacterial community composition (Wang et al., 2021). Soil microbiota plays key roles in regulating the soil micro-ecological environment, promoting the uptake of nutrient elements in roots, and maintaining soil fertility and sustainability (Li et al., 2022). The higher proportion of organic fertilizer increased soil bacterial diversity (Liu et al., 2021).

Recent studies on high-throughput sequencing have provided new insights into soil microbial diversity and community composition under long-term organic and inorganic fertilization. However, (1) How does soil microbial community composition change as the proportion of organic fertilizer instead of chemical fertilizer increases? (2) What is the soil microbial carbon source utilization under the organic substitution treatments? (3) How is the relationship between the soil microbial community composition and carbon source utilization? and (4) What is the best organic substitution treatment? To answer these questions, we measured the relevant parameters of soil nutrients, investigated the utilization of soil microbial carbon sources using the Biolog-eco microplate method, and analyzed bacterial community structure using 16s rRNA gene Illumina MiSeq high-throughput sequencing under different substitution proportions of organic fertilizer for partial chemical fertilizer in a rain-fed wheat field. The differential analysis and correlation analysis were used to reveal the potential effects of the community composition of specific bacterial taxa on carbon source utilization capacity, functional genes, and their association with soil nutrients. The study results provided useful information for improving the quality and efficiency of agricultural production as well as reducing the negative impact of fertilizers on the environment.



2. Materials and methods


2.1. Study site description

The experiment was conducted from 2016 to 2017 in Yuanqu County (35°14.4′N, 111°43.3′E), Shanxi Province, which is located on the Loess Plateau in northwest China. This region has a sub-humid, warm, and continental monsoon climate with a mean frost-free period of 236 days and an average annual precipitation, temperature, and sunshine time of 631 mm, 13.5°C, and 2 026.2 h, respectively. The soil texture is medium loam and classified as cinnamon red vertical structural loess (Cui et al., 2018; Hui et al., 2018). Before sowing on 30 September 2016, the soil properties in the study field were recorded as follows: pH of 8.0, 10.5 g kg−1 soil organic matter (SOM), 0.71 g kg−1 total nitrogen (TN), 86.3 mg kg−1 alkali-hydrolyzable nitrogen N (AN), 14.5 mg kg−1 available phosphorus (AP), and 112.3 mg kg−1 available potassium (AK) in the 0–20 cm deep soil layer.



2.2. Experimental design and treatments

The field experiment was performed in a completely randomized block design with three biological replicates for each treatment, including the control with 100% chemical fertilizer of 750 kg/ha (CK), a combination of 60% chemical fertilizer with organic fertilizer of 150 kg/ha (FO1), 300 kg/ha (FO2), and 450 kg/ha (FO3), respectively (Table 1). There were 12 plots, and the plot size was 660 m2 (15 m × 44 m). Before sowing winter wheat (cultivar Yannong-21; 112.5 kg/ha) on 30 September 2016, we applied organic fertilizer with a depth of 40–60 cm in the soil. Chemical fertilizer was applied to all plots at the time of sowing using the wide ridge and narrow furrow sowing methods with wide ridges (with a 25-cm wide base and 12 cm height) and narrow furrows (depth 8 cm, sown into the top edges of the furrow, rows spaced 12 cm). Other field management measures, such as irrigation and weeding, were carried out routinely. The organic fertilizer (organic matter ≥45%, N: 2.5%, P2O5: 1.4%, and K2O: 1.6%) and chemical fertilizer (NPK compound fertilizer, N: P2O5: K2O = 20:10:10) were purchased from Guilong Co., Ltd., China.


TABLE 1 Experiment treatments and fertilization methods.
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2.3. Sampling and chemical analysis

The wheat was harvested and yield tested on 8 June 2017. After the harvest, all the wheat in each plot was threshed and weighed. To determine the grain moisture content, we used a fast moisture meter (PM-8188 New, Kett, Japan; three times in each plot). According to the standard moisture content (13%), the actual yield of each plot was obtained.

Soil samples were collected before harvesting. Three sampling sites with 1 m2 were chosen randomly in each plot, and five subsamples from each site were collected at a depth of 0–20 cm using a sterilized 4 cm-diameter soil-drilling sampler, respectively. After sieving through a 2-mm mesh to filter out roots, large rocks, and other impurities, five subsamples were mixed into one sample and divided into three parts for subsequent analyses. One part (fresh soil) was placed in a 50-ml centrifuge tube and then kept at −80°C for microbial sequencing analysis. One part (fresh soil) was stored at 4°C for soil microbial carbon utilization. The last part was air-dried and used to determine the soil's chemical properties.

The SOM, TN, and AN contents were determined using the potassium dichromate volumetric method, the semi-micro Kjeldahl method, and the alkaline hydrolysis diffusion method (He et al., 2022), respectively. The AP content was determined in a 0.5 mol L−1 NaHCO3 extraction using the molybdenum-antimony anti-spectrophotometric method (Sun et al., 2019). The AK content was determined in a 1.0 mol L−1 NH4OAc extraction using leaching-flame photometry (Bell et al., 2005).



2.4. Soil DNA extraction, quantitative real-time PCR (q-PCR), and Illumina sequencing

Microbial DNA was extracted from the frozen soil samples (0.5 g wet weight) using a Fast DNA SPIN Extraction Kit (MP Biomedicals, Santa Ana, CA, USA) following the manufacturer's instructions. DNA quality was determined using a NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The primer pairs 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) targeting the bacterial 16S rRNA gene V3-V4 hypervariable region were used for polymerase chain reaction (PCR) amplification (Langille et al., 2013). The sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR mixtures included FastPfu buffer (5 ×), primer (5 μM), dNTP mixture (2.5 mM), template DNA, and H2O for a total volume of 50 μl. PCR assays were performed as follows: 95°C for 2 min, followed by 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min. PCR products were quantified and pooled in equimolar concentrations, and the paired-end reads (250 nucleotides) were generated using an Illumina HiSeq 2500 platform at Personal Biotechnology Co., Ltd., Shanghai, China.

The raw sequencing data were subjected to quality filtering and double-terminal sequence ligation using QIIME2. The data filtering were described previously (Peng et al., 2021): removal of sequences containing Ns (fuzzy bases or base mismatch number >1 in the 5′-terminal primer matching); removal of sequences containing the same consecutive base number >8; removal of sequences shorter than 150 bp. The UCLHIME in MOTHUR software (version 1.31.2, http://www.mothur.org/) was used to obtain high-quality sequences for subsequent analysis. The UCLUST method in QIIME was used to cluster the high-quality sequences at 97% sequence identity, and the longest sequence in each class was selected as the representative sequence. The Blast method in QIIME was used to align the Green Genes database (release 13.8, http://greengenes.secondgenome.com/) to obtain the taxonomic information of each OTU (operational taxonomic unit). The OTUs with abundances < 0.001% of the total sequences were removed to obtain a simplified OTU list for subsequent analysis. PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) was used for bacterial function prediction (Russo et al., 2023); the closed OTU table was obtained from QIIME and compared to the KEGG (Kyoto Encyclopedia of Genes and Genomes) database to determine different bacterial community functions.



2.5. Carbon source utilization by soil microorganisms

The carbon source utilization ability of soil microorganisms was estimated using the average well-color development (AWCD) and determined using the Biolog-ECO microplate method (Chen et al., 2017). The procedure involved weighing a fresh soil sample equivalent to 5 g of dry soil into a sterile conical flask. Then, 45 ml of 0.85% sterile NaC1 solution was added, followed by sealing and shaking at 2,000 r/min for 15 min. The supernatant was collected after letting the solution stand for 15 min. Moreover, the supernatant was diluted 100-fold with sterile NaCl solution on a clean bench and inoculated into Biolog-eco microplates with an 8-channel sample applicator at 150−1 μl per well. Inoculated plates were incubated in a 25°C biochemical incubator for 10 days, and the good absorbance (OD) at 590 nm was read every 24 h during the incubation period. The absorbance was measured according to the following equation:

[image: image]

where Ci is the OD value of each carbon source well, R is the OD value of the control well, and n is the number of carbon source types in the culture medium (31 in this study).



2.6. Statistical analyses

Origin (2019) was used to plot the line chart of microbial characteristics. SPSS (SPSS 19.0, SPSS Inc., Chicago, USA) was used for variance analysis, principal component analysis (PCA), Spearman correlation analysis (P-value), and cluster analysis. The relationship between soil microbial characteristics and soil properties was determined using Spearman correlation analysis. One-way analysis of variance (ANOVA) was used to analyze the different organic substitution patterns for significant differences (P < 0.05), such as soil physical and chemical properties and microbial characteristics. The difference between the means was represented with different letters by using the least significant difference (LSD; P < 0.05).




3. Results


3.1. Rain-fed wheat yield characteristics, soil chemical properties, and partial productivity of fertilizers

Crop yield and soil fertility depend on the contents of the main nutrients in the soil, which are largely determined by fertilization. The treatments of organic fertilizer substitution for partially chemical fertilizer significantly affected soil nutrient contents, wheat yield, and yield components in rain-fed wheat fields (Table 2). Compared with the control (CK), the organic fertilizer substitution treatments increased the TN, AN, AP, and SOM by 1.33%−41.33%, 17.73%−147.19%, 7.76%−12.30%, and 6.10%−46.15%, respectively. Organic fertilizer substitution treatments also increased ear number, grain numbers per spike, and 1,000-grain weight by 13.21%−26.00%, 8.33%−11.11%, and 8.09%-9.36%, respectively. Therefore, grain yield was increased by 3.45–6.92%.


TABLE 2 Soil fertility and the economic characteristics of wheat during wheat maturity in rain-fed wheat field under different treatments.

[image: Table 2]

Organic fertilizer treatments for the soil fertility index significantly increased soil AN, TN, SOM, and AP content, respectively, compared to CK (Table 2). This fact indicates that the partial replacement of chemical fertilizer with organic fertilizer is beneficial for the transformation and accumulation of soil N/C/P nutrients.

No significant differences were found between FO2 and FO3 in yield or the values of AN and AP. The results showed that an equal amount of substitution (40%) and an increased substitution (60%) of organic fertilizer may improve the soil chemical properties at a stable wheat yield level in rain-fed.

Compared with CK, the organic substitution treatment significantly increased the partial productivity of N (143%), P (131%), and K (128%) fertilizers, respectively (Table 3).


TABLE 3 Inorganic fertilizer application amount and fertilizer partial productivity of different treatments.
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3.2. Soil carbon source utilization by soil microorganisms

No significant difference was found in AWCD values at 24 h of incubation in different soil treatments, indicating that the use of carbon sources by soil microorganisms was weak. However, the AWCD values increased sharply from 24 to 144 h, reaching their highest value at 144 h (P < 0.05). The AWCD values continued to increase slowly from 144 to 240 h but without significant differences (Figure 1A). This indicated that the soil microbial activity and carbon source utilization ability were strongest at the “inflection point” of 144 h. Of all treatments, CK showed the lowest AWCD values, and the highest values were observed in FO3 (P < 0.05).


[image: Figure 1]
FIGURE 1
 Average well color development (AWCD) (A) and principal component analysis (B) of carbon sources utilization profiles of soil microbes in Biolog Ecoplate of soil samples under different treatments. (A) Different lowercase letters indicate significant differences between different incubation times in the same treatment (P < 0.05). CK, control (circles); FO1, combination of 60% chemical fertilizer with organic manure of 150 kg/ha (triangles); FO2, combination of 60% chemical fertilizer with organic manure of 300 kg/ha; FO3, combination of 60% chemical fertilizer with organic manure of 450 kg/ha (squares). (B) CK, control (filled circles); FO1, FOL combination of 60% chemical fertilizer with organic manure of 150 kg/ha (filled squares); FO2, combination of 60% chemical fertilizer with organic manure of 300 kg/ha (filled triangles); FO3, combination of 60% chemical fertilizer with organic manure of 450 kg/ha (filled diamonds); PC, principal component.


The PCA was used to analyze the utilization of 31 carbon sources as substrates at 144 h by soil microbes (Figure 1B). The two principal component factors (PC1 and PC2), acquired from 31 carbon sources, could explain 39.6 and 16.8% of the variables, respectively. The scores of CK and FO treatments were well separated in the PC1 axis. FO3 was clearly separated from other treatments in the PC2 axis. As shown in Table 4, based on the eigenvector coefficients (loadings) of greater than 0.60 for PC1 and PC2, there were 18 types of carbon sources significantly in PC1, including four carbohydrates, four amino acids, three carboxylic acids, three polymers, two amines, and two phenolic acids, among which carbohydrates and amino acids accounted for 44.4% and contributed the most to PC1. There were five types of carbon sources significantly present in PC2, including carbohydrates (3), carboxylic acids (1), and phenolic acids (1), among which carbohydrates contributed the most, accounting for 60%. In short, carbohydrates and amino acids were the most sensitive carbon sources for soil microorganisms. Additionally, the dominant carbon sources with PC1 and PC2 were D-Mannitol (carbohydrates) and β-Methyl D-Glucoside (carbohydrates), respectively (Table 4). The above results show that organic fertilizer substitution treatments improved the carbohydrate and amino acid utilization abilities of soil microorganisms in rain-fed wheat fields.


TABLE 4 Main carbon sources and corresponding PC loadings in different treatments.
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Furthermore, through the cluster analysis of the utilization ability of the 22 types of carbon sources mentioned above on the basis of the AWCD values (Figure 2), three clusters were obtained: one cluster was observed in FO1 and FO2, and two clusters were found in CK and FO3, respectively. The results showed that soil microorganisms' carbon source utilization types for organic fertilizer and chemical fertilizer treatments differed significantly. For example, soil microbes in the organic fertilizer substitution treatments could utilize more F1 (glycogen) than those in CK, but in CK, a larger amount of C2 (I-Erythritol), D2 (D-Mannitol), and C4 (L-Phenylalanine) was used by soil microorganisms. In addition, a larger amount of A2 (β-Methyl D-Glucoside) and B4 (L-Asparagine) was utilized by soil microorganisms in FO3, but more D4 (L-Serine) and H1 (α-D-Lactose) were used by soil microorganisms in FO1 and FO2, respectively (Figure 2).


[image: Figure 2]
FIGURE 2
 Cluster diagram of soil microbial carbon sources utilization under different treatments. The carbon sources are listed on the X-axis and treatments on the Y-axis. For the heat map, the left side of the cluster tree is a treatment cluster tree and the above cluster tree is the carbon sources duster tree. A2, represents β-methyl-D-glucoside; B3, D-galacturonic acid; D2, D-mannitol; C4, L-phenylalanine; G4, phenylethyl-amine; E3, y-hydroxybutyric acid; G2, Glucose-1-Phosphate; H4, Putrescine, B1, pyruvic acid methyl ester; H1, a-D-Lactose; F3, itaconic acid; D4, L-Serine; D1, Tween 80; E1, a-Cyclodextrin; D3, 4-hydroxybenzoic acid; H2, D,L-a-glycerol; C3, 2-hydroxybenzoic acid; G3, a-ketobutyric acid; E4, L-threonine; C2, I-Erythritol; B4, L-asparagine; Fl, represents Glycogen. While CK, shows control; FO1, combination of 60% chemical fertilizer with organic manure of 150 kg/ha; FO2, combination of 60% chemical fertilizer with organic manure of 300 kg/ha; and corresponding FO3, combination of 60% chemical fertilizer with organic manure of 450 kg/ha. The numbers for different colors of the columns represent the abundance of the genera or genes in different samples.




3.3. Soil bacterial community composition and PICRUSt functional predictive analysis

Figure 3A depicts the relative abundance of the top 10 bacteria at the phylum level in all treatments. The most dominant bacterial phyla were Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes, and Gemmatimonadetes. Proteobacteria were abundant in all treatments (>25%). Additionally, its relative abundance was higher in organic fertilizer treatments than in CK. The relative abundance of Actinobacteria was the highest (30%) in the CK. The cluster analysis of relative abundance at the genus level of bacteria (Figure 3B) was divided into two main categories, namely FO3 and other treatments. FO1 and FO2 were further clustered into one category. Among the top 20 abundantly identified soil bacterial genera, 10 genera (Burkholderia, Skermanella, Lysobacter, Kaistobacter, Balneimonas, Bradyrhizobium, Rhodoplanes, Pseudomonas, Nitrosovibrio, and Devosia) belonged to Proteobacteria, seven genera (Kribbella, Solirubrobacter, Aeromicrobium, Mycobacterium, Streptacidiphilus, Lentzea, and Nocardioides) belonged to Actinobacteria, two genera (Bacillus and Lactococcus) belonged to Firmicutes, and one genus (Gemmata) belonged to Planctomycetes. In CK, Nocardioides, Streptacidiphilus, Lactococcus, Bacillus, Solirubrobacter, and Lysobacter were dominant and significantly higher than in other treatments. In FO3, the relative abundance of Nitrosovibrio, Kaistobacter, Balneimonas, Skermanella, Pseudomonas, and Burkholderia was significantly increased. For example, the relative abundance of Nitrosovibrio followed the following order: FO3 > FO2 > FO1 > CK. These results indicated that the organic fertilizer substitution for a partial chemical fertilizer regime significantly affected soil bacterial community composition in rain-fed wheat fields.
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FIGURE 3
 Changes in the relative abundance of soil bacteria at the phylum level (A) among different treatments. The heatmap of relative abundances of the top 20 identified bacteria at the genus level (B) and bacterial community KEGG Orthologs (KOs) for different soil samples (C). CK, shows control; FO1, combination of 60% chemical fertilizer with organic manure of 150 kg/ha; FO2, combination of 60% chemical fertilizer with organic manure of 300 kg/ha; FO3, combination of 60% chemical fertilizer with organic manure of 450 kg/ha. Numbers of different colors of the columns represent the abundance of the genera or genes in different samples.


The relative abundance of KEGG Orthologs (KOs) of the bacterial community exhibited significant variations among treatments, and different soil samples were grouped into three clusters (Figure 3C); CK and FO3 treatments were two separate clusters, and FO1 was clustered with FO2. In CK, K02034 (the peptide/nickel transport system permease protein), K09686 (the antibiotic transport system permease protein), K09687 (the antibiotic transport system ATP-binding protein), and K01692 (the enoyl-CoA hydratase) were dominant compared to other treatments. FO3 significantly increased the relative abundance of K01999 (the branched-chain amino acid transport system substrate-binding protein), K03406 (the methyl-accepting chemotaxis protein), K02014 (the iron complex outer membrane receptor protein), and K02433 [the aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln)]. We found that the relative abundance of K02433 also followed the order FO3 > FO2 > FO1 > CK, which is consistent with the change trends of the relative abundance of Nitrosovibrio. Similarly, the relative abundance changes of K03406 and K02014 were consistent with those of Skermanella and Burkholderia.



3.4. Correlation analysis between soil carbon source utilization, KEGG Orthologs, soil nutrients, and wheat yield under CK and FO3 treatments

Based on the above analysis, we chose the CK and FO3 treatments to conduct the correlation analysis between soil carbon source utilization, KEGG Orthologs (KOs), soil nutrients, and wheat yield. As shown in Figure 4A, the utilization of C2 (I-Erythritol) by soil microorganisms was significantly negatively correlated with K02014 (iron complex in vitro membrane receptor protein). However, it showed a very significant positive correlation with K02034 (permease protein of the peptide/nickel transport system) and K02033 (peptide/nickel transport system permease protein). The utilization of D2 (D-Mannitol) by soil microorganisms was positively correlated with K09686 (the antibiotic transport system permease protein) and K09687 (the antibiotic transport system ATP-binding protein) and was negatively correlated with K02433 [the aspartyl-tRNA (Asn)/glutamyl-tRNA (Gln)]. The utilization of A2 (β-Methyl-D-Glucoside) by soil microorganisms was negatively correlated with K02034 and K02033 and was positively correlated with K02014. The utilization of F1 (glycogen) and B4 (L-Asparagine) by soil microorganisms was negatively correlated with K09686 and K09687 and positively correlated with K02433.
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FIGURE 4
 Correlation analysis of dominant soil carbon metabolism and dominant KEGG Orthologs (KOs) in rain-fed wheat field (A); redundancy analysis of soil nutrient and yield with dominant carbon source utilization and dominant bacteria KEGG Orthologs (B). A2, represents β-Methyl-D-Glucoside; D2, D-Mannitol; C4, L-phenylalanine; C2, I-Erythritol; B4, L-asparagine; Fl, represents glycogen. TN, total nitrogen; AN, available nitrogen; AP, available phosphorus; SOM, soil organic matter. While CK, shows control; FO1, combination of 60% chemical fertilizer with organic manure of 150 kg/ha; FO2, combination of 60% chemical fertilizer with organic manure of 300 kg/ha; and corresponding FO3, combination of 60% chemical fertilizer with organic manure of 450 kg/ha. The numbers for different colors of the columns represent the abundance of the genera or genes in different samples.


The redundancy analysis of wheat yield, soil nutrients, soil microbial carbon source utilization, and KEGG Orthologs (KOs; Figure 4B) showed that the utilization of C2 (I-Erythritol), D2 (D-Mannitol) and C4 (l-Phenylalanine) by soil microorganisms was negatively correlated with wheat yield, SOM, TN, AN, AP, and the utilization of A2 (β -Methyl-D-Glucoside), B4 (L-Asparagine) and F1 (glycogen) by soil microorganisms. It was also found that wheat yield, SOM, TN, AN, and AP were negatively correlated with K02033, K02034, K09687, and K09686 but were positively correlated with K01999, K02014, K03406, and K02433.




4. Discussion


4.1. Changes of soil nutrients, wheat yield, partial productivity of fertilizer, soil microbial carbon source utilization, and KEGG Orthologs in a rain-fed wheat field

Soil microorganisms had corresponding nutrient preferences, which may alleviate nutrient limitations (Cui et al., 2018). The organic fertilizer application could increase the contents of carbohydrates and amino acids in soil (Xu et al., 2003) to maintain the soil microbial groups metabolizing these two types of carbon sources (Mao et al., 2020; Yang et al., 2020). The organic fertilizer application promoted the metabolism of amino acids (L-Asparagine) by soil microorganisms (Kumar et al., 2017). In this study, we found that the sensitive carbon sources for soil microorganisms that were greatly affected were mainly carbohydrates and amino acids. The carbon sources utilized by soil microorganisms were mainly I-Erythritol (C2), D-mannitol (D2), and L-Phenylalanine (C4) in CK, while they were mainly β-methyl D-glucoside (A2), L-Asparagine (B4), and glycogen (F1) in FO3. This indicated that applying organic fertilizer changed soil microorganisms' ability to utilize different carbon sources (Tang et al., 2019).

Previous studies have discovered that after the addition of exogenous p-hydroxybenzoic acid (pHA) to the soil, the contents of AN, AP, and SOM in the soil reduced (Harper, 1977; Iii and Stuart, 1995; Zavarzina et al., 2019), which promoted the growth of nitrogen-fixing bacteria, ammonifying bacteria, denitrifying bacteria, and nitroso bacteria in the soil and inhibited the growth of nitrifying bacteria (Gu et al., 2020). Another study showed that the Nitrovibrio genus was enriched in organic fertilizer treatments during the wheat season (Shi et al., 2020). This study showed that organic fertilizer substitution treatments could promote the use of phenols (4-hydroxybenzoic acid, the main chemical component of root exudates of wheat and other crops, has strong allelopathy and may lead to lower crop yield) by soil microorganisms and increase the contents of TN, SOM, AN, and AP in soil and the relative abundance of Nitrovibrio. Therefore, organic fertilizer substitution for chemical fertilizer could promote the metabolism of these carbon sources, thereby improving soil nutrients and wheat yield (Han et al., 2021a; Liu et al., 2021). The soil microorganisms' utilization degree of β-Methyl-D-Glucoside, L-asparagine, and glycogen was higher in the FO3 treatment. This might be related to the highest relative abundance of Skermanella, which can utilize D-Glucose, D-Mannitol, lactose, sucrose, aspartate, and pyruvate (Subhash et al., 2017).

This study shows that the relative abundance of K02014 (iron complex outer membrane receptor protein) is consistent with Burkholderia (Lin et al., 2019), which is known for being involved in several iron uptake pathways, including siderophore production and the ability to absorb heme in infected hosts (Pongmala et al., 2022). K02433 represents an aminoacyl tRNA synthetase that can specifically recognize aspartic acid and glutamyl amine and form aminoacyl tRNA with the corresponding tRNA. Ammonium is the main nitrogen source of plants, and it is assimilated into asparagine through the catalytic reaction of asparagine synthetase (GLN), which then forms aspartic amino acid through different amino acid transferases to complete the recycling in ammonia sources of different forms (Cid et al., 2022). In this study, the abundance of related enzyme genes in the above amino acid metabolism process showed clear enrichment in FO3. Therefore, it was speculated that organic fertilizer could accelerate the conversion of ammonium nitrogen into glutamine and further into various amino acids after entering the soil environment, effectively improving the utilization rate of ammonium nitrogen uptake by crops. Indeed, the degree of utilization of B4 (L-Asparagine) by soil microorganisms in FO3 was significantly higher than that of other carbon sources. Organic fertilizer can accelerate the abundance of Pseudomonas and promote the formation of biofilms between specific bacterial groups, which is conducive to plant disease resistance (Chen et al., 2023).

Moreover, the increased abundance of Pseudomonas also promoted soil nitrogen metabolism (Fu et al., 2023). The enrichment of K03406 (the methyl-accepting chemotaxis protein) in FO3 is also important evidence. The results showed that the interaction between microorganisms and soil was greatly affected by organic fertilizer.

The results also showed that the partial productivity of fertilizer was significantly increased under the organic fertilizer substitution treatments, indicating that the utilization efficiency of fertilizer can be increased by optimizing the application of fertilizer (Liu et al., 2018).



4.2. Relationship between soil carbon source utilization, KEGG Orthologs, soil nutrients, and wheat yield under CK and FO3 treatment

Redundancy analysis of soil nutrients, wheat yield, soil microbial carbon sources, and KEGG Orthologs (KOs) showed that the microbial utilization of A2 (β-Methyl-D-Glucoside), B4 (L-Asparagine), and F1 (glycogen) carbon sources was positively correlated with KOs (K01999, K02014, K03406, K02433), soil nutrients (SOM, TN, AN, and AP), and wheat yield.

In particular, soil microbial utilization of B4 and F1 showed a significantly positive correlation with K01999, wheat yield, and AP. K01999 (the branched-chain amino acid transport system is a substrate-binding protein). Branched-chain amino acids are a class of essential amino acids with various physiological and metabolic roles (Virlouvet et al., 2011). The carbon skeleton required for amino acid synthesis comes from glycolysis, photosynthesis, the oxidative pentose phosphate pathway, and the tricarboxylic acid cycle (TCA). Therefore, the synthesis of amino acids is the hub of carbon and nitrogen metabolism (Xin et al., 2019). B4 (L-Asparagine) is one of the metabolites of the TCA cycle and the related amino acid metabolism pathway (Baslam et al., 2020; Han et al., 2021b). Phosphorus-solubilizing bacteria can transform insoluble phosphorus, which is difficult for plants to absorb and utilize, into effective forms and improve the utilization efficiency of soil phosphorus (Kalayu, 2019). Pseudomonas is agricultural soil's main phosphorus-solubilizing bacteria (PSB) (Wang et al., 2022). Soil AP content was closely related to soil bacterial community and wheat yield, indicating that soil phosphorus was an important factor driving soil microbial community and wheat yield changes (Chen et al., 2021).

The utilization of an A2 carbon source by soil microorganisms was significantly positively correlated with K02433, K02014, and SOM. This showed that the application of organic fertilizer could increase SOM content, improve soil microbial diversity, stimulate soil microbial activity (Li et al., 2020), cause organic carbon decomposition, and then cause dramatic changes in soil carbon sources (Haiming et al., 2020). In this way, plants could uptake and utilize a large number of available nutrients (Zhao et al., 2021), thus increasing the plant biomass, and the high plant biomass will secrete more simple organic matter to further improve microbial activity.




5. Conclusion

In the present study, organic fertilizer substitution treatments affected carbon source utilization by soil microorganisms and microbial community composition. Particularly, FO3 treatment improved the utilization of carbohydrates and amino acids by soil microorganisms and enriched bacterial genera (Skermanella, Pseudomonas, and Burkholderia). Furthermore, when subjected to FO3 treatment, the dominant KOs (K01999, K03406, K02014, and K02433) were strongly correlated with soil nutrients, contributing to soil nutrient cycling and crop productivity. In conclusion, adding organic fertilizer was crucial for improving soil quality, promoting agricultural production, regulating soil microbial metabolic capacity, and changing bacterial community composition. In addition, FO3 treatment is recommended as an appropriate fertilization method in this study.
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Introduction: Microorganisms regulate soil nitrogen (N) cycling in cropping systems. However, how soil microbial functional genes involved in soil N cycling respond to mulching practices is not well known.

Methods: We collected soil samples from a spring maize field mulched with crop straw (SM) and plastic film (FM) for 10-year and with no mulching (CK) in the Loess Plateau. Microbial functional genes involved in soil N cycling were quantified using metagenomic sequencing. We collected soil samples from a spring maize field mulched with crop straw (SM) and plastic film (FM) for 10-year and with no mulching (CK) in the Loess Plateau. Microbial functional genes involved in soil N cycling were quantified using metagenomic sequencing.

Results: Compared to that in CK, the total abundance of genes involved in soil N cycling increased in SM but had no significant changes in FM. Specifically, SM increased the abundances of functional genes that involved in dissimilatory nitrate reduction to ammonium (nirB, napA, and nrfA), while FM decreased the abundances of functional genes that involved in ammonification (ureC and ureA) in comparison with CK. Other genes involved in assimilatory nitrate reduction, denitrification, and ammonia assimilation, however, were not significantly changed with mulching practices. The nirB and napA were derived from Proteobacteria (mainly Sorangium), and the ureC was derived from Actinobacteria (mainly Streptomyces). Mental test showed that the abundance of functional genes that involved in dissimilatory nitrate reduction was positively correlated with the contents of soil microbial biomass N, potential N mineralization, particulate organic N, and C fractions, while ammonification related gene abundance was positively correlated with soil pH, microbial biomass C and N, and mineral N contents.

Discussion: Overall, this study showed that SM could improve soil N availability and promote the soil N cycling by increasing the abundance of functional genes that involved in DNRA, while FM reduced the abundance of functional genes that involved in ammonification and inhibited soil N cycling.

KEYWORDS
 straw mulching, plastic film mulching, nitrogen cycling, microbial functional genes, microbial community


Highlights

– Straw mulching increased all soil N fractions while plastic film mulching reduced MBN but increased mineral N.

– The total abundance of N cycling-related functional genes increased with straw mulching but did not change with film mulching.

– Straw mulching increased the abundances of functional genes in DNRA (nirB, napA, and nrfA).

– Plastic film mulching decreased the abundances of functional genes in ammonification (ureC and ureA).

– The abundances of N cycling-related functional genes were associated with soil pH and C and N fractions.



1. Introduction

Soil nitrogen (N) cycling is one of the most important processes in agroecosystems, which not only affects soil fertility and crop productivity, but also affects the sustainable development of agriculture (Zhang et al., 2013; Wu et al., 2021). The N cycling processes in soil, including nitrogen fixation, ammonification, nitrification, denitrification, dissimilatory nitrate reduction to ammonium (DNRA), and assimilatory nitrate reduction (ANR), are mainly driven by soil microorganisms (Kuypers et al., 2018). The dynamic core formed by microbial community structure and function drives the decomposition and mineralization of plant residues, thus affecting soil N cycling (Wang et al., 2020). Previous studies have shown that the amoA regulates the utilization of inorganic N and the production of N2O by regulating the first step in nitrification (Dai et al., 2020; Li et al., 2020). In denitrifying process, the napA and narG participate in the reduction of NO3− to NO2−, the nirK and nirS convert NO2− to NO, and norB and nosZ mediate the conversion of NO to N2 (Zumft, 1997; An et al., 2022). In addition, the gdh and ureC are key genes in the N mineralization (Li et al., 2020; Kushwaha et al., 2021; Yu et al., 2022). Therefore, understanding and analyzing the microbial functional genes coding for N cycling is crucial for regulating specific microbes.

Surface mulching with crop straw or plastic film has been widely adopted to improve water use efficiency and crop production, especially in dryland cropping systems (Hu Y. J. et al., 2021). Compared to no mulching, straw mulching as a low-cost and off-the-shelf practice can provide long-term benefits by improving soil properties, nutrient cycling and enzyme activity (Luo et al., 2021). Straw mulching can increase soil organic matter, improve the availability of substrate, provide a good living environment for microorganisms, improve microbial activity, and then affect the N cycling (Vassilev et al., 2010; Cui et al., 2017; Yang et al., 2023). As another important measure in dryland cropping systems, plastic film mulching can stimulate soil microbial activity by improving soil hydrothermal conditions (Liu et al., 2015; Lee et al., 2019), which will affect soil N cycling (Hu Y. J. et al., 2021). The findings of previous studies have reported that straw mulching could increase the abundance and activity of soil fungi, while the effects on bacterial abundance and activity were inconsistent (Dong et al., 2017; Fu et al., 2019). Furthermore, straw could increase soil available C and N contents, thus promoting the activities of nitrifiers and denitrifiers (Huang R. et al., 2019). For FM, some studies found that it significantly increased the diversity and richness fungi but decreased those of bacteria (Fu et al., 2019; Huang F. Y. et al., 2019). Other researchers also shown that soil N mineralization rate would be enhanced with film mulching due to the increased microbial activities (Hai et al., 2015; Dong et al., 2018; Luo et al., 2019). Although the responses of soil microbial diversity and community structure to mulching practices have been well reported, how straw mulching and film mulching affect the functional genes involved in soil N cycling remains unclear.

Based on a 10-year field experiment in the Loess Plateau of China, the effects of straw mulching and film mulching on microbial functional genes that involved in soil N cycling were explored in comparison with no mulching using metagenomic sequencing. We hypothesized that surface mulching with crop straw or film mulching will increase the abundances of functional genes in N cycling by increasing substrate supply or altering soil environmental conditions. We aimed to: (1) clarify how straw mulching and film mulching affect the abundances of microbial functional genes that involved in different processes of soil N cycling; (2) determine the main factors affecting microbial functional genes that involved in N cycling under different mulching practices.



2. Materials and methods


2.1. Site description

A field experiment was conducted in 2008 at the Changwu Agro-Ecological Research Station in the Loess Plateau of China (107°45′ E, 35°12′ N; 1,200 m elevation). The station has a continental monsoon climate with a mean air temperature of 9.1°C and a mean annual precipitation of 584 mm. The precipitation mainly occurred in summer fallow period from July to September. The soil is a Heilutu silt loam (Calcarid Regosol according to the FAO classification system), with the contents of sand, silt, and clay of 45, 656, and 309 g kg−1, respectively. At the beginning of the experiment in September 2008, the soil has a soil organic carbon (SOC) of 10.5 g kg−1, total N (STN) of 0.80 g kg−1, total phosphorus (TP) of 0.81 g kg−1, and available phosphorus (AP) of 5.34 mg kg−1 at 0–20 cm.



2.2. Experimental design

Three treatments, as straw mulching (SM), plastic film mulching (FM), and no mulching (CK), were arranged in a completely randomized block design with three replications in a spring maize (Zea mays L.) field. Each treatment has three plots, and the plot has a length of 10.3 m and a width of 6.5 m. Spring maize was planted in mid to late April and harvested in early October each year, after which the test plots are left idle. Crop straw or mulch were removed away by hand before sowing. The basal fertilization were carried out with urea (N ≥ 46.6%) and superphosphate (total P2O5 ≥ 43%) at rates of 120 kg N ha−1 and 60 kg P ha−1 at sowing, respectively. In SM, maize straw was placed on the soil surface at planting immediately after sowing. In FM, 1 mm-thick plastic film mulch was used covering the soil surface with edges covered by soil particles and then maize was sown using a hill planter. More detailed descriptions could be found in our previous report by Wang et al. (2018).



2.3. Soil collection and laboratory analyses

Soil sampling was conducted after 10 years in early October 2018. In each plot, five cores were randomly collected at 0–10 cm using a hand probe (with a diameter of 2.5 cm inside) and then composited. Part of the soil samples were frozen at −80°C immediately for DNA extraction and metagenomic sequencing. The remaining samples were air-dried and screened to 2 mm for laboratory analyses. Soil pH was determined in a soil: water mixture at a 1:2.5 (w/v) ratio using a glass electrode meter (Mettler Toledo FE28- Standard) (Zhang et al., 2016; Fu et al., 2019). The content of SOC was measured using the H2SO4-K2Cr2O7 method (Nelson and Sommers, 1996). The STN content was determined using the Kjeldahl method (Purcell and King, 1996). The microbial biomass C and N (MBC and MBN) were analyzed using the chloroform fumigation extraction method (Vance et al., 1987; Wu et al., 1990). The potential C and N mineralization (PCM and PNM) were determined using the closed culture method (Jenkinson and Powlson, 1976; Goyal et al., 1999). To determine soil ammonium (NH4+-N) and nitrate (NO3−-N) concentrations, samples were extracted with a 2 mol L−1 KCl solution, and the extracts were analyzed using a Dionex ICS 1500 ion chromatograph (Dionex Co., Sunnyvale, CA) (Zhang et al., 2014). Soil property data were listed in Supplementary Table S1.



2.4. DNA extraction, sequencing, and data processing

According to the manufacturer’s instructions, soil DNA was extracted from 0.5 g of fresh soil samples using the FastDNA Soil Rotation kit (MP Biomedicals, Cleveland, United States) (Ren et al., 2016; Wang et al., 2022). The quality and purity of DNA extract were evaluated using the Nanodrop 2000 spectrophotometer. Each soil sample was repeated for 3 times to obtain enough DNA for shotgun metagenomic sequencing. The metagenome was sequenced using an Illumina HiSeq 2000 platform (Personal, Shanghai, China) to generate 150 bp paired-end reads at a high sequencing depth. Reads that aligned to the human genome were removed, and the lengths of the remaining reads were trimmed using Sickle. Data of soil DNA sequences are accessible on the website of National Center for Biotechnology Information,1 with the accession number of PRJNA876629.



2.5. Metagenomic analysis

Raw sequencing readings were filtered to improve the reliability and quality of subsequent analyses (Zhang et al., 2017). The ambiguous bases, adapter sequences, and reads that were less than 50 bp in length were removed using the fastp2 on the free online platform of Majorbio Cloud Platform3 (Chen et al., 2022). The resulting clean reads were assembled to contig using Megahit4 with the optimal k-mer parameter (Li et al., 2015). Then, contigs with sequences (length of more than 300 bp) were used to predict the open reading frame (ORFs) using MetaGeneMark5 (Zhu et al., 2010). All the above protein sequences into a non-redundant gene catalog were clustered in CD-HIT technique, with 90% protein similarity and 90% coverage (Fu et al., 2012). Reads after quality control were mapped to the non-redundant gene catalog with 95% identity using SOAPaligner,6 and evaluated gene abundance information in the corresponding samples (Li et al., 2008). We determined the trans per million values [TPM: (Reads Number/Gene Length) _Relative] × 100,0000 in gene abundance for each sample (Qin et al., 2012). On the basis of the NCBI NR database, the representative sequences of non-redundant gene catalog were annotated with using blastp as implemented in DIAMOND v0.9.19 with e-value cutoff of 1e−5 using Diamond7 for taxonomic assignments (Buchfink et al., 2015). According to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database,8 the functional annotation and taxonomic assignment of the sequences obtained for each sample were performed, and then the functional genes involved in N cycling were selected. Based on previous studies (Nelson et al., 2016; Kuypers et al., 2018), the 28 microbial functional genes found in metagenome were defined into the following six subgroups: (1) ammonification, (2) nitrification, (3) denitrification, (4) dissimilatory nitrate reduction to ammonium (DNRA), (5) assimilatory nitrate reduction (ANR), and (6) ammonia assimilation. Details for each gene involved in soil N cycling and its function were summarized in Supplementary Table S2.



2.6. Statistical analysis

The differences of the abundances of microbial functional genes and soil properties among treatments were analyzed using the least significant difference (LSD) test by SPSS 25.0 software. The overall differences in microbial functional gene composition for soil N cycling among treatments were tested using analysis of similarities (ANOSIM) and principal coordinates analysis (PCoA) based on the Bray-Curtis distance. The relationships between the abundances of microbial functional gene groups that involved in soil N cycling and soil properties was determined using the Mantel test. Both ANOSIM, PCoA, and Mantel test were performed in R 4.1.2 software.




3. Results


3.1. Soil physicochemical properties

The STN content was significantly higher in SM than in FM (Figure 1). Compared to those in CK, the contents of MBN, PNM, and PON significantly increased by 9.04, 53.5, and 61.76% (p < 0.05) in SM, respectively. No differences in the contents of PNM and PON in FM, but that of MBN significantly decreased by 2.85% (p < 0.05). The contents of NH4+-N and NO3−-N significantly increased by 52.35, 12.6, 96.98, and 88.18% (p < 0.05) in SM and FM, respectively.
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FIGURE 1
 The contents of soil N fractions under different mulching. Values are means ± standard error (n = 3). Different letters indicate significant differences (p < 0.05) between the treatments. SM, straw mulching; FM, plastic film mulching; and CK, no mulching. MBN, microbial biomass N; PNM, potential N mineralization; PON, particulate organic N; STN, soil total N; NH4+-N, ammonium; NO3−-N, nitrate N.


The other relevant soil physicochemical properties were shown in Supplementary Table S1. The contents of SOC and MBC were significantly higher in SM than in CK and FM. Soil pH and the contents of SOC and MBC were significantly lower in FM than in CK. The ratios of C:N were not different among treatments.



3.2. Microbial functional genes related to soil N cycling

The abundances of microbial functional genes that involved in soil N cycling varied with mulching practices according to ANOSIM and PCoA analysis (Figure 2). The total abundance of functional genes that involved in soil N cycling was higher in SM than in CK, but did not significant change in FM.

[image: Figure 2]

FIGURE 2
 Principal coordinates analysis (PCoA) and analysis of similarities (ANOSIM) of microbial functional gene composition involved in soil N cycling under different mulching based on Bray-Curtis distances. SM, straw mulching; FM, plastic film mulching; and CK, no mulching.


For N-cycling genes, the abundance was the highest in DNRA, followed by Denitrification, ANR, Ammonification, Ammonia assimilation and nitrification (Figure 3). Compared to those in CK, the total abundance of functional genes that involved in DNRA was significantly higher by 12.63% in SM and that in ammonification was significantly lower by 13.93% in FM (p < 0.05). The total abundances of functional genes that involved in nitrification, denitrification, ANR, and ammonia assimilation processes were not significant among treatments.

[image: Figure 3]

FIGURE 3
 The total abundance of all functional genes involved in different N cycling processes under different mulching. SM, straw mulching; FM, plastic film mulching; and CK, no mulching. Different letters above the bar indicate significant differences among treatments (p < 0.05).


The gene abundances of ureC, nirB, and nasA were significantly higher than others. Specifically, the gene abundances of nirB, napA, and nrfA in DNRA and ureA in ammonification were significantly higher by 17.00, 27.46, 7.47, 20.36% (p < 0.05) in SM than in CK (Figure 4), respectively. However, the gene abundances of nirD in DNRA, ureC, ureA in ammonification, and amoB in nitrification were significantly lower by 17.63, 8.99, 27.84, and 23.90% (p < 0.05) in FM than in CK, respectively.
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FIGURE 4
 The abundance of functional genes involved in soil N cycling under different mulching. Values are means ± standard error (n = 3). Different letters indicate significant differences (p < 0.05) between the treatments. SM, straw mulching; FM, plastic film mulching; and CK, no mulching.




3.3. Taxonomic assignments of genes involved in soil N cycling

The effects of SM and FM on the relative abundances of bacterial phyla and genera related to N-cycling related genes are shown in Figure 5. We detected a total 10 bacterial phyla containing N-cycling functional genes. Compared with that in CK, SM and FM significantly decreased the relative abundance of Actinobacteria, while significantly increased the relative abundance of Proteobacteria and Verrucomicrobia (p < 0.05). In addition, SM also significantly decreased the relative abundance of Chloroflexi, and FM significantly increased the abundances of Bacteroidetes and Deinococcus-Thermus (p < 0.05), when compared to CK. For the bacterial genera, SM and FM significantly decreased the relative abundance of Conexibacter, but significantly increased the relative abundance of Pseudomonas and Sorangium (p < 0.05). The relative abundance of Burkholderia and Rhodoplanes significantly increased only in SM, while the relative abundance of Microvirga, Mycobacterium, Sphingomonas, and Streptomyces significantly decreased only in FM (p < 0.05).
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FIGURE 5
 Relative abundances of bacterial involved in soil N cycling under different mulching for (A) phyla (relative abundance >0.1%); (B) genera (relative abundance >1%). SM, straw mulching; FM, plastic film mulching; and CK, no mulching.




3.4. Linkages between soil N cycling functional genes and environmental parameters

According to the Mantel test, the abundance of functional genes that involved in DNRA was positively correlated with the contents of soil C and N fractions except for STN, NH4+-N, and NO3−-N (p < 0.01, Figure 6; Supplementary Table S3). Similarly, the abundance of functional genes that involved in ammonification exhibited positive correlations with soil pH and the contents of SOC, MBC, PCM, MBN, NH4+-N, and NO3−-N (p < 0.05). No significant correlations were found between the abundances of functional genes that involved in other processes and soil pH, C and N fractions, and C: N.
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FIGURE 6
 Correlations among soil properties and the abundance of microbial functional gene groups involved in N cycling in soil. Microbial functional gene groups were related to soil properties by Mantel test (green and orange line indicate significant at p < 0.05 and 0.01 levels, respectively). The correlations between soil properties are shown with the intensity of color (blue and red a positive and negative correlation, respectively).





4. Discussion


4.1. Effects of mulching practices on soil N fractions

The larger N fractions in SM than in CK (Figure 1) should be due to the increased N input through crop straw decomposition (Gu et al., 2016; Fu et al., 2019; Li et al., 2021). The decreases of STN and MBN in FM (Figure 1) was possibly because of stimulated mineralization of soil organic matter due to the enhanced soil hydrothermal conditions under film mulching (Liu et al., 2009). Notably, we found that the contents of NH4+-N and NO3−-N were higher in SM and FM than CK (Figure 1). The mineralization of soil organic N is mainly controlled by soil environmental conditions and microbial activities (Pramanik et al., 2017; Waldrop et al., 2017). For SM, long-term mulching has a good effect on insulation and can also increase soil organic matter content, which may create a favorable environment for soil microbial community involved in N transformation, thus enhancing the mineralization of organic N, which lead to the increase in soil mineral N (Zhang et al., 2009; Yang et al., 2023). For FM, the increased N hydrolysis and reduced ammonia volatilization could reduce the loss consumption of N, thus resulting in higher soil NH4+-N and NO3−-N contents (Ding et al., 2021).



4.2. Effects of mulching practices on microbial functional genes that involved in soil N cycling

The total abundance of functional genes that involved in soil N cycling increased in SM but not significant in FM (Figure 3), indicating a differential response of functional genes involved in soil N cycling to mulching practices.

The increased genes involved in soil N cycling in SM was mainly from those related to DNRA (Figure 3). The process of DNRA was strongly controlled by the supplies of soil C and N substrates, and high availabilities of C and N would promote the occurrence of DNRA (Chen et al., 2015; Cheng et al., 2022). Zhang et al. (2019) reported that the abundance of genes that involved in the DNRA increased with the increasing N input through fertilization. In this study, the abundance of functional genes that involved in DNRA was positively correlated with C and organic N fractions except for STN and mineral N (Figure 6; Supplementary Table S3), indicating that the level of soil C rather than N content is the main factor affecting DNRA under straw mulching. The increased soil C contents due to straw mulching (Supplementary Table S1) could provide electrons through fermentation or respiration and convert NO3− into NH4+ in the soil, thus providing energy for DNRA bacteria and increasing the gene abundances in this process (Yoon et al., 2015; Van Den Berg et al., 2016). The stimulation of functional genes that involved in DNRA process could reduce the volatilization of gaseous N and the risk of nitrate leaching in denitrification process by converting the NO3− into NH4+, which could facilitate the retention of N in agricultural soil (Pan et al., 2020; Pandey et al., 2020). At the gene level, SM mainly increased the abundances of nirB, napA, and nrfA (Figure 4). Similarly, Bai et al. (2020) also reported that the abundance of nrfA increased after straw incorporation. The napA encoding the dissimilatory nitrate reductase that catalyzed the reduction of NO3− to NO2−, the nrfA and nirB encoding the nitrite reductase enzymes that catalyzed the reduction of NO2− to NH4+, and these gene are frequently used as markers for DNRA process (Mohan et al., 2004; Pandey et al., 2020; An et al., 2022). Previous studies have shown that the gene abundances of napA and nrfA were positively correlated with soil C (Levy-Booth et al., 2014; Shi et al., 2020). In SM, the supply of high C substrate increased heterotrophic soil respiration, reduced the soil redox potential, and promoted the occurrence of DNRA thus increased the abundance of these genes (Chen et al., 2015; Putz et al., 2018; Kasak et al., 2021).

Although film mulching did not affect the total abundance of genes involved in soil N cycling significantly, it decreased the abundance of genes involved in ammonification (Figure 3). The process of ammonification was driven by soil pH and N substrates, and low soil pH and soil substrate may limit the expression of ammonification genes (Booth et al., 2005; Hu Y. Y. et al., 2021). In this study, the abundance of ammonification-related genes was also associated with the changes in soil pH and the contents of SOC, MBC, PCM, MBN, NH4+-N, and NO3−-N (Figure 6; Supplementary Table S3). The lower pH in FM than in CK (Supplementary Table S1) may have limited the growth and activity of microorganisms, inhibited enzyme activities during ammonification, and thus reduced the abundance of ammonification-related genes (Vitousek et al., 1997; Fisher et al., 2017). Also, the decreased the contents of SOC, MBC, and MBN under film mulching (Supplementary Table S1) reduced the substrates and energies for microorganism growth and basal metabolism, thus inhibiting the functional activity of microorganisms (Taylor et al., 2002; Tu et al., 2006; Jankowski et al., 2014). At the gene level, FM mainly decreased the abundances of ureC and ureA (Figure 4). However, Zhang et al. (2019) found that the ureC was enhanced by the increased soil exchangeable NH4+-N content with urea fertilization. This inconsistency may be attributed to the large increase of mineral nitrogen in FM (Figure 1), which might lead to the formation of refractory humus compounds, and correspondingly reduce the efficiency of extracellular microbial enzymes and inhibit the growth of microorganisms (Waldrop and Zak, 2006; Chen et al., 2016).



4.3. Effects of mulching practices on soil dominant microorganism with N cycling genes

Actinobacteria and Proteobacteria were the dominant phyla for soil (Figure 5). In our study, the relative abundance of Actinobacteria decreased, and Proteobacteria was increased both in SM and FM. This change may be because Proteobacteria belong to the copiotrophic groups, which have fast-growing rates and are more likely to increase under nutrient-rich conditions, while Actinobacteria belonging to the oligotrophic groups with a slower growth rate, would likely decline (Fierer et al., 2007; Zhang et al., 2019). We also performed the taxonomic assignments of key functional genes at the general level (Supplementary Figure S1). The results showed that ureA and ureC are mainly harbored in Streptomyces, nirB and napA are harbored in Sorangium. For SM, the relative abundance of Sorangium was increased, which may stimulate the expression of DNRA-related genes. For FM, the relative abundance of Streptomyces was decreased, thus may have limited the expression of these two genes that involved in ammonification. Moreover, Zhao et al. (2020) also found that genes involved in ammonification (ureC) were mainly derived from Streptomyces, which reinforces our conclusion.




5. Conclusion

The functional gene that involved in soil N cycling responded differentially to mulching practices, which is partly consistent with our hypothesis. The total abundance of functional genes that involved in soil N cycling increased with straw mulching but not significant with film mulching. Specifically, straw mulching increased the abundance of functional genes related to DNRA (nirB, napA, and nrfA), while film mulching decreased the abundances of those associated with ammonification (ureC and ureA). The functional genes related to assimilation nitrate reduction, denitrification, and ammonia assimilation were not affected by mulching practices. Actinobacteria (mainly Streptomyces) and Proteobacteria (mainly Sorangium) were the dominant phyla harboring functional genes that involved in soil N cycling. Soil pH and C and N fractions were the main factors affecting the abundance of functional genes that involved in soil N cycling. Our research elucidated a differential response of microbial functional genes to straw mulching and plastic film mulching, which provides a theoretical basis for the further study of soil N cycling mediated by microorganisms in agroecosystems.
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Fumigation of soil using chloropicrin has been proven to significantly affect soil nutrient cycling, but the mechanism by which soil potassium conversion and plant uptake is promoted remains unclear. In this study, we conducted a fumigation experiment to investigate the effects of chloropicrin soil fumigation on the conversion of soil potassium post-fumigation (days 7–70), and its mechanisms, tomatos were planted in fumigated and non-fumigated soils to enable further comparisons. Results showed that the content of rapidly available potassium and available potassium decreased by 16–24% and 17–23% at day 28 respectively, when tomato was planted in chloropicrin-fumigated soils compared to the non-fumigated soils. The potassium content of tomato planted in fumigated soil was significantly higher than that planted in non-fumigated soil (30.3 vs. 21.9 mg g−1 dry weight). Chloropicrin fumigation resulted in a significant change in the soil bacterial and fungal community structures, and trigged a long-term (at least 70-day) decrease in microbial diversity. Network analysis showed that chloropicrin soil fumigation changed microbial co-occurrence patterns by decreasing bacterial total links, nodes, and average degree, and increasing fungal total links, nodes, and average degree. Chloropicrin fumigation caused significant changes in the relative abundance of Bacillus species, which are involved in potassium dissolution. Structural equation model (SEM) suggested that fumigation with chloropicrin enhanced the contribution of soil potassium to tomato growth and reduced the contribution of bacterial communities. Together, the results of our study help in understanding the crop yield enhancement mechanism of soil fumigation.
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1. Introduction

Chloropicrin is a soil fumigant commonly used in agriculture for controlling pests, pathogens, and weeds. It is often used to conditions soil before planting crops, to create a clean environment for seed germination and plant growth (Cao et al., 2011). Chloropicrin soil fumigation not only effectively controls the occurrence of soilborne diseases but also significantly increases crop yield (Cao et al., 2022; Fang et al., 2023; Wang et al., 2023). By affecting the abundance and activity of microorganisms, soil fumigation affects soil nutrient use, including the C, N, and P cycles, for example changing the form and content of soil-available nitrogen and phosphorus (Fang et al., 2018a,b,c, 2019; Huang et al., 2019, 2020). However, the effect of chloropicrin fumigation on soil potassium conversion and its mechanisms are unknown.

Soil potassium is one of the essential macronutrients required for plant growth and development. It plays a crucial role in various physiological processes within plants including providing nutrition for plant growth, maintaining proper osmotic potential, enhancing plant resistance to diseases and pests, extending the shelf-life of harvested crops (Mengel and Busch, 1982; Martin and Sparks, 1985; Sparks and Huang, 1985; Marschner, 2011; Prajapati and Modi, 2012; Saha et al., 2016; Xu et al., 2020). Notably, different plant species have varying potassium requirements, and soil conditions can affect the availability of potassium to plants. Soil is an important source of potassium for plants, with an average potassium content of 2.6%, making it one of the most abundant macronutrients (Dang et al., 2014). Potassium exists in various forms in soil, but mainly in inorganic forms. According to its availability to crops, it is divided into three types: rapidly available potassium (including water-soluble potassium and exchangeable potassium); slowly available potassium; and relatively ineffective potassium (mineral structure potassium) (Jin, 1993; Bao, 2018). These types of soil potassium can be transformed into each other and jointly regulate the supply of potassium to plants. Rapidly available potassium is easily absorbed by plants, and its abundance reflects the immediate potassium supply level of soil to plants, while slowly available potassium is the main reserve warehouse of available potassium (Römheld and Kirkby, 2010; Sandaña et al., 2020). Slowly available potassium is mainly potassium fixed by secondary minerals; it is relatively stable in the soil, but when the amount of soil available potassium is decreased by absorption and leaching, slowly available potassium is gradually released (Jin, 1993; Sparks, 2000). In recent years, with the excessive application of chemical fertilizers and the increase of replanting index in agricultural production, potassium deficiency has gradually appeared in the northern regions of China that were originally rich in potassium (Dang et al., 2014). Potassium has gradually become one of the limiting factors for increasing crop yields and ensuring the quality of agricultural products.

In this study, we used indoor cultivation and greenhouse potting to investigate the effect of chloropicrin soil fumigation on soil potassium conversion (rapidly available potassium, available potassium, and slowly available potassium), clarifying the mechanisms and characteristics of soil potassium turnover after fumigation. Knowledge about the effects of soil fumigation on different forms of soil potassium will be of value for understanding the yield-increasing effect of fumigation and guiding scientific fertilization after fumigation.



2. Materials and methods


2.1. Experimental design and sampling

Soil samples were collected from Baise, Guangxi, China (106.62° N, 23.33° E), which had been continuously planted with tomato (HongFei 6#) for 20 years. The physicochemical indicators of the soil are shown in Table 1. Soil samples were removed from crop residue and passed through a 2-mm sieve for later use. Test soil (600 g) was treated with chloropicrin at a dose of 65 mg kg−1. The control group did not receive any fumigant. After sealing, the soil was incubated at 28°C in darkness for 7 days. When the fumigation was finished, fumigant gas in the soil was released by ventilation. The soil was then divided into 12 cm × 12 cm potting boxes. Four treatments were set up: chloropicrin fumigated soil planted with tomato (TCP); non-fumigated soil planted with tomato (TCK); chloropicrin fumigated soil (CP); and non-fumigated soil (CK). The planted samples were each transplanted with 3–4 leaf stage tomato seedlings. All treatments had four replicates. Normal watering was conducted during the experiment, without any additional fertilization. All samples including the planted and unplanted samples were incubated in a greenhouse with the temperature of 28°C and humidity of 80%. Samples were collected on days 7, 14, 28, 42, 56, and 70; each time, 16 pots (4 treatments × 4 replicates) were taken for sampling. Plant height, stem diameter, and other growth indicators of tomato plants were recorded regularly. Rhizosphere soil from each sample was carefully collected for potassium measurement and microbiological analysis. At the end of the experiment, tomato plants were collected and the available potassium content in the plants was determined after drying.



TABLE 1 Physical and chemical properties of the tested soil.
[image: Table1]



2.2. Determination of soil potassium

The methods used for determining the three forms of potassium in soil are briefly described below (Bao, 2018):

Rapidly available potassium (RK): air-dried soil (5.00 g) that had passed through a 1-mm sieve was weighed into a 100 mL-triangular flask, 50 mL of 1 mol L−1 NH4OAc solution (pH 7.0) was added, and then the flask was sealed with a rubber stopper and shaken for 30 min. The potassium content was determined using a flame photometer with a series of potassium standard solutions.

Available potassium (AK): air-dried soil (2.50 g) that had passed through a 1-mm sieve was placed in a large test-tube, 50 mL of 2 mol L−1 HNO3 was added, and then the tube was sealed with a rubber stopper and shaken for 30 min. The mixture was immediately filtered through quantitative filter paper. The filtrate was collected and the potassium content was determined using a flame photometer.

Slowly available potassium (SK): air-dried soil (2.50 g) that had passed through a 1-mm sieve was placed in a 100-mL test tube, 25 mL of 1 mol L−1 HNO3 was added, and then the tube was heated in an oil bath until it had boiled for 10 min (accurately timed from the beginning of boiling). The tube was removed from the oil bath and allowed to cool slightly. While still hot, the solution was filtered into a 100-mL volumetric flask. The soil and the test tube were washed 4–5 times with 0.1 mol L−1 HNO3 solution using 15 mL each time; this liquid was added to the volumetric flask. The volume in the flask was made up to 50 mL, and the potassium content of the solution was determined with a flame photometer.



2.3. Growth index and microbial community determination

During the experimental period, soil nutrient indicators, including mineral nitrogen, available phosphorus, conductivity, and others, were monitored by previously described methods (Bao, 2018).

For the root-knot nematode disease severity survey method, the tomato root system was carefully dug out of the soil and its root knot index was investigated. Knotting is divided into five levels (0–4) based on the severity of root knot occurrence and the proportion of the entire root system (Mao et al., 2016): 0 = 0%, which means that the root system is intact and without root knots; 1 = 1 to 25%, which means that there are a small number of root knots (<25% of the root system); 2 = 26 to 50%, which means that a moderate number of root knots are formed (26–50% of the root system); 3 = 51 to 75%, which means that there are a large number of root knots (51–75% of the root system); and 4 = 76 to 100%, which means that there are many and large root knots (76–100% of the root system). The formula for the root knot index is as follows: Root knot disease level (%) = 100 × Σ (the number of plants in each level × the corresponding level value) / (the total number of plants investigated × 4).

The total genomic DNA present in a 0.25-g soil sample was extracted using a MoBio Powersoil® DNA Isolation Kit (MoBio Laboratories, United States). After the DNA quality and concentration were verified by gel electrophoresis (1% agarose) and by using a NanoDrop™ 1,000 spectrophotometer (Thermo Fisher Scientific Inc., United States), genomic DNA was sequenced by using a MiSeq™ PE 250 platform at Majorbio Bio-PharmTechnology Co. Ltd. (Shanghai, China). MiSeq sequencing of 16S rRNA and internal transcribed spacer (ITS) genes was conducted using the universal primers 338F–806R and ITS1F–ITS2, respectively (Caporaso et al., 2011, 2012; Parada et al., 2016; Minich et al., 2018). The quality control and annotation of raw sequencing data were conducted using QIIME (v1.9.1; http://qiime.Org/). Briefly, reads containing ambiguous bases, those <150 bp, and those with 5′– primer mismatch, >8 contiguous matching bases, or chimera sequences, were removed. After quality control, high-quality sequences were clustered into operational taxonomic units (OTUs) with a 97% sequence similarity cutoff using UCLUST. Taxonomic information was obtained by aligning the representative sequence of each OTU with the sequences in the Silva database (Release 138.1, 2020, http://www.arb-silva.de) and UNITE (Release 8.0, 2020, https://unite.ut.ee; Chen et al., 2022). The alpha diversity index of the bacterial community in each sample was calculated after randomly resampling at 90% of the minimum sequencing depth across all samples. The raw reads were deposited in the National Center for Biotechnology Information (NCBI) Short Read Archive Database (SRP140416).



2.4. Data analysis

Differences in the effect of soil fumigation on soil potassium and the bacterial alpha diversity index were analyzed by analysis of variance with Tukey’s test and the SPSS statistical software package (v26.0, IBM, United States). All concentration values from the control at each time point of sampling were individually compared with the fumigation soil treatment. The indices Chao1, Ace, Shannon, and Simpson were calculated using Mothur to determine the diversity of bacterial and fungal communities. The correlation between the content of potassium and microbiological indexes as well as the tomato growth index were calculated by Spearman’s rank correlation coefficient using the package ggpubr. Co-occurrence networks were constructed based on correlation of the relative abundance of OTUs. SPARCC’s correlation coefficient (r ≥ 0.8 or r ≤ −0.8 with p ≤ 0.01) was used to determine pairwise associations of bacterial OTUs. In addition, various network topological indices reflecting the potential effects of chloropicrin soil fumigation on the topology of the networks were calculated in the igraph package. Visualization of the network was obtained using Gephi (v9.1). Structural equation model (SEM) was used to quantify effects of available potassium and bacterial community or fungal community on tomato growth in chloropicrin fumigated soil and non-fumigated soil. The pairwise correlation among these variables was calculated by the Mantel test using the “Ecodist” package in R platform, and a covariance matrix of these variables was inserted into AMOS 17.0 (SPSS, Chicago, IL, United States) for SEM construction and analysis.




3. Results


3.1. Changes in soil potassium conversion post-fumigation

No significant difference in the content of rapidly available potassium, available potassium, or slowly available potassium was found between the fumigated soil and the non-fumigated soil within 70 days (Figures 1A–C). However, after planting tomato, the contents of rapidly available potassium, available potassium, and slowly available potassium in the soil of the fumigated group began to decrease on day 42, and were 14.0–24.0% (p < 0.001), 10.0–23.0% (p < 0.001), and 15.0–25.0% (p < 0.001) lower than those in the non-fumigated group, respectively (Figures 1A–C). We analyzed the potassium content in tomato plants on day 70, which showed that the potassium absorption by tomato was significantly higher in the fumigated soil than in the non-fumigated soil, 30.3 vs. 21.9 mg g−1 dry weight (p < 0.05; Figure 1D). This result indicates that chloropicrin fumigation significantly promotes the absorption of available potassium in the later stage of the experimental period (days 42–70 post-fumigation) by promoting the release of slowly available potassium to rapidly available potassium in the soil.
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FIGURE 1
 Changes over time of potassium levels in soil or tomato plants. Rapidly available potassium (A), available potassium (B), and slowly available potassium (C) in soil; available potassium (D) in tomato. CP: chloropicrin fumigated soil; CK: non-fumigated soil; TCP: chloropicrin-fumigated soil planted with tomatoes; TCK: non-fumigated soil planted with tomatoes. The error bars in the figure are the standard error from four replicates. *p < 0.05, **p < 0.01, ***p < 0.001, NS, no significant difference.




3.2. Change in microbial community post-fumigation

Fumigation with chloropicrin significantly reduced soil bacterial diversity (Supplementary Figure S1). After fumigation, the bacterial richness indices Chao1 and ACE, and the diversity indices Shannon and Simpson, were consistently lower than those in the non-fumigated soil from days 7 to 70 (p < 0.05). Moreover, planting tomatoes after fumigation resulted in further decreases in bacterial diversity (from days 28 to 70) compared with fumigation treatment without tomato planting (p < 0.05). The results of fungal community richness and diversity analyses showed that regardless of whether or not tomatoes were planted, the Chao1 and ACE indices were significantly lower in fumigated soil than in non-fumigated soil (Supplementary Figure S2). The Shannon and Simpson indices were significantly higher in fumigated group than in the non-fumigated group at 14–28 days, but there was no significant difference at other time points.

Chloropicrin significantly increased the abundance of Firmicutes and Gemmatimonadetes, by 45.4–136.2% and 19.2–36.6% respectively, compared with the non-fumigated soil (days 14–70). The stimulation effects on Firmicutes and Gemmatimonadetes were 4.8–13.9% and 33.8–42.1%, respectively, when the soil was planted with tomato (Figure 2A). The abundance of Actinobacteria increased by 16.9–49.0% on days 14–56 in chloropicrin-fumigated soil compared with non-fumigated soil, but there was no significant difference between the fumigated and non-fumigated groups when the soil was planted with tomato. The abundances of Acidobacteria and Nitrospirae decreased by 13.9–42.1% and 46.8–51.2% in chloropicrin-fumigated soil compared with non-fumigated soil, while these values changed to 4.8–27.9% and 30.8–43.1% when the soil was planted with tomato.
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FIGURE 2
 Time series of changes in microbial communities at the phylum level. (A) Change in bacterial relative abundance in various treatments over time. (B) Change in fungal relative abundance in various treatments over time. CP: chloropicrin fumigated soil; CK: non-fumigated soil; TCP: chloropicrin-fumigated soil planted with tomatoes; TCK: non-fumigated soil planted with tomatoes.


Considering fungi, the dominant phylum Ascomycota increased in abundance by 45.8% in chloropicrin-fumigated soil compared with non-fumigated soil at day 14, while planting tomato after fumigation reduced this increase to 23.5% (Figure 2B). Planting tomato after fumigation significantly increased the abundance of Basidiomycota, by 45.8–81.7%, compared with fumigated soil without tomato planting.

Microbial co-occurrence network analysis showed that total links, nodes and average degree relationships between bacterial phyla were lower in fumigated than in non-fumigated soil (Figure 3A). This was evidenced by an increase in percentage negative edges and a decrease in positive edges following fumigant treatment (Table 2). In contrast, the total links, nodes and average degree relationships between fungal phyla were higher in fumigated than in non-fumigated soil (Figure 3B).

[image: Figure 3]

FIGURE 3
 Soil microbial networks for bacteria (A) and fungi (B) in soil treated with or without chloropicrin fumigation. CK: Soil without fumigation treatment, CP: chloropicrin-fumigated soil. Phyla with relative abundance ≥5% are shown in different colors, and others are shown in gray. Details of network topological attributes are listed in Table 2.




TABLE 2 Network analysis parameters in different treatments.
[image: Table2]

We also analyzed the changes in the potassium-solubilizing bacterial taxon Bacillus in soil with or without fumigation treatment (Figure 4). The results showed that chloropicrin soil fumigation significantly increased the abundance of Bacillus. For example, the species OTU1149 belong to Bacillus in chloropicrin fumigated soil decreased while the abundances of OTU2801 and OTU4484 significantly increased (Figure 4B).

[image: Figure 4]

FIGURE 4
 Changes in the abundance of Bacillus in fumigated and non-fumigated soil. (A) Change in Bacillus abundance; (B) change in operational taxonomic units associated with Bacillus. CK: control soil without fumigation treatment, CP: chloropicrin-fumigated soil. *p < 0.05, **p < 0.01, ***p < 0.001. NS indicates that there was no significant different between the control group and the fumigation group.




3.3. Changes in soil nutrient indices post-fumigation

During the early stage post-chloropicrin fumigation (0–28 days), the ammonium nitrogen content in the fumigated soil was 2.9–5.8 times that in the non-fumigated soil. However, the ammonium nitrogen content gradually decreased during days 28–70, and recovered to the control level (5.3–7.6 mg kg−1, p = 0.407) at the end of the test period (Supplementary Figure S3A). Although the ammonium nitrogen content in fumigated soil planted with tomato also decreased gradually, the rate of decrease was slower than that in the soil without tomatoes. At the end of the test period (70 days), the ammonium nitrogen content was still significantly higher in the fumigated treatment planted with tomatoes than in the non-fumigated treatment planted with tomatoes (11.35 vs. 3.78 mg kg−1, p < 0.001; Supplementary Figure S3A).

Chloropicrin fumigation had little effect on nitrate nitrogen in the early stage post-fumigation, but the nitrate nitrogen content gradually increased during days 14–70, when it was 12.9–24.5% higher than that in the non-fumigated treatment (Supplementary Figure S3B). However, after planting tomatoes, nitrate nitrogen in the fumigated soil was 34.6–40.6% lower than it was in the fumigated treatment without tomatoes.

Chloropicrin fumigation significantly increased the available phosphorus content in the soil. For example, the available phosphorus content in the fumigated treatment was 2.0–8.0% higher than that in the non-fumigated treatment during post-fumigation period (days 14–70) (p < 0.05; p = 0.008 at day 70) (Supplementary Figure S3C). After planting tomatoes, the available phosphorus content did not differ significantly between the fumigated and non-fumigated treatments at sampling points other than day 7.

Chloropicrin fumigation significantly increased the soil electrical conductivity (EC), by 11.0–24.0% compared with that in the non-fumigated treatment, during the test period (days 7–70) (p < 0.001) (Supplementary Figure S3D). The soil electrical conductivity in the fumigated treatment was still significantly higher than that in the non-fumigated treatment at the end of the test period (day 70, 11.0%, p < 0.001). After planting tomatoes, the soil electrical conductivity in the fumigated treatment was 7.0–12.0% higher (p < 0.05) than that in the non-fumigated treatment at days 7–28; however, there was no significant difference in electrical conductivity between the fumigated and non-fumigated groups at days 42–70 (Supplementary Figure S3D).



3.4. Tomato growth and root knot index

Chloropicrin fumigation significantly promoted the growth of tomato plants (Supplementary Figure S4). After fumigation, the tomato plants were 6.3–19.4% higher than those in the control group (non-fumigated soil). The stem diameter was significantly higher than that in the control group, with an increase of 13.1–29.0% (p < 0.05). This ultimately led to a significant increase in tomato biomass, with the dry weight of the plants being 41.3–85.2% higher than that in the non-fumigated-soil group (p < 0.05).

The tested soil was severely infected with pathogens, particularly southern root-knot nematodes (M. incognita). In the non-fumigated group, the root-knot nematodes were discovered to be harmful at day 14, and the root-knot index was as high as 50%. The root-knot nematode disease continued to worsen over days 14–56, and the root-knot index reached 100% at the end of the experiment (day 70; Supplementary Figure S4). Chloropicrin fumigation significantly delayed the onset of root-knot nematode occurrence, pushing the onset time from day 14 to day 56. At day 70, the root-knot index in the fumigated group was 68.8%.



3.5. Factors driving soil potassium conversion following chloropicrin fumigation

Correlation analysis showed that soil potassium (including rapidly available potassium, available potassium, and slowly available potassium) was significantly negatively correlated with tomato plant height (correlation coefficient r = −0.74 to −0.94, p < 0.001), stem diameter (r = −0.68 to −0.94, p < 0.001), dry weight (r = −0.74 to −0.96, p < 0.001), root knot index (r = −0.71 to −0.81, p < 0.001), and EC (r = −0.64 to −0.88, p < 0.001), and significantly positively correlated with the fungal Chao1 index (r = 0.67 to 0.78, p < 0.001) and the soil ammonium nitrogen content (r = 0.57 to 0.83, p < 0.001). There was no significant correlation with bacterial diversity or soil available phosphorus content (Figure 5; Supplementary Figure S5). We observed that the content of the three forms of potassium in the soil gradually decreased as tomato plants grew, and the soil potassium content was significantly correlated with tomato growth indicators, indicating that tomato growth was an important factor driving the changes in soil potassium levels. SEM results revealed that soil potassium affect tomato growth through direct effects as well as indirect effects by influencing the bacterial community in the non-fumigated soil. However, chloropicrin fumigation enhanced the contribution of soil potassium to tomato growth and reduced the contribution of bacterial communities (Figure 6).
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FIGURE 5
 Factors driving soil potassium conversion following chloropicrin fumigation of soil. Correlation between three kinds of soil potassium and Electrical conductivity (EC) (A), tomato plant root knot index (B), tomato plant height (C), tomato plant dry weight (D), soil ammonium nitrogen (E), and fungal Chao1 index (F). RK, rapidly available potassium; AK, available potassium; SK, slowly available potassium.
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FIGURE 6
 Structural equation model (SEM) illustrating the direct and indirect effects of soil potassium on tomato growth. Continuous and dashed arrows represent the significant and nonsignificant relationships, respectively. Adjacent number that are labeled in the same direction as the arrow represents path coefficients, the red and bule arrows indicate negative and positive relationships, respectively. R2 values indicate the proportion of variance explained by each variable. Significance levels are denoted with *p < 0.05, **p < 0.01, ***p < 0.001. Standardized total effects calculated by the SEM are displayed below the SEM.





4. Discussion


4.1. Evidence that chloropicrin soil fumigation promotes potassium absorption

A dynamic change exists between the various forms of potassium in soil: When potassium in solution is absorbed by crops or leaches out, exchangeable potassium in the soil is released into the solution; when the concentration of rapidly available potassium decreases, the slowly available potassium in the soil is released to restore the equilibrium (Xie and Zhou, 1999). Although our experiment did not directly measure the content of insoluble potassium in the soil or the potassium content in various parts of the tomato plant, there are three lines of evidence that fumigation significantly promoted the absorption of soil potassium by tomatoes. (1) By comparing the changes in different forms of potassium content between the fumigated and non-fumigated soil groups, and between the groups with and without planted tomatoes, the content of rapidly available potassium and available potassium in the group without fumigation but with tomato planting was found to have decreased only by 14–18%, while their contents in the fumigated and tomato planted group decreased by 35–38%, indicating that fumigation promoted the consumption of soil potassium by tomatoes absorption. (2) The potassium content of tomato plants in the fumigated group was found to be significantly higher than that in the non-fumigated group (30.3 vs. 21.9 mg g−1 dry weight), indicating that fumigation promoted the accumulation of potassium in tomato plants. (3) Correlation analysis showed a significant negative correlation between the changes in soil potassium and growth indicators of tomato plants (plant height, stem thickness, and dry weight), indicating that tomato growth is an important factor driving changes in soil potassium. During the tomato growth process, especially in the early stage, potassium needs to be absorbed from the soil to maintain healthy growth of the crop. Previous field fumigation experiments have shown that soil fumigation can significantly increase crop yield and improve fruit quality. For example, after chloropicrin fumigation, the defect rate of tuber crops such as potatoes, ginger, and lily were significantly reduced, and the yield increased by up to 35–60% (Gullino et al., 2002; Jonathan et al., 2005; Mao et al., 2014). Increased potassium absorption by crops after fumigation may be one of the reasons for the “increased yield effect” of soil fumigation.

Potassium in soil reaches the root surface and is absorbed by plants through mass flow, diffusion, and root interception. Therefore, soil physical and chemical properties, as well as crop root biological characteristics, can affect the transport of potassium in soil, thereby affecting plant uptake of potassium. For example, soil temperature affects the diffusion of soil potassium by changing the viscosity of water, the resistance of water to potassium ion diffusion, and the average kinetic energy of particle movement (Zhan et al., 2012). Studies have shown that soil respiration is significantly enhanced after fumigation, leading to an increase in soil temperature (Li et al., 2017a,b; Zhang et al., 2019), which may promote the diffusion of potassium in soil after fumigation. In addition, the length of the main root and the number of lateral roots of tomato increased after fumigation, resulting in an increase in the contact area between roots and soil potassium, thereby enhancing uptake of potassium by the tomato plants.



4.2. Potential microbial mechanisms promoting potassium uptake following chloropicrin soil fumigation

The difficult-to-dissolve potassium in soil is mainly absorbed and used through the activities of microorganisms. Silicate dissolving bacteria are considered to be the main decomposers that activate difficult-to-dissolve potassium in soil (Bin et al., 2000). Silicate bacteria secrete organic acids such as oxalic acid, acetic acid, tartaric acid, and citric acid, which ionize to produce hydrogen ions or directly chelate iron, aluminum, calcium, and magnesium ions from potassium-containing minerals such as feldspar, mica, granite, and other silicates, causing them to decompose and release potassium ions, activating the difficult-to-dissolve potassium (Diep, 2013; Yao et al., 2013). Soil fumigation has a significant impact on the composition, structure, and diversity of microbial communities, which may affect the abundance and activity of microorganisms that can decompose difficult-to-dissolve potassium. For example, the abundance of Bacillus spores increased significantly after chloropicrin fumigation, while 1, 3-dichloropropene fumigation promoted the number of nitrogen-fixing bacteria such as Bradyrhizobium and Rhizobium (Fang et al., 2018a). Bacillus and Rhizobium have both been found to have the ability to release difficult-to-dissolve potassium. For example, B. mucilaginosus found in the corn rhizosphere can convert structural potassium in minerals into available potassium for absorption and use by the corn, thereby increasing its yield (Hu et al., 2013). Meanwhile, indigenous nitrogen-fixing bacteria have the ability to activate ineffective potassium in soil. Their secretion of large amounts of hydrogen ions and organic acids such as oxalic acid and malic acid can promote the dissolution of soil mineral potassium, but their activation ability varies depending on the bacterial strain (Zhang et al., 2015). Therefore, changes in the soil bacterial community structure after fumigation may affect the microbial activation and decomposition of non-exchangeable mineral potassium. Our results show that chloropicrin fumigation had a long-term inhibitory effect on microbial diversity, and the microbial abundance potentially associated with was still not recovered at the end of the test period.

Potassium-solubilizing bacteria include B. circulans, B. mucilaginosus, Pseudomonas, and the types of bacteria presents may vary depending on the soil type. However, Bacillus is the predominant genus (Gu et al., 2013). In this study, we observed that chloropicrin soil fumigation sharply changed the abundances of Bacillus species, including significantly decreasing the abundance of OTU1149 and increasing that of OTU2801 and OTU 4484. This change would affect the decomposition of soil slowly available potassium, thereby resulting in changes in the content of soil available potassium. However, compared with microbial indices, tomato growth indices might be more important factors driving potassium uptake. We observed that all the determined growth indexes, including dry weight, plant height, and stem diameter, were significantly negatively correlated with the soil content of potassium. Previous studies indicated that soil potassium-solubilizing bacteria promote crop growth mainly by providing nutrients for crop growth and enhancing crop stress resistance (Wu et al., 2003; Na et al., 2009). In addition, researchers have shown that the promoting effects of potassium-solubilizing bacteria on plant growth not only are reflected in an increase of available potassium content in the soil but also may be manifested in ways such as secretion of growth hormones, improvement of disease resistance, and enhancement of the rhizosphere microecological environment (Liu et al., 2006).




5. Conclusion

Chloropicrin soil fumigation significantly reduced the content of rapidly available potassium and available potassium in soil from around 4 weeks post-fumigation, and promoted the absorption of potassium by tomato. Chloropicrin fumigation significantly decreased soil bacterial and fungal community diversity and affected the abundances of Bacillus species, which are often potassium-solubilizing bacteria. Therefore, fumigation with chloropicrin enhanced the contribution of soil potassium to tomato growth and reduced the contribution of bacterial communities. Together, our research represents an important step in understanding the fertilizer effect of soil fumigation.
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Root exudates contain a complex array of primary and specialized metabolites that play important roles in plant growth due to their stimulatory and inhibitory activities that can select for specific microbes. In this study, we investigated the effects of different root exudate concentrations on the growth of ginseng (Panax ginseng C. A. Mey), ginsenoside levels, and soil fungal community composition and diversity. The results showed that low root exudate concentrations in the soil promoted ginseng rhizome biomass and ginsenoside levels (Rg1, Re, Rf, Rg2, Rb1, Ro, Rc, Rb2, Rb3, and Rd) in rhizomes. However, the rhizome biomass and ginsenoside levels gradually decreased with further increases in the root exudate concentration. ITS sequencing showed that low root exudate concentrations in the soil hardly altered the rhizosphere fungal community structure. High root exudate concentrations altered the structure, involving microecological imbalance, with reduced abundances of potentially beneficial fungi (such as Mortierella) and increased abundances of potentially pathogenic fungi (such as Fusarium). Correlation analysis showed that rhizome biomass and ginsenoside levels were significantly positively correlated with the abundances of potentially beneficial fungi, while the opposite was true for potentially pathogenic fungi. Overall, low root exudate concentrations promote the growth and development of ginseng; high root exudate concentrations lead to an imbalance in the rhizosphere fungal community of ginseng and reduce the plant’s adaptability. This may be an important factor in the reduced ginseng yield and quality and soil sickness when ginseng is grown continuously.
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 Panax ginseng, root exudates, rhizome biomass, ginsenosides, fungal community structure


1. Introduction

Ginseng (Panax ginseng C. A. Mey) is mainly found in China, Korea, and Russia, and it is a valuable traditional medicinal herb in East Asia (Abid et al., 2021). With the surge in demand for medicine, the sources of wild ginseng are declining rapidly, and artificial cultivation has become inevitable (Dong et al., 2018). However, this planting method seriously restricts the healthy and sustainable development of the ginseng industry due to soil sickness (Xiao et al., 2016). In short, the high demands on soil quality result in ginseng not being able to grow on the same piece of land for several years in a row (Bao et al., 2022). Ginseng often suffers from soil-borne diseases that damage its root system, eventually leading to a significant reduction in yield and quality (Lei et al., 2017). Therefore, understanding the mechanisms underlying ginseng soil sickness is key in order to improve the yield and quality of ginseng and to break the bottleneck in the development of the ginseng industry.

Root exudates are an important cause of soil sickness (Liu et al., 2020). Chemical substances released from plant root exudates include high- and low-molecular-weight compounds of various chemical classes, such as organic acids, alcohols, sugars, phenols, and hormones (Baetz and Martinoia, 2014). In the soil environment, microbial communities are often influenced by host plant root exudates that not only attract or repel pathogenic bacteria in the swimming stage, but also stimulate or inhibit the germination of non-swimming propagules (Lei et al., 2017). In recent years, the interactions between root exudates and rhizosphere microorganisms and the associated mechanisms have attracted the attention of many researchers (Zhao et al., 2021; Upadhyay et al., 2022). Research has shown that plants use their root exudates to regulate the nearby soil environment, shape the microbiota, and communicate with microorganisms (Salem et al., 2022). Although many aspects of this process remain controversial, a wealth of evidence has indicated the ability of root exudates to regulate plant growth and development by shaping the rhizosphere microbiota (Reinhold-Hurek et al., 2015). For example, Zhou et al. (2023) found that suitable intercropping systems improved the adaptability of intercropped plants (tomato) by using signaling chemicals released by root exudates (potatoonion) to alter recruitment of the rhizosphere microbiota. Luo et al. (2022) showed that when the aboveground part of Panax notoginseng was infected by foliar pathogens, it enhanced its secretion of organic acids, sugars, and amino acids in its root exudates, inhibited soil-borne pathogens, enriched beneficial microorganisms, and reduced underground soil-borne diseases.

However, plant root exudates may also have a negative impact on plant development and reduce plant adaptation to pathogens (Yu et al., 2022). An increasing number of studies have shown that ginseng root exudates can cause an imbalance in soil microbial communities, outbreaks of soil-borne diseases, and deterioration of soil physicochemical properties (Li et al., 2020; Tong et al., 2021). For example, saponin-like root exudates cause ginseng root cell death and the release of cellobiose and d-galacturonic acid into the soil, and the accumulation of these compounds increases the number of pathogenic bacteria such as Ilyonectria and reduces the number of beneficial microorganisms such as Pseudomonas and Streptomyces in the soil (Xu et al., 2021). Phenolic acid root exudates are thought to have a greater impact on rhizosphere microorganisms than other secretory compounds such as sugars and amino acids. Phenolic acid can lower soil pH and increase the abundance of phytopathogenic fungi such as Fusarium, Gibberella, and Ilyonectria, causing ginseng root rot (Badri et al., 2013). Root rot is one of the common soil-borne diseases of ginseng, with an incidence of up to 30% in the field, and the incidence increases with age (Bischoff and Goodwin, 2022). Apparently, ginseng root exudates can induce changes in rhizosphere abiotic and biotic properties that in turn affect root growth, in a plant-soil negative feedback mechanism (van der Putten et al., 2013). This feedback plays an important role in maintaining plant diversity and driving community dynamics in natural ecosystems, but it is an important limiting factor for crop productivity in intensive agricultural systems (Crawford et al., 2019; Pizano et al., 2019). Therefore, to ensure the healthy and sustainable development of the ginseng industry, it is necessary to explore the mechanisms underlying the feedback effects of root exudates in plant-soil systems.

Soil microorganisms are the main engines in agroecosystems, driving the turnover of nutrients in the soil (Nie et al., 2018). Fungi include a variety of functional groups (decomposers, mycorrhizal fungi, etc.) and play an important role in soil (Zhao et al., 2023). Although many factors may lead to increased disease stress and decreased yield in continuous ginseng cultivation, changes in soil fungal communities are a major factor (Zhu et al., 2020). Researchers have found that the richness and diversity of rhizosphere fungi can significantly affect the yield and quality of crops (Gao et al., 2019; Sun et al., 2022), which supports the above finding. However, there is still no systematic understanding of the specific effects of different root exudate concentrations on the yield and quality of ginseng, and on the rhizosphere fungal communities. Carrying out an integrated study of the relationship between root exudates and soil fungal communities is not only important for exploring soil microbial diversity in ginseng fields and controlling soil-borne diseases in ginseng, but it will also greatly contribute to our understanding of the feedback behaviour in plant-soil systems (Cai et al., 2021).

In summary, to clarify the ginseng-root exudates-rhizosphere fungi relationships, we explored the effects of different root exudate concentrations on ginseng growth indexes (plant height, stem and leaf fresh weight, rhizome fresh weight, and rhizome dry weight), medicinal ginsenoside levels, and rhizosphere fungal communities. The main objectives of the study were to: (i) reveal the trends in ginseng growth indexes under different root exudate concentrations; (ii) elucidate the characteristics of the ginseng rhizosphere fungal community structure under different root exudate concentrations; and (iii) explore the responses of medicinal ginsenoside levels to changes in the ginseng rhizosphere fungal community structure. On this basis, we hope to develop a new ecological strategy to alleviate ginseng soil sickness by regulating the root exudate concentration and the rhizosphere fungal community.



2. Materials and methods


2.1. Preparation and composition analysis of ginseng root exudates

The extraction of root exudates was carried out according to the method established by Williams et al. (2021), with slight modification. Sand:perlite at a volume ratio of 3:2 was used as a soilless culture matrix. Three-years-old ginseng was rinsed with sterile water and planted in this substrate. The surface of the substrate was covered with thin cotton to prevent impurities from falling into the substrate. During the growth of ginseng, distilled water and nutrient solution (Hoagland’s nutrient solution, mainly composed of potassium nitrate, calcium nitrate, magnesium sulfate, phosphate, etc.) were alternately used for irrigation once a week. In mid-October, the plants were pulled out and the substrates were collected. The root exudates were extracted using ultrapure water and 95% ethanol. The extraction was carried out at a solid-to-liquid ratio of 1:20 (w/v), using constant-temperature shaking (28°C, 24 h) followed by ultrasonic extraction (50 Hz, 25°C, 30 min). It was repeated three times. The extracts were combined, centrifuged (5,000 g, 10 min), and filtered through a 0.22 μm membrane. The filtrate was dried under reduced pressure and stored at −20°C.

The analysis of the root exudate composition referred to the gas chromatography (GC)-mass spectrometry (MS) method established by Xiang et al. (2022). A small sample of the extract was dissolved in methanol and passed through a 0.22 μm filter membrane. Subsequently, a GC-MS system (Agilent 7000D gas chromatograph and 8,890 mass spectrometer; Agilent Technologies, Santa Clara, United States) was used to analyze the root exudate composition. The capillary column was HP-5MS (30.0 m × 0.25 mm × 0.25 μm), the carrier gas was He, the flow rate was 1 mL min−1, the injection volume was 1 μL, and the inlet temperature was 250°C. The measurement procedure involved the following: the column temperature was 45°C, held for 2 min, 5°C min−1 to 280°C, held for 10 min. The MS conditions were as follows: electron ionization (EI) source, 70 eV; scan range, 20–800 amu. Qualitative and quantitative analyses were performed by comparing the data obtained from the GC-MS analysis with the NIST20.L spectral library and retaining the components with a match >80%.



2.2. Site description and experiment design

The experimental site was located in Qixing Baicao Garden, Changchun City, Jilin Province, China (43°49′48″ N, 125°24′53″ E). The area is 399 m above sea level, with a mean annual temperature of 4.6°C and annual precipitation of about 600 to 700 mm. In the experiment, 500 g of farmland soil was placed in 8 × 8 cm pots. Two-years-old ginseng plants of uniform size and good growth were transplanted (one plant per pot). The soil was dark brown sandy loam, with pH 6.39, organic matter 51.56 g·kg−1, available nitrogen 31.06 mg·kg−1, available phosphorus 28.63 mg·kg−1, and available potassium 86.33 mg·kg−1.

In June 2021, six different concentrations of ginseng root exudates (total organic carbon 7.93 mg·g−1) were added to the potted soil by dissolving appropriate amounts of ginseng root exudates in a constant volume of water and evenly spraying the water onto the soil surface of the pots. The added root exudate concentrations in the six groups (with six replicate pots per group) were 0 mg·g−1 (CK), 0.3 mg·g−1 (T1), 1.5 mg·g−1 (T2), 3 mg·g−1 (T3), 6 mg·g−1 (T4), and 15 mg·g−1 (T5). Other factors (such as protective measures, irrigation, and weeding) during the cultivation period were consistent with field factors to ensure that the external differences among the treatments were minimized.



2.3. Sample collection and growth index determination

After 60 days of cultivation, the ginseng plants and rhizosphere soil in each treatment group were collected. The plant growth indexes (plant height, stem and leaf fresh weight, rhizome fresh weight, and rhizome dry weight) were then measured (six replicates per group). The surface soil was removed from the rhizomes and the rhizosphere soil was then collected with a brush and mixed, and divided into three equal parts per group of samples. The non-medicinal parts of the plants were then removed and the rhizomes were cleaned, dried, ground into fine powder, sieved (250 μm), and divided into three equal parts per group of samples (for ginsenoside level determination). The samples were immediately stored in a refrigerator at −80°C prior to analysis.



2.4. Determination of the levels of 10 ginsenosides in the rhizomes

The levels of ginsenosides (saponins) Rg1 (C42H72O14, CAS: 22427-39-0), Re (C48H82O18, CAS: 51542-56-4), Rf (C42H72O14, CAS: 52286-58-5), Rg2 (C42H72O13, CAS: 52286-74-5), Rb1 (C54H92O23, CAS: 41753-43-9), Ro (C48H76O19, CAS: 34367-04-9), Rc (C53H90O22, CAS: 11021-14-0), Rb2 (C53H90O22, CAS: 11021-13-9), Rb3 (C53H90O22, CAS: 68406-26-8), and Rd. (C48H82O18, CAS: 52705-93-8) in 18 rhizomes samples (3 per group) were determined using a high-performance liquid chromatography (HPLC)-UV detector (Shimadzu, Kyoto, Japan). The specific assay conditions referred to the method established in the previous phase of this study (Sun et al., 2022).



2.5. DNA extraction, PCR amplification, and illumina sequencing

The soil fungal community analysis referred to the method of Sun et al. (2022), with slight modification. An MN NucleoSpin Soil DNA Kit (Macherey-Nagel, Germany) was used to extract the total rhizosphere soil DNA from 18 soil samples (3 per group). The quality and concentration of DNA were assessed using 1.8% (w/v) agarose gel electrophoresis and a Multiskan Sky full-wavelength microplate reader (Thermo Fisher Scientific, Waltham, MA, United States). A soil fungal ITS full-length PCR amplification system, with primers ITS1F (5′-CTT GGT TTA GAG GAA GTA A-3′) and ITS2 (5′-GCT GCG TTC TTC ATC GAT GC-3′), was used for amplification. The reaction system comprised template DNA 50 ng, KOD FX Neo 0.2 μL, KOD FX Neo buffer 5 μL, 2 mM dNTP 2 μL, 10 μM forward and reverse primers 0.3 μL, and ddH2O to 10 μL. The reaction procedure was as follows: pre-denaturation at 95°C for 5 min, 25 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 40 s, and a final extension at 72°C for 5 min. The PCR products were quantified using a microplate reader and mixed according to the mass ratio of 1:1. After mixing, an OMEGA DNA purification column was used for purification. Sequencing was then performed on an Illumina HiSeq platform using standard protocols.



2.6. Sequencing data processing and statistical analysis

Raw reads were filtered with Trimmomatic-0.33, then Cutadapt (v 1.9.1) was used to identify and remove primer sequences to obtain clean reads. The clean reads for each sample then underwent splicing and length filtering using Usearch (v 10). The Effective Reads were obtained by removing chimeric sequences using UCHIME (v 4.2). Sequences with 97% nucleotide identity were then clustered into operational taxonomic units (OTUs) using Usearch (v 10.0). A representative sequence from each OTU was classified using the UNITE database (v 7.2, http://unite.ut.ee/index.php).

Subsequently, community richness and diversity indices were calculated using QIIME (v 1.9.1). Dilution curves were plotted using R software (v 3.6.0), and Bray–Curtis distance tests were performed for differences in community composition. Principal coordinate analysis (PCoA) as performed using the WGCNA, stat, and ggplot2 packages in R. Heatmaps were generated using the Vegan package in R to analyze the composition of the fungal communities.

Statistical analysis and graphical plotting of ginseng growth indexes and ginsenoside levels were performed using SPSS (v 21.0), GraphPad Prism (v 8.0), and Origin (v 2019). All values are expressed as mean ± standard deviation (SD). Normality of distribution and homogeneity of variance were evaluated before the statistical analysis was conducted. One-way analysis of variance (ANOVA) with student’s t-test was used for statistical comparison, and p < 0.05 was considered statistically significant.




3. Results


3.1. GC-MS analysis of ginseng root exudates

The extraction rate of root exudate from the rhizosphere soil of 3 years-old ginseng was 0.38%. GC-MS was used to identify the chemical components of the exudate (Supplementary Figure S1). Twenty of the major chemical components were isolated and identified (Table 1).



TABLE 1 Component analysis of ginseng root exudates.
[image: Table1]



3.2. Effects of root exudate concentrations on growth indexes of ginseng

Biological characteristics such as growth indexes (Table 2) visually reflect the adaptability of plants to the soil environment and are important indicators for evaluating plant vigor. Low root exudate concentrations (T1 and T2) had little effect on plant height, but plant height decreased with further increases in the root exudate concentration, with the largest decrease in the T4 group (p < 0.05), which was 23.78% lower than in the CK group. Similarly, the lowest stem and leaf fresh weight occurred in the T4 group and there was no significant difference between T5 and T4 (p > 0.05). Interestingly, fresh and dry rhizome weights were higher in the low root exudate concentration groups (T1 and T2) than the CK group but significantly lower (p < 0.05) in the high root exudate concentration groups (T4 and T5) than the CK group, and lowest under T5 (40.09% and 38.35%, respectively, lower than in the CK group).



TABLE 2 Effects of different root exudate concentrations on growth indexes of ginseng (n = 6).
[image: Table2]



3.3. Effects of root exudate concentrations on 10 ginsenosides in ginseng

The levels of 10 major ginsenosides were determined by analyzing the concentration of each individual ginsenoside (Supplementary Figure S2) in ginseng rhizomes treated with different root exudate concentrations. As shown in Figure 1, the responses of each ginsenoside to different root exudate concentrations differed.

[image: Figure 1]

FIGURE 1
 Effects of root exudate concentrations on ginsenoside levels in ginseng rhizomes (n = 3). Different letters indicate significant differences between treatments, p < 0.05. Root exudate concentrations: CK, 0 mg·g−1; T1, 0.3 mg·g−1; T2, 1.5 mg·g−1; T3, 3 mg·g−1; T4, 6 mg·g−1; T5, 15 mg·g−1.


Low root exudate concentration promoted the synthesis of Rg1, which peaked under T2 (1.39 times that in the CK group). However, Rg1 decreased with further increases in the root exudate concentration (35.23% decrease in the T5 group compared to the CK group). The trends in Ro, Rb1, Rb2, Re, and Rd. were similar to Rg1; when the root exudate concentration was 1.5 mg·g−1 (T2), each ginsenoside (Ro, Rb1, Rb2, Re, and Rd) was significantly higher than in the CK group (p < 0.05) but when the root exudate concentration reached 15 mg·g−1 (T5), each ginsenoside was lowest. Unlike Rg1, Rf and Rg2 peaked under T1 and then decreased with increasing root exudate concentrations. Rb3 peaked under T3 (1.41 times that in the CK group) and was lowest under T5 (significantly lower than in the CK group (p < 0.05)). Increasing root exudate concentrations did not promote the accumulation of Rc, which tended to decrease gradually with increasing root exudate concentrations.



3.4. Effects of root exudate concentrations on proportions and total absolute level of 10 ginsenosides in ginseng

The quality of medicinal herbs depends on the proportions and total absolute level of medicinal components. Under different root exudate concentrations, the proportion of each ginsenoside among the 10 ginsenosides changed (Figure 2A and Supplementary Table S1). For example, in the T2 group, the proportions of Ro and Rb1 increased and the proportions of Rc and Re decreased compared to the CK group.

[image: Figure 2]

FIGURE 2
 Effects of root exudate concentrations on the proportion of each ginsenoside (A) and absolute level of all 10 ginsenosides (B) in ginseng (n = 3). Different letters indicate significant differences between treatments, p < 0.05. Root exudate concentrations: CK, 0 mg·g−1; T1, 0.3 mg·g−1; T2, 1.5 mg·g−1; T3, 3 mg·g−1; T4, 6 mg·g−1; T5, 15 mg·g−1.


The change in the total absolute ginsenoside level (Figure 2B) under different root exudate concentrations was similar to that of the rhizome biomass (Table 2). The total absolute ginsenoside level increased when the root exudate concentration was ≤1.5 mg·g−1 (T2), peaking in the T2 group (1.27 times that in the CK group). When the root exudate concentration was >1.5 mg·g−1, it gradually decreased with increasing root exudate concentration, being lowest in the T5 group (only 51.56% of that in the CK group).



3.5. Effects of root exudate concentrations on fungal community α-diversity

High-throughput sequencing was performed on 18 soil samples using an Illumina HiSeq platform (Table 3). The dilution curves showed that the number of OTUs of the samples was close to the saturation level, indicating that there were enough samples to perform the assay and the sequencing was sufficient to reflect the real situation of the samples (Supplementary Figure S3). The number of clean reads per sample ranged from 61,759 to 79,729 and the number of OTUs ranged from 1,525 to 1,742, and the coverages of all samples were >99.70%.



TABLE 3 High-throughput sequencing results and α-diversity indexes of ginseng rhizosphere soil samples (n = 3).
[image: Table3]

The ACE and Chao1 indexes evaluate the species richness of the samples, and the Shannon and Simpson indexes evaluate the species diversity of the samples. Analysis of the ginseng rhizosphere fungal communities showed that the ACE and Chao1 indices showed similar trends under increasing root exudate concentrations, first increasing and then decreasing, peaking under T4. Similarly, the Shannon index peaked under T4. Unlike the Shannon index, the Simpson index peaked under T5, which was significantly higher than that in the CK group (p < 0.05).



3.6. Effects of root exudate concentrations on fungal community composition

The fungal taxa were identified on the basis of OTUs (Figure 3). At the phylum level (Figure 3A), the fungi in ginseng rhizosphere soil were mainly Ascomycota, Mortierellomycota, and Basidiomycota. The relative abundances of the top 10 fungal phyla are listed in Supplementary Table S2. There were no notable differences in the relative abundance of each dominant phylum between the low root exudate concentration groups (T1 and T2) and the CK group, but the differences after further increases in the root exudate concentration were notable. Among the phyla, the relative abundance of Ascomycota increased with increasing root exudate concentration, peaking under T5 (relative abundance, 74.04%). Unlike Ascomycota, the relative abundances of Mortierellomycota and Glomeromycota decreased with increasing root exudate concentration, being lowest under T5 (50.06 and 29.00% of that in the CK group).
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FIGURE 3
 Relative abundances of fungal phyla (A) and genera (B) in the rhizosphere soil of ginseng under different root exudate concentrations (n = 3). Root exudate concentrations: CK, 0 mg·g−1; T1, 0.3 mg·g−1; T2, 1.5 mg·g−1; T3, 3 mg·g−1; T4, 6 mg·g−1; T5, 15 mg·g−1.


The top 10 fungal genera are shown in Figure 3B, and their relative abundances are listed in Supplementary Table S3. As with the phyla, there was no significant difference in the relative abundance of each dominant fungal genus between the treatment groups and the CK group when root exudate concentrations were ≤1.5 mg·g−1. However, the relative abundance of each fungal genus changed considerably with increasing root exudate concentrations. Among them, Mortierella, Chaetomium, Purpureocillium, Metacordyceps, and Stachybotrys gradually decreased with increasing root exudate concentrations compared to the CK group. However, the opposite was true for Fusarium, Aspergillus, Cladosporium, Penicillium, and Monascus, as they significantly increased compared to the CK group when the root exudate concentration increased. These five genera peaked under T5 (1.43, 1.93, 1.97, 2.62, and 1.56 times that in the CK group, respectively).



3.7. Effects of root exudate concentrations on fungal community structure

To compare the community structure of ginseng rhizosphere fungi under different root exudate concentrations, PCA, PCoA, and analysis of similarities (ANOSIM) were carried out. PCA (Figure 4A) showed that the two main extracted coordinates cumulatively explained 82.21% of the variance, with PC1 and PC2 explaining 83.27 and 6.41%, respectively. The T1 and T2 groups were less different from the CK group, while the T3, T4, and T5 groups gradually moved to the right along the PC1 direction as the root exudate concentration increased. PCoA (Figure 4B) also showed differences in fungal community structure under different root exudate concentrations. The T1 and T2 groups were on the same side of the coordinate axis as the CK group, while the T4 and T5 groups were on the other side. Also, ANOSIM showed moderate differences (R = 0.556, p = 0.001) in rhizosphere fungal communities under different root exudate treatment concentrations (Supplementary Figure S4).
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FIGURE 4
 Analysis of fungal community structure in ginseng rhizosphere soil. (A) PCA and (B) PCoA of fungal communities based on OTUs. Root exudate concentrations: CK, 0 mg·g−1; T1, 0.3 mg·g−1; T2, 1.5 mg·g−1; T3, 3 mg·g−1; T4, 6 mg·g−1; T5, 15 mg·g−1.


To clarify the structural differences among the fungal communities under different root exudate concentrations, we constructed a relative abundance heatmap for genera with relative abundance >5% (Figure 5). The results showed that the low root exudate concentration groups (T1 and T2) clustered with the CK group, while the fungal communities differed more between the high concentration groups (T4 and T5) and the CK group, which was consistent with the results of PCA and PCoA.

[image: Figure 5]

FIGURE 5
 Heatmap of relative abundances of fungal genera. Root exudate concentrations: CK, 0 mg·g−1; T1, 0.3 mg·g−1; T2, 1.5 mg·g−1; T3, 3 mg·g−1; T4, 6 mg·g−1; T5, 15 mg·g−1.


To further clarify the structural differences in the rhizosphere fungal communities in the high root exudate concentration group (T5) compared to the CK group, we performed LEfSe analysis for the T5 and CK groups and explored the biomarkers from phyla to genera (Figure 6). The representative phyla of the CK group were Mortierellomycota and Glomeromycota, and that in the T5 group was Ascomycota. At the class and order levels, Eurotiomycetes (class), Dothideomycetes (class), Tremellomycetes (class), Eurotiales (order), Aspergillaceae (order) and Nectriaceae (order) were representative for the T5 group. The representative genera of the CK group were Mortierella, Chaetomium, and Purpureocillium and that in the T5 group was Aspergillus.

[image: Figure 6]

FIGURE 6
 LEfSe analysis of rhizosphere fungal communities in the CK and T5 groups. (A) Cladogram of taxonomic levels from phylum to genus and (B) taxa with LDA values > 4. Root exudate concentrations: CK, 0 mg·g−1; T5, 15 mg·g−1.




3.8. Correlations among 10 major rhizosphere fungal genera and yield and quality of ginseng

Spearman correlation analysis was performed, involving ginseng yield (dry and fresh weight of rhizomes), quality (ginsenoside levels), and rhizosphere fungal communities (relative abundances of 10 major fungal genera) (Figure 7). The results showed that there were significant positive correlations (p < 0.05) among the ginsenosides in ginseng rhizomes. However, there were large differences in the correlations among the 10 major fungal genera. Among them, there were significant positive correlations (p < 0.05) among Fusarium, Aspergillus, Cladosporium, Penicillium, and Monascus. However, they were significantly negatively correlated (p < 0.05) with five other fungal genera (Mortierella, Chaetomium, Purpureocillium, Metacordyceps, and Stachybotrys), suggesting that there may be a strong antagonistic effect between the two fungal subgroups.
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FIGURE 7
 Correlation analysis of ginseng yield, quality, and fungal genera under different root exudate concentrations.


Notably, the relative abundances of the fungal genera Mortierella, Chaetomium, Purpureocillium, Metacordyceps, and Stachybotrys were significantly positively correlated with each ginsenoside and the total ginsenoside level, with correlation coefficients >0.50 (p < 0.05). Similarly, these five genera were significantly positively correlated with the fresh and dry weight of rhizomes, indicating that these genera may promote ginseng rhizome growth and the accumulation of medicinal ginsenosides. The opposite was true for the fungal genera Fusarium, Aspergillus, Cladosporium, Penicillium, and Monascus, which were significantly negatively correlated (p < 0.05) with both ginsenoside levels and rhizome biomass, suggesting that these fungal genera may exert inhibitory effects on ginseng rhizome growth and ginsenoside synthesis.




4. Discussion


4.1. Effects of root exudate concentrations on the growth and quality of ginseng

Plants release a series of compounds into the soil through their roots during the growth phase. These compounds, which are called root exudates (Li et al., 2022), determine the interactions between plants and their surroundings. Therefore, a thorough understanding of plant root exudates is important for basic science as well as for improving crop yield and quality (Escolà Casas and Matamoros, 2021). This study showed that the main components of ginseng root exudates were amides, organic acids, and esters. Each growth index of ginseng (plant height, stem and leaf fresh weight, rhizome fresh weight, and rhizome dry weight) showed that the plants had better adaptability at root exudate concentrations ≤1.5 mg·g−1 (T2). However, with further increases in the root exudate concentration, all growth indexes were inhibited. This was especially the case for the rhizome dry weight (which was significantly reduced compared to in the CK group), which determines the yield of ginseng. This highlights that the root exudate concentration is an important factor in regulating the growth and development of ginseng. Excitingly, previous research on other plants of the same family, such as Panax notoginseng and Panax quinquefolium, showed that these plants had similar responses to the effect of high root exudate concentrations, specifically apoptosis of root tip cells and inhibition of seedling germination and growth, suggesting that the accumulation of root exudates may disrupt soil homeostasis, negatively affect crop growth, and consequently reduce crop yield (He et al., 2009; Yang et al., 2015).

The cultivation of medicinal herbs should not only consider yield but also focus on quality (Ostadi et al., 2020). This study showed that appropriately low root exudate concentrations promoted the accumulation of multiple ginsenosides, though the intensity of the response of each of these ginsenosides to the root exudate concentration changes differed. Six of the ginsenosides (Rg1, Ro, Rb1, Rb2, Re, Rd) peaked under T2 (added root exudate concentration of 1.5 mg·g−1), while Rf and Rg2 peaked under T1. However, with further increases in the root exudate concentration, each ginsenoside decreased, being significantly lower under T5 than in the CK group. Interestingly, increasing root exudate concentrations did not promote the accumulation of Rc, which tended to decrease gradually with increasing root exudate concentrations. Subsequently, a comprehensive analysis of the total ginsenoside level (Figure 2) also showed that low root exudate concentrations increased this level, but further increases in the root exudate concentration had a significant negative impact. Therefore, we speculate that there are many allelopathic/autotoxic substances in ginseng root exudates, and their accumulation drives changes in rhizosphere abiotic or biotic characteristics, resulting in plant-soil negative feedback. It is worth noting that the regulation of crops by root exudates seems to involve complex processes that are entirely dependent on the feedback behavior of the plant-soil system (Luo et al., 2022). A deeper understanding of this feedback behavior is necessary for optimum ecological conservation and agricultural development.



4.2. Effects of root exudate concentrations on the rhizosphere fungal community of ginseng

Root exudates are important mediators of material exchange and information exchange in plant inter-root ecosystems, not only directly affecting soil productivity and plant growth, but also playing an important regulatory role regarding microbial diversity and community composition (Coskun et al., 2017; Wu et al., 2018). The α-diversity analysis (Table 3) showed an overall increasing and then decreasing trend in the richness and diversity of ginseng rhizosphere fungi with increasing root exudate concentrations. This provides a prerequisite for the regulation of fungal communities through root exudates to improve soil function and thus maintain plant health (Guo et al., 2018). The composition and abundance of fungal communities play important roles in the soil microecological balance (Wang et al., 2021). The species abundance heatmap (Figure 3) showed that Ascomycota was the dominant fungal phylum in ginseng rhizosphere soil, and its relative abundance gradually increased with increasing root exudate concentrations. The second most dominant phylum was Mortierellomycota, which is a biomarker in the rhizosphere soil of high-quality ginseng and is considered to be closely related to soil nutrients (Fang et al., 2022). The relative abundance of Mortierellomycota significantly decreased when the root exudate concentration was high, indicating that the accumulation of root exudates may suppress potentially beneficial fungi and thus affect plant health. Regarding the genera, the relative abundance of each fungal genus did not change significantly compared to the CK group when the root exudate concentration was low (added at ≤1.5 mg·g−1). When the root exudate concentration was higher, the relative abundance of potentially beneficial fungi decreased. Among them, Mortierella and Chaetomium are eutrophic fungi that can rapidly access simple carbon sources, which makes them good candidates to compete with fast-growing pathogenic fungi for nutrients (Zhao et al., 2018; Ma et al., 2021). Purpureocillium, Metacordyceps, and Stachybotrys can be used for biological control and have important roles in the control of insects and nematodes, among others (Elsherbiny et al., 2021). Obviously, the decrease in the abundance of potential beneficial fungi in the ginseng rhizosphere is likely to lead to an increase in pathogenic fungi, which seriously endangers plant growth and development. Predictably, the relative abundance of potentially pathogenic fungi gradually increased with increasing root exudate concentrations. Among these potentially pathogenic fungal genera, Fusarium, Aspergillus, and Penicillium are the main causes of ginseng root rot, resulting in decreased yield and poor growth (Li et al., 2018; Du et al., 2022). The fungal genera Cladosporium and Monascus are major causes of ginseng wilt, which can cause leaf scorch and even plant death (Goodwin, 2022). This further suggests that the imbalance of rhizosphere microecology caused by the massive accumulation of ginseng root exudates may be an important factor underlying the reduced yield and quality of ginseng. Excitingly, several recent studies have reported similar observations. For example, root exudates (phenolic acids) were shown to alter the rhizosphere fungal community structure of ginseng, increase the fungal pathogenic load, lead to root rot, and limit plant growth (Li et al., 2018). In addition, a study on Panax notoginseng showed that when the root exudates reached a certain concentration, significant autotoxicity was produced, resulting in replanting failure (Xiang et al., 2022).

Fungal community structure analysis (Figures 4, 5) showed that the structure of the ginseng rhizosphere fungal community was similar to that in the CK group at low root exudate concentrations (T1 and T2), but it varied more at higher concentrations (T4 and T5). To clarify the changes in fungal community structure at higher concentrations, we performed LEfSe analysis for the CK and T5 groups (Figure 6). The biomarker genera indicated that a high root exudate concentration (T5) increased the pathogenic fungi and left the fungal community devoid of multiple ecosystem functions. This highlights the fact that root exudates can selectively modulate the abundances of certain core microbial taxa in the soil, and it is clearly unwise for host plants to secrete too much root exudate. We speculate that changes in the microbial community structure, involving a microecological imbalance in the rhizosphere soil, caused by the accumulation of ginseng root exudates is a key factor underlying ginseng soil sickness.



4.3. Root exudates, ginseng yield, ginseng quality, and fungal community interactions

Through the study of the plant-soil system we found that root exudates (amides, organic acids and esters) play a direct or indirect role in the growth and development of ginseng and ginsenoside synthesis. Little change in the ginseng rhizosphere fungal community structure occurred when the root exudate concentration in the soil was low; the increases in ginseng yield and quality in this situation may have been due to the direct involvement of root exudates in plant growth and metabolism rather than regulation of root-associated microorganisms (Dang et al., 2023). When the root exudate concentration in the soil exceeded a certain threshold (1.5 mg·g−1), the structure of the rhizosphere fungal community changed considerably; in this situation, the root exudates may have indirectly reduced the ginseng yield and quality by impacting the rhizosphere fungi. Similar roles played by root exudates have also been confirmed in other studies. For example, it has been shown that root exudates (oleamide, hexadecanamide, ethanolamine, etc.) act as a source of carbon and nitrogen, and their release and accumulation enhance competition between pathogens and other microorganisms and hinder healthy plant growth (Miao et al., 2023).

To further verify the relationships among ginseng yield, ginseng quality, and rhizosphere fungal communities under different root exudate concentrations, we conducted a correlation analysis (Figure 7). The results showed that soil fungal communities were closely related to ginseng yield and quality. Among them, the potential beneficial bacteria, represented by Mortierella, were significantly positively correlated with ginseng rhizome biomass and ginsenoside levels. Potential pathogens, represented by Fusarium, had strong negative correlations with rhizome biomass and ginsenoside levels. This suggests that the dominant fungi in the rhizosphere soil played an important role in ginseng growth and ginsenoside synthesis. The relationship between fungal communities and plant metabolism appears to involve a dynamic and complex biological process. Studies have shown that rhizosphere fungi can influence the accumulation of plant metabolites by regulating the expression of genes related to the immune system and the activity of enzymes involved in metabolic processes (Martínez-Castro et al., 2018; Begum et al., 2020). Overall, the results suggested that ginseng root exudates disrupt the distribution of rhizosphere soil fungi via stimulation/inhibition of specific rhizosphere fungal taxa. In particular, there was an increase in potentially pathogenic soil-borne fungi, reducing the ginseng yield and quality and representing an important cause of soil sickness. Finally, it should be noted that plant-soil microbe interactions should not be simply classified as generally beneficial or harmful, but rather according to whether they enhance plant adaptation to the environment under specific environmental conditions (Trivedi et al., 2020). For example, Zhou et al. (2023) found that intercropping systems (potatoonion and tomato) altered the composition of the tomato rhizosphere microbiome by promoting colonization by specific Bacillus species, and they subsequently isolated the Bacillus and demonstrated that it could inhibit the growth of the fungus Verticillium dahliae and enhance systemic resistance in tomato plants. Furthermore, Jin et al. (2023) demonstrated through transplantation experiments involving representative rhizosphere microbiota strains (Sphingomonas sp. S21, Lysobacter sp. L08 and Pseudomonas sp. P13) that they contributed to cadmium toxicity mitigation by biochar amendments and to the growth of tomato plants. Therefore, recognizing the limitations of this study, we will validate the results by transplanting representative microbial strains in future studies to clarify the specific microbial functions.




5. Conclusion

The interactions between plants and soil microorganisms involving root exudates involves an extremely complex series of processes. Recognizing this complexity, this study explored the effects of different root exudate concentrations on ginseng growth and development, ginsenoside synthesis, and rhizosphere fungal community structure, aiming to reveal the feedback behaviors that root exudates trigger in the plant-soil system. We found that low root exudate concentrations in the soil did not alter the rhizosphere fungal community structure, but had a beneficial effect on ginseng growth and ginsenoside synthesis. High root exudate concentrations significantly reduced ginseng yield and quality and led to changes in the soil fungal community structure and microecological imbalances, including an increase in the relative abundance of potentially pathogenic fungi. Overall, we speculate that continuous cropping of ginseng will lead to the accumulation of root exudates in the soil. When the concentration reaches a certain threshold, the allelopathic autotoxicity effect will cause plant-soil negative feedback-related outcomes such as soil microbial structure deterioration, disease aggravation, and nutrient imbalance, which may be the main reasons for the decrease in ginseng yield and quality. Therefore, we believe that by exploring new technologies and adopting a series of environmentally friendly green measures, such as planting structure adjustment and fallowing of arable land, we can manage soil sickness at source. Furthermore, if necessary, reducing the root exudate concentration in the soil, killing pathogenic bacteria, and replenishing beneficial bacteria may improve the yield and quality of ginseng and reduce soil sickness.
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Introduction: Bacterial communities are important for soil functions, but the effect of clomazone on network complexity, composition, and stability is not well studied.

Method: In this study, two agricultural soils were used to test the impact of clomazone on bacterial communities, and the two soils were treated with three concentrations of clomazone (0, 0.8, 8, and 80 mg kg1) in an incubator.

Results and discussion: Bacterial network nodes, links, and average degrees were all decreased by 9–384, 648–829, and 0.703–2.429, respectively. Based on keystone nodes, the topological roles of the nodes were also influenced by clomazone. Bacterial network composition was also impacted based on the analysis of similarity (ANOSIM) and network dissimilarity. Compared with control and clomazone treatments in both soils, the ANOSIM between control and all clomazone treatments was higher than 0.6, network dissimilarities were 0.97–0.98, shared nodes were 131–260, and shared links were 12–100. The bacterial network stability was decreased by clomazone, with decreased robustness by 0.01–0.016 and increased vulnerability by 0.00023–0.00147 in both soils. There were fewer bacterial network modules preserved after clomazone treatment, and the bacterial network community functions were also impacted in both soils. Based on these results, soil bacterial species connections, modularization, and network stability were significantly impacted by clomazone.

KEYWORDS
clomazone, bacterial network, network composition, stability, dissimilarity


1. Introduction

The soil microorganismal community is an interconnected unity through various and complicated relationships, such as mutualism, commensalism, parasitism, neutral predation, competition, and amensalism (Faust and Raes, 2012; Coyte et al., 2015). For all these processes, soil microorganisms perform functions by maintaining material, energy, and information exchange (Montoya et al., 2006; Glaze et al., 2022) and are fundamental to organic-matter degradation, pollution control, agricultural production, groundwater quality keeping, nitrogen cycling, and greenhouse gas regulation (Falkowski et al., 2008; Li et al., 2021). Therefore, intermicrobial connections are vital for maintaining homeostasis in soil processes. Network analysis has been used to characterize the complex ecological relationships among microbial species, and network nodes and links are used to represent species and their relationships, respectively (Przulj and Malod-Dognin, 2016). Therefore, networks are useful for examining species relationships and ecosystem processes (Berry and Widder, 2014).

Soil microbial community networks are threatened by many challenges such as global warming (Yuan et al., 2021; Zhu et al., 2022), soil erosion (Qiu et al., 2021), and terrestrial pollution (Du et al., 2021). Network composition is important for the stability of soil processes. Among the factors that may perturb the integrity of soil microbial networks, pesticide application has become a substantial threat yet is a standard practice in modern agriculture. Indeed, previous studies have shown that pesticides have a direct impact on microbial communities and their functions (Lerner et al., 2020; Li et al., 2020; Liu et al., 2020; Qiao et al., 2020; Yang, 2021). For example, researchers have analyzed the effect of pesticides on soil microbial network topological indices (Gao et al., 2018). However, studies related to node persistence, microbial network composition, and stability were limited. It is well known that soil microbial composition is the base of soil ecology function. Therefore, the analysis of changes in network composition in response to pesticides has important implications on soil community functions.

Clomazone {2-[(2-chlorophenyl) methyl]-4,4-dimethyl-1,2-oxazolidin-3-one} is an isoxazolidinone compound commonly used as a selective herbicide for many crops, and it has a half-life of >195 days in the field (PPDB1). Previous reports showed that clomazone can influence soil microbial communities (Du et al., 2018), indicating that the network structure can be altered, yet no study has been carried out concerning whether clomazone can affect microbial networks. To address this issue, we carried out a microcosmic experiment indoors over a period of 3 months. In this study, network complexity, dissimilarity, network stability, and preserved modules were used to evaluate the impact of clomazone on bacterial network composition and stability. In addition, the correlations between functions and the network community were also analyzed to ascertain whether the functions were changed. These indices will reflect the impact of clomazone on bacterial network.



2. Materials and methods


2.1. Experimental design

There were two soils from the Jiansanjiang reclamation area (JSJ) and the Langfang research base of the Chinese Academy of Agricultural Sciences (LF). According to soil particle diameter, the soil form JSJ was identified as silty clay, and the soil form LF was identified as silty loam. The silty loam had 18 g organic matter kg−1, 74.9 mg available P kg−1, 289.8 mg available K kg−1, and a pH of 7.07; the silty clay had 25.8 g organic matter kg−1, 51.7 mg available P kg−1, 289.8 mg available K kg−1, and a pH of 7.24. The soils were sieved with 2-mm mesh and preincubated for 2 weeks (Trabue et al., 2006). The concentration transfer of this study was based on soil depth of 10 cm with a bulk density of 1.5 g cm−3 (GB/T31270.1-2014, 2014). The purity of clomazone is 98.4% and purchased from Beijing Qinchengyixin Technology Development Co., Ltd. (Beijing, China). Three clomazone treatments were prepared in brown bottles: 0.8 mg kg−1 (active ingredients per soil dry weight; L), 8 mg kg−1 (a.i./dw; M), and 80 mg kg−1 (a.i./dw; H). The L level represents recommended application rate in the field; the M level represents excessive use of clomazone in the field, and the H level represents extremely polluted soil (e.g., soil near a pesticide factory). In addition, a control treatment was also needed. These treatments were all prepared in triplicate. Soil moisture was adjusted daily by deionized water to 50% of the maximum water-holding capacity. The soil samples were kept for 90 days in an artificial climate box, and the temperature was maintained at 25°C. The samples were taken on days 7, 15, 30, 60, and 90 and kept in a refrigerator at -80°C.



2.2. 16s rRNA amplicon sequencing

Soil microbial DNA was extracted using a PowerSoil Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA), according to the instructions, and the DNA quality was evaluated using an ND-1000 spectrophotometer (NanoDrop Technologies). 16S rRNA gene was amplified by the primer sets of 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) (Yu et al., 2005). Microbial DNA was amplified in 50 μl reactions per sample, and each PCR solution contained 100–300 ng of DNA template, 1.5 μl of each 10 μM primer, 5 μl of 2 mM dNTPs, 1 μl of KOD-Plus-Neo enzyme (Toyobo, Shanghai, China), 5 μl of 10 × PCR Buffer for KOD-Plus-Neo, 3 μl of 25 mM MgSO4, and water to 50 μl. Reaction procedures were as follows: an initial step was 94°C and kept for 2 min, followed by 35 cycles of 98°C for 10 s, 62°C for 30 s, and 68°C for 30 s, and the final extension temperature was 68°C for 10 min. Negative-control reactions were also needed. PCR products were analyzed by 1.5% agarose gel electrophoresis and purified with a PCR Purification Kit from QIAGEN (Hilden, Germany). Purified PCR products were sequenced using Illumina equipment (Santiago, CA, USA). Amplicon sequencing data were processed through the USEARCH pipeline (Edgar, 2010, 2013), and clean data were clustered into operational taxonomic units (OTUs) with 97% similarity.



2.3. Co-occurrence network construction and characterization

All networks were established on the basis of Pearson's correlations and performed on Cytoscape (Faust and Raes, 2016). The correlation coefficient was set as 0.9. The network topological indices were also based on Cytoscape. For each network, the topological roles of each node were classified and calculated by nodes' within-module connectivity (Zi) and among-module connectivity (Pi) (Guimerà and Nunes Amaral, 2005). An adopted criterion in previous studies (Olesen et al., 2007; Zhou et al., 2011; Shi et al., 2016; Yuan et al., 2021) was used in this study to identify module hubs (Zi ≥ 2.5, Pi < 0.62), connectors (Zi < 2.5, Pi ≥ 0.62), and network hubs (Zi ≥ 2.5, Pi ≥ 0.62). Module hubs referred to nodes that were highly connected to other members in a module, connectors referred to nodes that linked different modules, and network hubs were nodes that were both a module hub and a connector. These nodes were referred to as keystone nodes. Other nodes were classified as peripherals (Banerjee et al., 2019; Röttjers and Faust, 2019).



2.4. Network comparison

In a network, the node composition in one network module differs from that in other modules. However, some modules may preserve with some shared nodes after environmental change (Deng et al., 2012). Fisher's exact test is used to evaluate an association of two categorical variables (Warner, 2013) and has been used to identify the preserved modules in previous studies (Horvath, 2011; Langfelder et al., 2011; Deng et al., 2012; Dong et al., 2021). This method has also been used to evaluate preserved modules between control and clomazone treatments in two soils. There were four categories for the nodes within the two networks during the evaluation of preserved modules. In the first case, members were included in two modules; in the second case, members were included in one module of the pair; in the third case, members were included in the other module of the pair; in the fourth case, members were not included in these two modules. To determine whether nodes in the two modules were independent or exclusive, the observed frequency of the four categories was placed into four cells of a contingency table for one-sided exact testing. Each p-value from the exact tests was adjusted through the Bonferroni procedure within each network. Through Fisher's exact test, two modules from different networks that both included a significant part of the same nodes were considered as preserved modules.



2.5. Network stability

Network stability could evaluate ecological system stability to disturbance (Thébault and Fontaine, 2010), and it was usually evaluated by network robustness and vulnerability (Wu et al., 2021; Yuan et al., 2021). Robustness and vulnerability were used to evaluate network stability (Wu et al., 2021; Yuan et al., 2021). Robustness is defined as the remaining proportion of species after random removal in the network (Montesinos-Navarro et al., 2017). In this study, every 0.05% of nodes was randomly removed to simulate random species removal. Vulnerability is calculated as V = max [(E – Ei)/E], in which E is the global efficiency and Ei is the global efficiency after removing node i and its entire links (Deng et al., 2012). Global efficiency is calculated as E = ∑j≠i[1/d(i,j)]/n(n – 1), in which d(i,j) is the number of edges in the shortest path of node i to j (Deng et al., 2012).



2.6. Picutis functions

The metabolic function of each sample was predicted by tax4fun based on 16S rRNA gene data (Aßhauer et al., 2015). There was one cellular process, three genetic information processing, and 11 metabolism categories that have been used to analyze the correlation with the bacterial community using the Mantel test (Duan et al., 2020). The cellular process was cell growth and death (CGD); the genetic information processing categories were folding, sorting, and degradation (FSD), replication and repair (RR), and translation; and the metabolism categories were carbohydrate metabolism (CM), lipid metabolism (LM), amino acid metabolism (AAM), metabolism of cofactors and vitamins (MCV), xenobiotic biodegradation and metabolism (XBM), biosynthesis of other secondary metabolites (BOSM), energy metabolism (EM), metabolism of terpenoids and polyketides (MTP), metabolism of other amino acids (MOAA), nucleotide metabolism (NM), and glycan biosynthesis and metabolism (GBM). Some functions were fundamental for ecological balance, for example, XBM is important for chemical pollution cleaning (Thelusmond et al., 2019).



2.7. Data analysis for network difference

Analysis of similarity (ANOSIM) has been used to evaluate differences in bacterial community structure based on Bray–Curtis distance (Oksanen et al., 2012). Network dissimilarity is an effective tool to evaluate networks' differences, and it is based on network nodes and edges (Poisot et al., 2012; Mo et al., 2021). Shared nodes and edges of two networks are used to evaluate coexisting elements of different networks. Correlation coefficient “r” has been used to evaluate the correlation of functions to the bacterial community; Fisher's least significant difference test has been used to evaluate significant differences, and a 5% level was set (p < 0.05).




3. Results


3.1. Network topological indices

There were eight networks that have been established in Figure 1A. In all networks, the node comprised mostly of eight phyla: Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadetes, Planctomycetes, Proteobacteria, and Verrucomicrobia. In the JSJ soil, the node percentages in clomazone treatments were increased in Acidobacteria, Proteobacteria (except for H treatment), and Verrucomicrobia (except for L treatment) but decreased in Actinobacteria, Gemmatimonadetes, Bacteroidetes (except for L treatment), Chloroflexi (except for M treatment), and Planctomycetes (except for M treatment) (Table 1). In the LF soil, Acidobacteria (except for H treatment), Chloroflexi (except for L treatment), Planctomycetes, and Verrucomicrobia were increased, while others were decreased (except for Actinobacteria in H treatment and Proteobacteria in M treatment) (Table 1).


[image: Figure 1]
FIGURE 1
 Visualization of bacterial networks for each treatment in the two soils. (A) The color of the nodes represents different phyla. (B) The color of the nodes represents different modules.



TABLE 1 Percentages of the predominant phyla in CK (control), L (0.8 mg kg−1), M (8 mg kg−1), and H (80 mg kg−1) treatments in the JSJ and LF soils.
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The network's topological indices are shown in Table 2. Compared with the network of the JSJ control soil, network size (total nodes), the number of links, and the degree of clomazone treatments were decreased by 9–127, 648–829, and 2.249–2.429, respectively. While in the LF soil, network size (total nodes), the number of links, and the degree of clomazone treatments were decreased by 228–384, 667–753, and 0.703–1.371, respectively.


TABLE 2 Network indices of each network.

[image: Table 2]

The influenced network could result in changing the roles of the networked members. Based on the criteria of node classification, keystone nodes were 473, 360, 466, and 392 for control, L, M, and H in the JSJ soil, respectively; network keystone nodes were 549, 360, 466, and 466 for control, L, M, and H in the LF soil, respectively (Figure 2). The shared keystone nodes were 173, 231, and 165 for the comparison of control and L, control and M, and control and H in the JSJ soil. The shared keystone nodes were 86, 119, and 119 for the comparison of control and L, control and M, and control and H in the LF soil (Figure 3).


[image: Figure 2]
FIGURE 2
 Keystone nodes in different bacterial networks.



[image: Figure 3]
FIGURE 3
 Venn diagram of keystone nodes in each network in the JSJ (A) and LF (B) soils.




3.2. Network dissimilarity, shared nodes, and links

ANOSIM is for the comparison of control and clomazone treatments. They were 0.617–0.879 in the JSJ soil and 0.985–0.997 in the LF soil (Table 3). The network dissimilarities between control and clomazone treatments were 0.954–0.983 in the JSJ soil and 0.979–0.990 in the LF soil (Table 3). These results revealed that the composition of each network was significantly impacted by clomazone in both soils. In addition, the shared nodes between control and clomazone treatments were used to evaluate the effects of clomazone in the JSJ soil and LF soil. Compared with the nodes in the JSJ soil control, the shared nodes were 196, 260, and 194 for L, M, and H treatments, respectively (Table 3). For the LF soil, there were 131, 151, and 171 shared nodes for L, M, and H treatments, compared with the nodes in the control treatments (Table 3). Compared with the links in the JSJ soil control, the shared links were 71, 100, and 36 for L, M, and H treatments, respectively (Table 3). For the LF soil, there were 17, 25, and 12 shared nodes for L, M, and H treatments, compared with the nodes in the control treatments (Table 3).


TABLE 3 ANOSIM, network dissimilarity, shared nodes, and links of the networked communities between control and clomazone treatments.
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3.3. Network stability

Based on random species loss, the robustness was decreased by 0.014–0.016 in clomazone treatments in the JSJ soil; for the LF soil, it was decreased by 0.01–0.013 in clomazone treatments (Figure 4). For vulnerability in the JSJ soil, it was increased by 0.00079–0.00147 in clomazone treatments; in the LF soil, it was decreased by 0.00023–0.00044 for clomazone treatments.


[image: Figure 4]
FIGURE 4
 Robustness and vulnerability of networks in the JSJ (A) and LF (B) soils.




3.4. Network organization

The influenced networks suggested that clomazone could alter network organization. The big modules (i.e., ≥5 nodes) were used to analyze preserved modules based on Fisher's exact test. In total, there were 25 preserved module pairs in the two soils (Table 4), and most of the preserved module individuals belong to the phyla of Proteobacteria, Acidobacteria, and Planctomycetes (Figures 1A, B). Specifically, in the JSJ soil, there were five module pairs accounted for 0.39% of total module pairs between CK and L, seven module pairs accounted for 0.55% of total module pairs between CK and M, and six module pairs accounted for 0.58% of total module pairs between CK and H (Table 4). In the LF soil, there were two module pairs accounted for 0.13% of total module pairs between CK and L, three module pairs accounted for 0.18% of total module pairs between CK and M, and two module pairs accounted for 0.09% of total module pairs between CK and H (Table 4).


TABLE 4 Preserved module pairs of the JSJ soil.
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3.5. Connection of bacterial communities to functions

An intriguing issue is whether the alterations in bacterial network composition as a result of clomazone treatment caused alterations in microbial community functions and their associated ecosystem processes. We used the Mantel test to address this issue, and the relationships are shown in Figure 5. In the JSJ soil, bacterial network community correlated with MOAA and MTP in the control treatment (r ≥ 0.4); in clomazone treatments, the correlations of MOAA (only in L treatment), BOSM, RR, MTP, and CM (only in H treatment) with the bacterial community are higher than 0.4. In the LF soil, bacterial network community correlated with BOSM, CM, AAM, and LM in the control treatment (r ≥ 0.4); in L treatment, it correlated with EM, RR, and MOAA; in M treatment, it correlated with EM; in H treatment, it correlated with translation, RR, MCV, MOAA, and FSD (r ≥ 0.4).


[image: Figure 5]
FIGURE 5
 Relationships between bacterial network communities and functions for each treatment in the two soils.





4. Discussion

Soil microbiome is an ecological system that is important in material cycling and nutrient maintaining. In an ecological system, there are complicated relationships. The microbial network has gradually been used to evaluate these complicated relationships (Ze et al., 2013; Przulj and Malod-Dognin, 2016; Mo et al., 2021). In this study, the influenced network complexities suggested that clomazone significantly altered bacterial network composition and relationships. The amount of total nodes in clomazone treatment networks indicated that the disconnected bacterial species were increased by clomazone. The significantly decreased links and average degrees also indicated that the connections of the network species were decreased. The most possible reason, due to some bacterial species, could use clomazone as a carbon resource and increase their abundance, and some bacterial species have been inhibited by clomazone or other bacterial species. Different effects of bacterial species' abundance were the reasons for the impacted bacterial connections. Therefore, that is the reason of impacted bacterial network topological indices, stability, and organization. In the study by Zhang et al. (2021), thiamethoxam also decreased bacterial network nodes, links, and average degrees. These influences by clomazone also induced the topological role of the network nodes to change.

The impacted network indices suggested that bacterial network composition has been changed. The results of ANOSIM, network dissimilarity, and shared nodes confirmed this inference. ANOSIM has been used to evaluate the difference between different network communities (Yuan et al., 2021). In the study by Yuan, they used ANOSIM to analyze whether the network composition was changed by climate warming (Yuan et al., 2021). Network dissimilarity has first been published by Poisot et al. (2012) and has also been used by other researchers to evaluate network dissimilarity (Mo et al., 2021; Liao et al., 2023). For example, Liao et al. (2023) analyzed the difference in marine medaka gut and gill microbial networks by network dissimilarity; in the study by Mo et al. (2021), they used shared node and edges and network dissimilarity to evaluate the difference in microeukaryotic plankton network in different salinity in the subtropical urban reservoir. These results suggested that ANOSIM and network dissimilarity are effective in evaluating bacterial network composition dissimilarity.

The impacted network indices and composition suggested that the bacterial network stability of the soils has been impacted. Network robustness and vulnerability were always used to evaluate network stability (Wu et al., 2021). In this study, the decreased network robustness and increased vulnerability suggested that bacterial network stability was decreased by clomazone. It also suggested that the resistance of the bacterial network to disturbance was decreased, and more species will lose from the connected network in clomazone-treated soils. The connection and cooperation of bacterial species will be more fragile after clomazone treatment. The decreased edges of networks of all clomazone treatments suggested that decreased edges should be responsible for decreased network stability (Yuan et al., 2021). Microbial network stability is important in ecosystem function (Coyte et al., 2015; Pan et al., 2023). The profile of network modules and functions proved this suggestion.

Normally, most species in the network will cluster as modules and the species exert their functions through modules (Segal et al., 2003; Banerjee et al., 2018). This demonstrates that preserved network modules will preserve some functions (Yuan et al., 2021). There were more shared nodes and links between control and clomazone treatments in the JSJ soil which suggested that more modules will preserve in the JSJ soil. This suggestion has been proven in the results of the preserved modules in the two soils. However, there were fewer modules preserved after clomazone treatment. These suggested that the functions of bacterial network have been changed. The relationships between network community and functions further proved this indication. In both soils, the correlation of network community with functions suggested that the functions of the bacterial community have been changed. In the JSJ soil, the function diversity of the bacterial network community was increased by clomazone with more functions correlated with the network community. In addition, MTP was significantly correlated with the bacterial community in all treatments in the JSJ soil which suggested that the bacterial network community function of MTP was stable in facing clomazone. Soil bacterial functions are sensitive to pesticides and have been improved by another study (Han et al., 2022). In the study by Han et al. (2022), boscalid significantly impacted N cycling genes.



5. Conclusion

In this study, we used network complexities, composition, keystone node, and stability to analyze the impact of clomazone on soil bacterial networks. The results indicated that clomazone decreased bacterial network nodes, links, and average degrees. Clomazone impacted the bacterial network composition, and the topological role of the nodes was also impacted according to keystone nodes. The decreased robustness and increased vulnerability suggested that network stability was increased by clomazone. Preserved modules and the correlation of bacterial network community to soil bacterial functions manifest that the functions of the bacterial network community have been changed. Overall, the soil bacterial network has been significantly changed by clomazone.
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ko 425,69+ 50.14b 42223 £ 51.78b 388+ 0.13 0.0394 + 0.0052b 0.9994 +0.0001a
kel 42031+ 10.36b 413.10 £ 8.80b, 3974003 0.0359 4+ 0.0017b 0,995  0.0000a
kel 43945+ 33.19b 435.35 £ 31.28b 3590.13ab 0.0591 +0.0067b 0.9991 +0.0003a
T4 438.16 + 38.20b 438.35 £ 38.46b. 307049 0.1829+0.0120a 0.9987 +0.0007a

Chaol, ACE, Shannon, Simpson represent each index respectively; Values e reported as repeated mean:+standard error. According to Duncan's est,the average of the different leters (such
asa, b, and ¢} in each column was significantly different at p<0.05, Coverage is the coverage rate of the sample library. CK, no fetilizer application; T1, conventional ferilizer application; T2,
reduced fertilizer application for slow-release fertilizer; T3, conventional fertilizer application for slow-release fertilizer; T4, reduced fertilizer application for conventional fertilizer.
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Treatment Phylum Class Order Family Genus

Bacteria K 2700033 48,00+ 0.682 90.00+0.33a 14800 £ 033 25200+ 353
TI 2700033 48.00+0.57a 89.00+2.73a 143.00 £ 384 237.00+ 11352
T2 27.00+ 058 50,00+ 1.20a 92,00+ L45a 14900 + 2.31a 252,00+ 10.12a
T3 27.00+ 058 49.00 + 0.88a 90.00+0.33a 14000 + 133 230,00+ L15a
T4 27.00+ 058 49.00 % 1.76a 90,00+ 1.76a 14100 £ 3.79 23400+ 10,122

Fungi [ 7,00 0.00a 150040332 3400 £033 6100+ 2.00a 93.00+5.21a
TI 6004033 15.00 £ 1.20a 3100 £ 1.53ab 53.00 + 3.93ab 72,00+ 6.44b
T2 700033 15.00 % 133 3400 £ 1.00a 5500+ 1.73ab 78.00 + 3.53ab
T3 700033 14.00 £ 1450 3100+ 1.76ab 53.00 % 1.53ab 74,00 + 4.84ab
T4 700033 14.00 £0.67a 28,00+ 1.33b 51.00 £ 3.06b 79.00 £ 5.03ab

Unit, piece; values are the mean of three replicates. CK, no fertilizer application; T1, conventional fetilizer application; T2, reduced fertilzer application for slow-release fertlizer; T3,
conventional fertilzer application for slow-release fertilizer; T4, reduced fertlizer application for conventional fertilizer. Values are reported as repeated mean #standard error. According
to Duncans test, the average of the different letters (such as a, b, and c) in each column was significantly different at P < 0.05.
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Factor ‘Total rhizosphere Total endophytic Active rhizosphere Active endophytic

diazotrophs diazotrophs diazotrophs diazotrophs
3 Pr (>F) R Pr(>F) R Pr (>F) R Pr(>F)
Growth period (Gr) 022 <0.001 033 <0.001 015 <0.001 017 <0.001
Fertilization (Fe) 0.11 <0.001 0.05 <0.001 0.14 <0.001 0.1 0.203
Year (Ye) 0.19 <0.001 0.06 <0.001 - - - -
Grx Fe 0.04 0.004 0.09 <0.001 0.14 0.002 0.1 0.276
Grx Ye 0.11 <0.001 0.08 <0.001 - - - -
Fex e 002 0.008 002 0045 3 5 : 5
Grx Fex Ye 0.03 0.089 0.04 <0.001 - - - -

Permutational multivariate analysis of variance (PERMANOVA) based on Bray~Curtis distances was performed at the OTU level (permutations =999). The larger the value of R (the ratio
i irows wertens o it witrlanice) thie sakice Minihenit e difbresivs wats s onin the apowils perls wd eriills
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Network metrics Soil Root
DNA samplesin ~ DNA samplesin RNA samplesin DNA samples  DNA samples ~ RNA
2015 2016 2016 in 2015 in 2016 samples in
2016
T H M T H M T H M T H M T H M H M
Number of nodes 209 175 193 299 282 267 251 248 175 61 81 81 167 168 148 176 124
Number of edges 610 954 568 1797 2,352 2383 430 648 1,036 65 105 76 260 361 344 780 190
Average path length (APL) 3.96 338 404 351 335 333 556 459 314 500 549 437 617 462 414 350 503
Graph density 0.03 006 003 004 006 007 001 002 007 004 003 002 002 003 003 005 003
Network diameter 12 13 10 10 9 1 15 13 9 13 13 12 18 11 9 10 14
Average clustering coefficient 035 049 043 035 041 039 027 029 044 029 032 024 025 031 034 039 025
(avgCC)
Average degree (avgK) 5.84 1090 589 1202 1668 1785 343 523 1184 213 259 188 311 430 465 886 307
Modularity (M) 053 028 051 037 030 027 073 061 041 079 070 078 074 066 058 048 069
Number of positive edges 374 533 346 1,059 1279 1250 379 518 1,019 61 95 58 215 275 271 776 147
Percent of positive correlations 061 056 061 059 054 052 088 080 098 094 090 076 083 076 079 099 077

The sampling time points represent the rice tillering stage (T), heading stage (H) and mature stage (M).
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Root-associated diazotrophic flow during rice growth in 2016
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Crop  Treatment Tillage Seeding  SD HD  'The periods and rates (kgha™) of fertilizer application

method rate (x10'  (m/d)  (m/d)
seeds F TF BS 1S VI-M  VT+1W-M
ha™')
Summer T Straw-unreturning, 6 6/15 920 N 25 25
maize direct seeding P 45 45
K 75 75
T2 Straw-returning, 675 6/15 1N 160.5 45 1155
deep tillage before 3 45 45
seeding K 75 45 30
T Straw-returning, 87 6/15 04 N 450 135 225 %0
deep tillage before 3 150 60 %0
seeding K 300 150 150
T4 Straw-returning, 75 6/15 04 N 1845 30 90 645
deep tillage before 3 555 30 255
seeding K 1305 30 705 30
Winter T Straw-returning, 25 9/25 615 N 315 1575 1575
wheat rotary tillage before 3 120 120
seeding K 30 30
T2 Straw-returning, 300 10/5 612 N 210 9% 144
rotary tillage before » 150 150
seeding K 75 75
T3 Straw-returning, 375 10/5 612 N 315 945 2205
rotary tillage before P 180 180
seeding K 120 120
T4 Straw-returning, 450 105 612 N 240 72 168
rotary tillage before 3 150 150
seeding K 120 72 48

was treated with 30kgha™! ZnSO,. SD, sowing date; HD, harvest date; , fertlizer; TE, total fertlizer ate; BS, before seedings JS, jonting stage: VT-M, assel stage of
summer maize; VT +1 W-M, | week after tassel of summer maize.
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Site TN* (g/kg) Alkaline nitrogen (mg/kg) Avail-P* (mg/kg)

Anyang 0.77 64 30.0
Shihezi 1.52 104 47.7
Alaer 0.54 31 59.9
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Treatment N (g-plant P.0; K0
(g-plant™) (g-plant™)
NOPOKO 0.00 0.00 0.00
N1PI1K1 430 4.00 438
N2P2K2 8.60 8.00 875

N3P3K3 1290 12,00 1313
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Treatment pH NH,"-N NO;-N AP AK TN TP TK SOM

(mgkg™) (mgkg) (mgkg") (mgkg") (gkg) (gkg)  (gkg)  (gkg™)

NOPOKO 73150002 499£023c 49940564 39630924  10647£554  139£00lb 06940054 1496£021c 1629 £0.06b
NIPIKI 7194002 906+ 116bc 47.26£520c  8442£229c 13873453  139£002b L11£009 17.36+036ab 1621 +0.19b
N2P2K2 7094004 1220+ 174b 14214+ 664b 12938+ 486 26995£2268b  140£001b 1364002 1695%048b 1639 %0.13ab
N3P3K3 6814004d 355441800 16964£673 16227582 33917419440  152400la 1742005 1837£034a 1678 0.10a

Values are means +

(n=5). Different letters between all treatments indicate statistically significant differences at p<0.05.
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Treatment

NOPOKO
NIPIKI
N2P2K2
N3P3K3

Values are means +

Total PLFA
(nmol-g~ soil)
125.13 + 3.05b
143.08 £ 3.37a
120.55 £ 4.63c
96.14 £ 7.99d

Bacteria (%)

7335+ 155b
7220 +0.72b
7162+ 041b
7692163

Gm" (%)

41.95+3.07b
39.04£054b
39.57 £ 0.49b
48273012

Gm™ (%)

3139+ 1.76ab
3306+ 7%
32,05+ 0.450b
28,65+ 1.44b

Fungi (%)

66240482
6634023
656+0.12a
466042

AMF (%)

39540362
354022
365+0.142
219+035b

Actinomycetes (%)

13.15£0.65b
15234037
1589021a
1254+ 109

(n=5). Different letters between all treatments indicate statistically significant differences at p<0.05. AME: arbuscular mycorthizal fung
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Dosage Control efficiency (%) Grainsper  Thousand seed

Year Treatment  (a.i.g/100kg " "
seed) Overwintering Elongation  Grainfiling  SPike weight(g)
2018-2019 CK - - - - 37.9+0.25a 423 + 1.06c
LNT 8 35.5b 27.4c¢ 20.4¢ 37.3+0.57a 428+ 1.39c
Hexaconazole 1 75.7a 58.1b 30.5b 37.4+0.26a 44.1£ 127
HLNT 0.5-4 73.4a 63.3a 41.6a 37.5+0.53 45.1%1.33a
2019-2020 CK - - - - 382+0.2la 427+ 112c
LNT 8 35.6b 30.2¢ 227¢ 38.1+0.14a 425+ 1.24c
Hexaconazole 1 8l4a 61.2b 29.8b 38.3+0.39 44.4 £ 1.36b
HLNT 0.5-4 77.1a 72.7a 40.6a 38.2+0.42a 454+ 1.21a

CK means that seeds are treated w

h sterile water. H LNT stands for the combination of hexaconazole with LNT. Different lowercases in the same column indicate significantly different
at p<0.05 level according to Duncan's multiple range tests.
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Treatment

CK
LNT
Hexaconazole

HLNT

Dosage
(a.i.g/100kg
seed)

8
1
054

7 days
7.16c
8.57a
6.15d
745

Height (cm)

14 days

18.14b.
2102
15.38¢
19.06b.

21 days

26.97b
29.89
24.25¢
28.16b

CK means that seeds are treated with sterile water. H LNT stands for the combination of
hexaconazole with LNT. Different lowercases in the same column indicate significantly
different at p <0.05 level according to Duncan's multiple range tests.
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Observed

Treatment A Shannon
species
BCK 435.0+178.0ab  5.90 £ 0.93a
BH 3803 + 154.4b. 6.15 £ 0.26a
BHL 421.3 £ 51.6ab 5.44 £ 1.48a
BL 504.3 + 93.9ab 4.99 £ 1.69%
BO 6.31 £0.352
BW 565+ 105

Simpson

0930072
0.97+001a
0870172
08240212
0.96+0.02a
0.910.10a

Chaol

500.3 + 220.2ab
452.0 4 196.0b
496.9+ 84.4ab
618.8+ 42.80b
733849732
567.5 + 100.4ab

BCK, brown soil sowed with wheat seeds dressed with water only; BH, brown soil sowed
with wheat seeds dressed with hexaconazole; BHL, brown soil sowed with wheat seeds
dressed with hexaconazole and LNT; BL, brown soil sowed with wheat seeds dressed
with LNT; BO, brown original soil; BW, brown sl with water only: Different lowercases

in the same column indicate sig

icantly different at p <0.05 level,
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Treatment
BO

BW

BCK

BL

BH

BHL

PH

6,603 +0.003d.
6,603 +0.008d.
6,670 +0.010c
6756+ 0.003a
6776400132
6700+ 0.000b.

AK (mg/kg)
6504710839
63.780 + 0.268ab
57.687 +0.111d
63.587 + 0.065b.
60.483 £ 0.405¢
62.866 + 0.389b

AP (mg/kg)
1189310577
41.267 £ 0.228a
39.000 + 0.492b
40.963 + 0.024a
35.626 + 0.003¢
35.926 + 0.044c

OM (g/kg)
1.616 £ 0.032a
1.596 +0.026b
1,538 +0.000d
1.618 0.018a
1541 £0.012d
15724 0.012¢

Available N (mg/kg)
67.536 + 0.467b
66.817 + 0.137bc
63.886 + 0.414cd
72.380 + 1.482a
63.523+0.771d
58.000 + 1.663¢

BCK, brown soil sowed with wheat seeds dressed with water only; BH, brown soil sowed with wheat seeds dressed with hexaconazole; BHL, brown soil sowed with wheat seeds dressed

with hexaconazole and L

indicate significantly different at p<0.05 level.

BL, brown soil sowed with wheat seeds dressed with LNT; BO, brown original soil; BW, brown soil with water only: Different lowercases in the same column
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Year Treatment

2018-2019  CK
LNT
Hexaconazole
HINT
2019-2020  CK
INT
Hexaconazole

HINT

CK means that seeds are treated w

Dosage
(ai.g/100kg
seed)

054

Control efficiency (%)

Overwintering
369b
8l.5a
79.7a
36.3b
76.9a
75.8a

Elongation

25.6¢
60.6b
6642
26.2¢
56.3b
633

Grain filling
19.8¢
38.8b
43.5a
20.8¢
35.6b
41.7a

Grains per
spike
37.1£041a
37.4+032
36.9 £ 0.19a
379+ 037
36.3 £ 0.38a
359+ 05la
36.2+0.22a
36.5+ 0.4la

Thousand seed
weight(g)

421125
419 1.76c
4394 118b
4594172
413133
407+ 1.65¢
431122
456+ 1640

h sterile water. H LNT stands for the combination of hexaconazole with LNT. Different lowercases in the same column indicate significantly different
at p<0.05 level according to Duncan's multiple range tests.
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Coverage Shannon Simpson

K 79,722 1,595+ 68 0999 1613467 1,626+ 70° 8374007 0.9873 + 0.0007"
kit 79,621 1594%65 0999 1613 %66 1622465 835£001° 0.9871 + 0.0002"
kel 79,541 1,598 £74 0999 1617479 1,628 £ 81° 8344003 0.9869 + 0.0004"
kel 79,647 1614+ 116 0999 1,634 £ 109 1,645+ 103* 836402 09881 £0.002"
T4 79.729 1742+ 8 0999 1765+ 6 178346 8.57£0.02 0.9908 + 0.0006"
kS 61,759 1525484 0997 1,596 £ 66 1,609 £ 51° 844013 09918 +0.0007°

Different letters indicate significant differences between treatments, p <0.05. Root exudate concentrations: CK, 0mg:g™; T1, 0.3mgg™; T2, 1.5mgg™; T3, 3mg:g™; T4, 6mgg™; T5, 15mgg”".
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Treatment Plant Stem  Rhizome Rhizome

height  and leaf fresh dry
(cm) fresh weight weight
weight ()] (9)
(]}

K 7330£390° | 640059 | 913183 | 206+027°
b¥l 72134299 6132055 956150 2204032
T2 TAITEA97 | SIBEO6H | 970105 | 233%040°
T3 6357£863 5474051 726+ 1174 185032
™ S587£7.660 3954057 5614139 | 153%027%
TS 5940+ 6667 4034020 5474102 1274017

rent leters indicate significant differences between treatments, p<0.05. Root exudate
concentrations: CK, 0mg:g”; T1, 0.3 mgg™s T2, 15mg; L 6mgg T5,
15mgg.
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JSJICK Jsd JsSJ JSIH EC LFL LFM
Total nodes 520 393 511 430 621 237 339 393
Total links 1,585 756 937 822 1,083 330 413 416
Average degree 6.096 3.847 3.667 3.823 3.488 2785 2437 2117
Average path 13 24 18 13 17 16 15 21
distance
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Acidobacteria 3.65% 6.62% 3.91% 6.28% 6.75% 14.65% 7.67% 5.60%
Actinobacteria 11.73% 10.69% 10.18% 10% 8.44% 7.25% 5.01% 8.91%
Bacteroidetes 4.81% 5.85% 4.11% 4.42% 10.97% 4.99% 8.85% 6.87%
Chloroflexi 2.88% 2.04% 2.94% 2.33% 2.53% 2.90% 5.01% 4.83%
Gemmatimonadetes 7.69% 5.09% 4.70% 6.05% 10.97% 7.09% 8.55% 7.89%
Planctomycetes 16.92% 16.03% 19.18% 16.51% 10.55% 22.38% 11.50% 16.03%
Proteobacteria 37.69% 43.26% 38.94% 35.35% 35.86% 26.41% 37.76% 31.04%
Verrucomicrobia 10.96% 7.12% 11.94% 13.72% 4.22% 7.41% 5.60% 8.91%
Others 3.67% 3.30% 4.10% 5.34% 9.71% 6.92% 10.05% 9.92%
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Shared Shared Dissimilarity

nodes edges of networks
18] CKvs.L 285 19 0.99
CKvs. M 272 26 098
CKvs.H 279 23 098
LE CKvs.L 231 20 098
CKvs.M 27 16 099
CKvs.H 219 27 097
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Total nodes 339 362 345 368 282 327 309 293
Total links 1,262 1,396 1,496 1,401 952 1,344 1,221 1,204
Average degree 7.445 7.713 8.672 7.614 6752 822 7.903 8218
Modularity 0.807 0.769 0.814 0.835 0.81 0.777 0.781 0.775
Average path length 5,652 5.09 5279 5.237 5.81 5252 5.506 5.110
Network density 0.022 0.021 0.025 0.021 0.024 0.025 0.026 0.028
Number of positive edges 1,238 1,384 1,489 1,383 942 1,335 1,208 1,185
Percentage of positive edges (%) 98.1% 99.14% 99.53% 98.71% 98.95% 99.33% 98.94% 98.42%
Number of negative edges 24 12 7 18 10 9 13 19
Percentage of negative edges (%) 1.90% 0.86% 0.47% 1.28% 1.05% 0.67% 1.06% 1.58%
134 118 105 117 93 111 86 96

Number of keystone nodes






OPS/images/fmicb-14-1188722/fmicb-14-1188722-g007.jpg
>

OD,4,

0.4
03
02
01

0
Oh 1h 2n 3h 4h Sh 6h

8= AF01 treatment === Control

9!

Electrical conductivity

(pS/em)

37
35
33
31
29
27

0
Oh 1h 2h 3h 4n Sh 6h
—@— AF01 treatment —a— Control

25+
Oh 1h 2h 3h 4h Sh 6h

i AF01 treatment == Control





OPS/images/fmicb-14-1188722/fmicb-14-1188722-g006.jpg





OPS/images/fmicb-14-1188722/fmicb-14-1188722-g005.jpg
>

Inhibition rate (%)

Inhibition rate (%)

a

Inhibition rate (%)

mycelial growth

w| g P

n [

W% 0% s% 2%

" spore germination

20% #10% 5% w25%

" germ tube elongation
@ A H
N . b
“ . .
< N |
0 i

w20% =10% = 5% W2.5%





OPS/images/fmicb-14-1198808/fmicb-14-1198808-t004.jpg
Preserved Overlapping Nodes Nodes Nodes
module pairs nodes only only absent

in in from
module module both
2 modules

JSICK_M1JSJL_M3 13 67 23 614
JSICK_M3:JSJL_M2 13 54 29 621
JSICK_M1JSJL_M1 27 53 16 621
JSJICK_M1JSJL_M6 1 69 11 626
JSICK_M7:JSJL_M11 5 9 2 701
JSJCK_M3:JS]M_M1 17 50 4 663
JSICK_M1:JSJM_M2 36 44 21 670
JSICK_M7:JSJM_M3 6 8 41 716
JSICK_M2:JSJM_M4 13 63 31 664
JSICK_M6:JSIM_M4 9 8 35 719
JSJCK_M3:JS]M_M5 12 55 29 675
JSJICK_M2:JS]M_M6 15 61 20 675
JSICK_M1JSJH_M3 16 64 26 650
JSICK_M1:JSJH_M1 16 64 40 636
JSICK_M3:JSTH_M4 14 53 2 667
JSJCK_M7:JSTH_M9 6 8 1 741
JSJCK_M5:JSJH_M8 8 50 10 688
JSICK_M2JSJH_M13 4 72 1 679
LECK_M3:LFL_M4 7 4 13 665
LECK_M2:LFL_M2 1 47 13 656
LECK_MI:LEM_M2 1 60 26 712
LFCK_M2:LFM_M1 23 35 23 728
LFCK_MI:LFM_M4 10 61 9 729
LECK_M2:LFH_M2 13 45 18 767
LECK_M6:LFH_M5 6 35 12 790

CK, control; L (08mg kg™"), M (8mg kg™"), and H (80mg kg™") clomazone used for
experimentation. M before figures represents network module.
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ANOSIM Network Shared Shared

dissimilarity nodes links

JSJ CKvs. L 0.708 0.964 196 71
CKvs. M 0.617 0.954 260 100
CKvs. H 0.879 0.983 194 36

LF CKvs. L 0.997 0.985 131 17
CKvs. M 0.997 0.979 151 25
CKvs. H 0.985 0.990 171 12
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Factors Comammox Nitrospira community

a-Diversity p-Diversity

(Pearson correlation) (Mantel test)
Sobs  Shannon PD Jaccard  Bray-
Curtis
swWe 042 | 012 0567 0407 0350
pH 0447 031 0a1% 0417 0545
SOM ~027 034 ~0.76% 0387 0.66%
™ ~034 025 —0.78% 0347 0.62°
™ 0.06 024 —0.52% 017 0.36%

® ~014 007 -002 001 001
AN —037* 0.15 —071% 0340 0634
AP 013 0.15 —0.48% 015 029
AK 015 031 —0.39% 021 0337
NH,;N 053 010 —0.67% 0.46% 0.69%
NON ~0.12 002 —0.574 0.30¢ 0414
SMBC ~0.17 049%%  —0.55% 0.19% 0494
SMBN. -022 0.45 ~0.56% 020 043+

N 019 0.28 0.06 0.06 ~0.05

ignificant correlations (p < 0.05) are indicated in bold. *p < 0.05, **p < 0.01

Sobs, the observed richness described the community richness; Shannon, the Shannon diversity
index described the community diversity; PD, the phylogenetic diversity described the
community diversity; Jaccard, transformed data by Jaccard distance; Bray-Curts, transformed
data by Bray-Curtis distance.
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Treatme! CK PK PK+N PK+R
Flowering-podding stage

Bulk soil 596002 547£001d 5662001 575£001b
pH

Rhizosphere 61620020 5.61£003d* 5854001c 599£001b%

Bulk soil 289240.67 2968£131a 30854135 3050+ 151
OM (gkg™)

Rhizosphere 28554174 2838+0.29 30814145 29894082

Bulk soil 17120042 166:2£0.03b 1.75£004a 1.67:0.062b
TN (gk

Rhizosphere 2030082 17620.13b 191£0.120b 1.88:£0.09ab*

Bulk soil 122.10:4.70ab 118.48£3.300 125144108 11630+3.03b
AN (mgkg”

Rhizosphere 125374267 12084+294 127.90£5.660 124994513

Bulk soil 21.43£0.60¢ 78274 111a% 63.93+1.59b 64.60+0.69b
AP (mgkg™)

Rhizosphere 208041474 67.70£0.702 4897£0.60¢ 6357£1.55b

Bulk soil 126155132 182.73£4.06b 199586508 204972375
AK (mgkg™")

Rhizosphere 13259270c* 2389427.650% 1973422600 242.1823.380%
Nodule dry weight
© 1.48:£0.06ab 1982034 117£0.44b 1570062
©
Maturity stage

Bulk soil 624£003* 6024001b% 585£0.01c 60220.00b
pH

Rhizosphere 593002 595£001ab 5872002 5984003

Bulk soil 30.09£0.750b 2906£0.17¢ 3076+0.08 29.86£0.46bc
OM (gkg™)

Rhizosphere 31.48£0.59b 3078£0.74b* 321040.440% 32494063

Bulk soil 156003 149002 145£0.28a 1564003
TN (gkg™)

Rhizosphere 168£001a% 17220062 17120048 170£0.03%

Bulk soil 138354349 1403143318 140.68:+5.70a 1443424812
AN (mgkg™)

Rhizosphere 1427242622 150.38+3.602* 143.08+3.96a 142415559

Bulk soil 17.40 1.66d 49.1351.37¢ 57.7741.20b* 68.40+1.440*
AP (mgkg”

Rhizosphere 19.27:1.50d 54.90+0.78b* 5037071 5833123

Bulk soil 146.47 £ 1.05b 143.73£2.96b 16865+ 1.69 163.00+5.962
AK (mgkg™")

Rhizosphere 218.4046.05ab 191442 1.55b% 21639:£8.772% 251.03:47.142%
Soybean yield
(kgha™!) 2287.60+ 119.86b 285667+ 160.32 288133417327 30253313137
gha

Soil properties were calculated for each replicate of fertlizer treatment and bulk soilhizosphere samples (1= 3). Data are the means & standard deviation. CK: non-inoculated control n soil;
P, superphosphorus and potassium chloride; PK-+ N, PK chemical ferilzers plus urea; PK-+ R, PK chemical fertlizers plus Bradyrhizobium japonicum 5821. Different leters in each column
of same fertlization treatment indicate significant difference among treatments in different stage (p<0.05). The asterisks indicate the significance of the difference between the indexes of bulk
and thizosphere soil under the same treatment during the same growth stage (p<0.05).
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Treatment SWC AK N SMBN

(mg-kg9)* (mg-kg-
020 CK 1755 | 692 | 1632(089)  087(00Dc | 037 (0024 2010 9633(252b 333050 | 7233(3SDbe | 976(0.03)d 607(0020c | 15243(32b 21280125 1084
(096)a | (0.05) o 0200 (056)2
N 1684 | 516 1563060 090002 037 (000d 2067 | 10500265 213(068)c | 60.00(5.29)c 13.56 (0.35)a 9,50 (0.10)b 8248(699c | 1270(1L73b | 1005
(402 | (021d 032 b (019
NPK 1745 | 624 1703(029)c  095(0.02bc | 050(00Db 2083 10333(252) 1937273 8333(4040b  1072(057)c 616(0.13)c  11464(1869)  1834(456b | 1036
(17212 (0.05)b (0.15)ab b be (020
M 1824 690 | 1924023 101005 | 041 (001)c 2017 9833(603b 407023 75.67(153)b 7.99 (033 612(003)c 21633 (5144l 3002874} 1105
(096)a | (0.08)a 0150 074
MNPK 1758 | 587 2040(029% 112009 0.60(0.05a 2057 123.00 3767(L15a | 10300 (1418)a | 1L74(1.00)b 21820090 | 12240(1171) | 1568(273)b 1060
096 (0.19)c ©30b (1637 be ©77)a
2040 CK 2125 702 1098016 053003 | 036(002bc 2130 | 7233(6660  263(060c  67.67(7.57)a 5.94(038)c 140 0.09)d 47.08 (497 631050 1205
(1260 (0.4 0260 (0921
N 2078 | 650 | 1071008  067(00Da | 034(0.01c 2060 | 6933(32Da 157090 66.67(603) 7.17 (0.06)a 447 033 4839 (9250 401 (109 925
(196)a | (0.210b (0.200b ©21c
NPK 2013 689 1L14(032b  0.67(003a | 038(002ab 2023 7267(68Da  487(L00b  7267(416)a 655 (0.15)b 238(0.09)c 3640 (852 431(3.56)a 962
(1560 | (0121 (032 (05)
be

M 2092 701 1095040b  061(002b | 036(00Dbc 2027 | 6700(458)a  313(07Dbc  6467(6.03)a 5,66 (0.09)c 1.60 0.29)d 5573 (9400 738291 1045
(032 (0.06)a 047)b (058)b

MNPK 2093 | 685 | 12270723 067(005) | 040(0.0a 2027 | 726767 870(154% 7400 2.65)a 7390301 380(000b | 4994(1945  487(163a 1062
(145 (0.13)a 0.06)b (0.63)b

The values in the parentheses present standard deviations (=3), and the different etters indicate significant differences among different treatments at P<0.05 level by one-way (ANOVA). Significant difference of soil physicochemical properties between topsoil and subsoil were marked
with one astrisk (*) suggesting p<0.05 and two asterisks (**) suggesting P<0.01 based on the Paired-sample t-test, SWC, soil water content; SOM, soil organic matter; TN, total N; T, toal P; TK, total K; AN, available N; AP, available P; AK, available K; NH,'-N, ammonium N; NO-N,
'SMBC, soil microbial biomass C/N, the ratio of total C to total N.

nitrate

MBN, soil microbial biomass
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Fertilizer regimes

MNPK®

150 0 0
150 2 60
(40.1) (7.24) (14.8)
1999 (499) 414 (164) 93.0(33.0)

“The amounts of N, P,and K in M treatment are calculated by their contents in the recycled organic manure, which are listed in the parenthesis.
“The amounts of N, P and K in MNPK treatment are calculated by the sum of their contents i the recycled organic manure and inorganic chemical fertilizers, which are listed outside the
parenthesis. The amounts of N, P and K in the parenthesis are the parts from the recycled manure.
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7 days after the 7 days after the 3rd

2nd treatment treatment
Disease Control Disease  Control
index effect index effect
(%)+SD (%)+SD
10°CFU/mL
726 S068+467b 931 57504489 ¢
AFO1
10 CFU/mL
511 63284458 684 68.664.51b
AFO1
250g/L
Pyraclostrobin 36 748244402 436 797043830
EC
CK 1462 - 2166 -

Values in the column indicate the mean & standard deviation (SD) of Pacnibacillus polymyxa
AF 01 liquid culture for control effect of pitaya canker after 2 or 3 treatments. Values
fllowed by different leters are significantly different according to Duncans multiple range
test (p<0.05) based on arcsine square-root transformed values of percentage.
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Treatment Disease index (%)+SD

14dpi 21dpi
AFOL+ Neoscytalidium
37012130 5043:6.16a
dimidiatum
N. dimidiatum 71372350 819724281

Values in the column indicate the mean  standard deviation (SD) of AF 01 liquid culture for
reduction of pitaya canker 14 and 21 days after inoculation with N. dimidiatum. Values
followed by different leters are significantly different according to Duncanis multiple range
test (p<(0.05) based on arcsine square-root transformed values of percentage.
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Gene id Gene description Log,FC(AF01/Cl
Cell wall metabolism

gene02271 UTP-glucose-1-phosphate uridylyltransferase UAPL ~14018
gene04405 Fungal chitin synthase CcHs1 —11220
gene9272 Nucleotidyl transferase GMPP ~1.4269
gene09178 UTP-glucose-1-phosphate uridylyltransferase UGP2, galU, galF ~L1441
gene04109 putative endochitinase 1 precursor protein E32.014 ~10810
gene05693 Pectate lyase catalytic UAPI -18772
gene07098 Endopolygalacturonase PLY ~14216
genel0699 putative dimeric dihydrodiol protein E32115 ~1.0055
gene9178 UTP-glucose-1-phosphate uridylyltransferase DHDH ~11441
gene07596 Transcription factor UGP2, galU, galF ~11785
gene01489 Pectate lyase catalytic LARA ~17511
gene02261 Fructose and mannose metabolism PLY ~15771

Membrane metabolism

gene05693 Pectate lyase catalytic PLY -18772
gene07098 Endopolygalacturonase E32.115 ~14216
genel0699 putative dimeric dihydrodiol protein DHDH ~1.0055
gene09178 UTP-glucose-1-phosphate uridylyltransferase UGP2, galU, galF ~1L1441
gene07596 Transcription factor LARA —11785
gene01489 Pectate lyase catalytic PLY —17511
gene00644 hypothetical protein LOAL ~10552
gene00041 FAD-dependent glycerol-3-phosphate dehydrogenase gipA, glpD ~1633
gene06725 nte family protein TGL4 —1694
gene09638 Glycerophosphoryl diester phosphodiesterase E3.14.46, glpQ, ugpQ -2.7393
gene03155 putative phospholipase d active site motif protein PLDI_2 ~2.0977
genel0670 Phosphatidic acid phosphatase type 2/haloperoxidase DPPI, DPPL, PLPP4_5 —14374
gene08147 hypothetical protein GDEI 27918
gene03244 Alpha/beta hydrolase fold-1 EPHX2 ~25962
gene06725 nte family protein TGL —1L694
gene09236 putative 15-hydroxyprostaglandin dehydrogenase [NAD(+)] protein | HPGD —13362

Protein processing in the endoplasmic reticulum

gene07142 Heat shock protein Hsp20 HSP20 -14227
genel0617 Ribophorin I OSTI, RPNI -11253
gene0S060 putative ubiquitin-protein ligase sell protein SELI SELIL ~1.1990
gene07540 putative er-associated proteolytic system protein DERL2_3 ~1.2089
gene08246 Heat shock protein DnaJ DNAJC3 ~1.0853
gene04507 Glycoside hydrolase family 47 MANIA_C, MNS1_2 ~2.3405
gene02455 Protein transport protein sec1 alpha protein SEC61A ~1.4032
gene043ds Translocation protein Sec62 SEC62 ~11972
gene0d131 Zinc finger RING-type protein SYVNI, HRDI -1L1323
genel0426 UDP-glucose:Glycoprotein Glucosyltransferase HUGT ~1L6715
genel0415 hypothetical protein SCI1

gene06723 Ribophorin 11 SWPI, RPN2 ~1.2449
gene07034 putative dolichyl-di-phosphooligosaccharide-protein - -12131

glycotransferase protein

gene08171 Oligosaccaryltransferase 0ST4 ~1.4953
gene03198 putative ubiquitin-conjugating enzyme €2 protein DERL2_3 ~1.3057
gene03253 Glycoside hydrolase family 31 UBE2J1, NCUBEIL, UBCS ~16264
gene01339 Glycoside hydrolase family 63 GANAB ~11708
gene00684 Legume-like lectin MOGS ~1.2489
gene09548 Dad family protein LMAN2, VIP36 -12223
gene07616 Heat shock protein Hsp70 0OST2, DADI ~1.6040
gene05581 Mannose-6-phosphate receptor binding protein GANAB -17727

gene09248 Heat shock protein Hsp70 PRKCSH 12888
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Pathogens Inhibition rate (%

Botrytis cinerea 78.29£0.67a
Fusarium equiseti 66.28+116b
Bipolaris cactivora 6094073 ¢
Gilbertella persicaria 2480£0.67d

Values in the column indicate the mean + standard deviation (SD) of the maximum/
minimum radivs of the pathogens of two repeated experiments. Values folowed by different
eters are significantly diferent according to Duncan's multiple range test (p<0.05) based on
arcsine square-root transformed values of percentage.
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D-Sprl 5.04 £ 0.25ab 1.18 & 0.16bcd 107.91 &£ 16.03abc 19.89 £ 12.79b 164.97 £ 93.92¢ 2.20 % 0.54ab 198.63 £ 63.61ab
D-Suml 5.02 £ 0.15ab 1.22 £ 0.28bed 96.88 = 3.94bc 21.95 £ 9.04b 180.64 £ 3.78¢ 1.66 = 0.50abc 168.38 = 48.18abc
D-Autl 5.21 % 0.14ab 1.33 & 0.16bed 86.89 % 3.42¢ 25.61 % 10.49b 157.15 £ 30.85¢ 0.96 + 0.42cd 151.27 £ 80.04abc
D-Spr2 513+021ab 1.84 £ 0.52a 115.40 = 4.63ab 62.43 £ 19.46a 223.09 + 34.06bc 2.36 £ 0.08a 190.21 £ 19.50ab
D-Sum2 5.42 % 0.40a 1.70 £ 0.31ab 93.7 4 9.29bc 66.32 £ 16.81a 212.68 £ 40.75bc 1.73 £ 0.68abc 155.49 £ 41.62abc
D-Aut2 5.19 £ 0.01ab 1.63 £ 0.19abc 108.80 £ 5.32abc 61.80 £7.93a 250.53 £ 1.61bc 0.97 £0.12cd 85.01 % 3.07bc
D-Spr3 4.84 £ 0.24b 0.92 + 0.15d 89.23 £7.24¢ 32.87 & 9.60b 211.24 % 24.37bc 1.92 = 0.05abc 193.36 + 13.70ab
D-Sum3 5.01 £ 0.15ab 1.12 £ 0.23bed 93.84 £ 13.17bc 33.49 £ 10.9b 283.84 £ 45.07b 1.32 & 0.50bed 140.12 # 47.54abc
D-Aut3 4.99 £ 0.13ab 1.13 = 0.28bed 126.16 £ 6.87a 31.80 £ 9.48b 374.34 £ 64.95a 0.67 +0.22d 106.09 = 19.65bc
D-Spr4 5.07 £0.13ab 1.14 & 0.22bed 102.39 £ 11.49bc 48.07 £ 10.62ab 190.02 £ 19.04bc 231£027a 222.29 + 40.80a
D-Sum4 5.20 £ 0.27ab 1.08 £ 0.15¢d 98.21 £ 12.33bc 49.09 £ 12.9ab 246.60 + 44.08bc 2.12 4 0.83ab 203.26 % 28.62ab
D-Autd 5.19 £ 0.19ab 1.01£0.18d 114.01 £ 14.22ab 39.82 & 18.20ab 282.08 £ 41.74b 1.05 £ 0.29cd 132.44 £ 22.5%bc
Z-Suml 4.94 £ 0.19cd 1.17 £0.16a 72.92 % 10.29ab 82.27 £36.17a 211.61 £ 53.11ab 0.85 = 0.07abc 206.90 + 38.34a
Z-Autl 5.16 = 0.06bed 1.29£0.12a 102.13 £ 17.85a 58.24 & 7.58ab 137.66 £ 12.93b 1.05 % 0.18ab 239.24 £ 20.84a
Z-Sum2 546 % 0.12a 0.99 & 0.15a 78.20 % 18.37ab 86.90 £ 9.70a 155.15 £ 14.79b 0.78 = 0.05abc 113.28 £ 8.26b
Z-Aut2 5.19%0.11bed 1.12 £ 0.07a 81.72 & 17.39ab 79.89 £ 10.34a 150.71 £ 4.04b 0.62 = 0.04bc 111.31 £ 6.20b
Z-Sum3 4.81 £ 0.03d 1.13 & 0.06a 93.96 £ 20.5%b 52.56 & 6.42ab 253.74 £42.12a 0.54 £0.19¢ 122.20 £ 22.66b
Z-Aut3 5.02 % 0.02bed 1.00+0.11a 78.22 & 11.29ab 46.97 £5.21b 161.36 £ 17.09b 1.17 £0.25a 217.71 £ 36.20a
Z-Sumd 4.97 £ 0.21bed 1.00 & 0.22a 65.48 £ 9.42b 44.90 £ 13.12b 176.88 = 64.03b 0.89 = 0.42abc 166.61 = 93.11ab
Z-Autd 4.86 £ 0.03d 1.01£0.11a 72.71 £ 4.02ab 54.29 % 13.51ab 179.70 + 35.46b 0.63 = 0.20bc 11535 £ 15.05b
Significant due to

Years * * NS * * NS *

Seasons NS NS * NS * * *

Sites * * * * * * NS

OM, organic matter; AN, available nitrogen; AR, available phosphorus; AK, available potassium; E-Ca, exchangeable calciums E-Meg, exchangeable magnesium; NS, not significant different.
*Stands for significant different (P < 0.05). Columns that do not share the same letter indicate a significant difference (P < 0.05) according to Duncan’s multiple range test.
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1D Sta error P(>|t]) Relative import;
Hebeloma 1.048 3.444 0.002 3.61
Elaphomyces 0537 3724 0.001 1.999
Goffeauzyma 0.485 —-3224 0.003 1.564
Entoloma 0.297 —3.855 0.001 1.145
Pseudeurotium 0371 2513 0.017 0.933
NMDS1 0.249 3.115 0.004 0.775
NMDS2 0.126 6.071 <0.001 0.763
Chaol 0.23 2.861 0.007 0.658
Fusarium 0.129 4289 <0.001 0553
Geomyces 0.197 2.763 0.009 0.545
Polyscytalum 0219 2104 0.043 0.462
Staphylotrichum 0.101 —4.528 <0.001 0457
Remersonia 0.091 4.885 <0.001 0.446
Gymnomyces 0.141 —3.075 0.004 0432
Rhizopus 0.172 2439 0.020 0419
Hirsutella 0.159 —2.495 0.018 0.396
Acremonium 0.073 4.525 <0.001 0.331
Penicillium 0.104 —3.165 0.003 0.33
Tomentella 0.17 —1.919 0.064 0327
Paraphacosphaeria 0.116 2441 0.020 0283
Mortierella 0.091 2681 0.011 0245
Metarhizium 0.116 2073 0.046 024
Trichophyton 0.178 1.281 0209 0228
Talaromyces 0.169 —1272 0212 0215
Trichoderma 0.144 1418 0.166 0204
Suillus 0.068 2745 0.010 0.186
Trechispora 0.097 —1.484 0.147 0.144
Plectosphacrella 0.074 1316 0.197 0.097

Model summary: R* = 0.875, AIC = —73.41, P < 0.001

Proportion of variance expliined by model: 87.5%

The bold value represents the P-value is lower than 0.05 level from the ANOVA result.
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ID NE] error Relative importance
Pandoraea 0.108 3.46 0.001 0.374
Rhizomicrobium 0.138 2.557 0.013 0.354
Blastococcus 0.129 —2.583 0.012 0.334
Symbiobacterium 0.104 —2.98 0.004 0.311
Chaol 0.115 2273 0.027 0261
Sulfuriferula 0.121 —1.864 0.068 0.226
NMDS2 0.144 1.42 0.161 0.204

Model summary: R? = 0.462, AIC = —24.64, P < 0.001

Proportion of variance expliined by model: 46.2%

The bold value represents the P-value is lower than 0.05 level from the ANOVA result.
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Microbe species Population sampled:

us UR IS
Bacteria
Arthrobacter sp. e ++ b ++
Bacillus sp. e e b .
Bacillus amyloliquefaciens ++ ++
Bacillus thuringiensis + +
Burkholderia ambifaria + + + +
Chryseobacteriun sp. e + e
Comamonas sediminis ++ + +
Cupriavidus metallidurans +
Enterobacteriaceae sp. ++ + + +
Ensifer adhaerens ++ 4t
Fictibacillus barbaricus ++ + + +
Flavobacterium sp. + ++
Gordonia sp. +
Leifsonia xyli + +
Mammaliicoccus sciuri +
Massilia oculi + +
Mesorhizobium sp. e e
Microbacterium sp. ++ + ++ +
Microbacterium azadirachtac |+
Micrococcaceae sp. 4t + 4t ++
Paenibacillus sp. + +
Paenibacillus glycanilyticus ++ ++
Priestia sp. +
Pseudomonas sp. e 4t
Pseudomonas nitroreducens ++
Rhizobiaceae sp. + + + +
Serratiasp. ++ + + +
Sphingobacterium putcale ++ it
Sporosarcina koreensis ++ +
Streptomyces sp. ++ +
Streptomyces viridobrunneus +
Terribacillus sp. +
Total species 2 18 21 3
Fungi
Aspergillus sp. +
Fusarium oxysporum ++ +
Mucor irregularis +
Penicllium sp. ++
Penicillium commune +
Penicllium desertorum +
Plectosphacrella cucumerina ++
Sordariomycetes sp. +
Total species 5 0 3 1

*+, 100 colonies detected in the plates; ++, > 100 <1,000 colonies detected in the plates;
44, > 1,000 2,500 colones detected in the pltes; and ++++, 2,500 colonies detected in
the plates.
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DDM (%DM) = 88.90— 0.779 x ADF(%DM)
DMI (%Body weight) = 120/NDF(%DM)
RFV — (DDM x DMI)/1.29
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Sample Ccp NDF ADF ADL
(% DM) (% DM) (% DM) (% DM)

L 7.00° 52,03 3378 4255
M 6.77° 49.28% 32.96% 447
H 8.77% 4877 31.78¢ 458
SEM 02757 0.6248 0.3935 0.0804

L, Lablab and sweet sorghum sowing weight ratio of 1:1; M, Lablab and sweet sorghum
sowing weight ratio of 5:1; H, Lablab and sweet sorghum sowing weight ratio of 9:1;
CP, crude protein; NDF, neutral detergent fiber; ADE, acid detergent fibers; ADL, acid
detergent lignin; and SEM, standard error mean. Means within the same column with
different letters is significantly different (P < 0.05).
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Blocks (latent variables) Name of manifest Loading

variables EN
1 Inoculants Inoculants Bacillus velezensis 1 1
1 Inoculants Inoculants Brevundimonas diminuta 1
ES Enriched species Bacteria Pseudomonadales 0.999396887
ES Enriched species Bacteria Pseudomonadaceae 0999459372
ES Enriched species | Bacteria Pseudomonas 0999509126
ES Enriched species Bacteria Uncultured_g_Pseudomonas 0.938613205 1 0.995849785
ES Enriched species | Fungi Ascomycota 0959731487
is Inhibited species | Bacteria Proteobacteria 0850349521
is Inhibited species | Bacteria Alphaproteobacteria 0952460026 ~0910923628 ~0.88867341
15 Inhibited species | Bacteria Sphingomonadales ~0993352728. ~0.992715681 —0.981941888
1s Inhibited species | Bacteria Sphingomonadaceae ~0.993352728 ~0.992715681 ~0.981941888
15 Inhibited species | Bacteria Sphingomonas ~0.992618359 ~0.995460533 ~0.988738669
1s Inhibited species | Bacteria Sphingomonas_flava ~0.988700018 ~0.98329333 ~0.990523885
is Inhibited species | Bacteria Uncultured_g_Sphingomonas ~ ~0.974169265 ~0970802596 ~0.958552763
s Inhibited species Bacteria Xanthomonadales —0.934655349
is Inhibited species | Bacteria Xanthomonadaceae ~0.939391641
1s Inhibited species | Bacteria Lysobacter ~0.970079888 ~0.948564292 0973770713
15 Inhibited species | Bacteria Uncultured_g_Lysobacter —0.968760804 —~0.951090798 —~0.975059788
s Inhibited species | Fungi Nectriaceae 0821590845
Microbiome Number Bacteria Bacterial number 0853963047 0876225124
Microbiome Number Fungi Fungal number
Microbiome Diversity Bacteria Bacterial shannon diversity 097549361
Microbiome Diversity Bacteria Bacterial NMDS1 0892381548
Microbiome Diversity Bacteria Bacterial NMDS2 0965999922 0940935912
Microbiome Enriched function Bacteria Aerobic_ammonia_ 0915161299

oxidation
Microbiome Enriched function | Bacteria Aerobic_nitrite_oxidation 0940858307
Microbiome Enriched function Bacteria L 0.89650639

degradation
Microbiome Enriched function Bacteria Chloroplasts 0.867163054
Microbiome Enriched function | Bacteria Manganese_oxidation 0939479552 0924982782
Microbiome Enriched function | Bacteria Nitrification 0940225695
Microbiome Enriched function Bacteria Predatory_or_exoparasitic 0.840279412
Microbiome Inhibited function | Bacteria Chemoheterotrophy ~0963836028
Microbiome Bacteria Chitinolysis —0.943703465 —0.962961373 —0.970564066
Soil Soil Soil pH 1 1 1
Rice Rice Height Shoot height 0925054603 0970510743 0949179965
Rice Rice Height Root length 0.891755528 0932288674 0.794379462
Rice Rice Height Rice height 0.982915856 0986630268 0971840051
Rice Rice Fresh weight Root fresh weight 0943867208 0935711428 0903805292
Rice Rice Fresh weight Shoot fresh weight 0971821778 0.983008975 0964966233
Rice Rice Fresh weight Rice fresh weight 0.976148381 0.984050763 0982156706
Rice Rice Dry weight Root dry weight 0965526409 0906912573 0950346748
Rice Rice Dry weight Shoot dry weight 0.989107807 0.990823909 0972310643
Rice Rice Dry weight Rice dry weight 0.993995301 0.989665339 0.984299876
Rice Rice Nitrogen Root nitrogen concentration 0951126459 0941475213

concentration
Rice Rice Nitrogen Shoot nitrogen 0.739793896
concentration concentration

Rice Rice Nitrogen Rice nitrogen concentration 0964066556 0798715419

concentration
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Empirical networks

Number of nodes 287 287 287
Number of edges 296 382 673
Number of positive 216 337 434
correlations

Ratio of positive 72.97 88.22 6149

correlations (%)

Number of negative 80 45 239
correlations
Ratio of negative 27.03 1178 3551

correlations (%)

Average degree 2063 2662 469
Average clustering 0434 0.404 0.409
coefficient

Average path length 4085 6.161 3915
Network diameter 12 19 2
Graph density 00072 0,009 0016
Modularity 0,579 0.627 0.402

CK, non-inoculated; F, inoculated with Bacillus velezensis FH-1; N, inoculated with
Brevundimonas diminuta NYM-3; EN, inoculated with Bacillus velezensis FH-1 and B, diminuta
NYM-3,






OPS/images/fmicb-14-1168179/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1101773/fmicb-14-1101773-t002.jpg
Treatments PERMANOVA (Adonis)

Bacteria Fungi
R? P
CKF 0.401 0.008 0320 0.001
CK-N 0314 0.001 0.145 0.082
CKEN 0390 0.008 0.140 009
EEN 07 0177 0.167 0058
N-EN 0219 0.001 0.073 0.681

CK, non-inoculated; F, inoculated with Bacillus velezensis FH-1; N, inoculated with
Brevundimonas diminuta NYM-3; EN, inoculated with B. velezensis FH-1 and B. diminuta
NYM-3.
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NOz~-N Available-P | Available-K Organic

(mg/kg) (mg/kg) (mg/kg) matter(mg/kg)
CK 0.35 £ 0.07ab 35.73 +2.16b 12.77 £ 2.49b 386.00 & 10.55e 43.10 £ 1.78b 7.41 £ 0.03b 508.00 £ 10.02bc
NF 0.55 £ 0.09a 35.73+0.18b 18.30 £ 2.52b 465.83 £ 7.95d 50.90 + 3.89ab 7.50 £ 0.06b 487.00 % 22.65bc
NEC 0.44 £ 0.05ab 40.83 + 2.12ab 22.77 £ 3.96b 674.17 £ 41.84c 53.43 +£2.97a 7.47 £ 0.03b 842.67 &£ 59.37a
NFD 0.46 £ 0.09ab 36.73 +2.82b 82.67 £12.2 915.83 £ 15.90a 52.83 +2.33a 7.47 £0.01b 833.00 & 34.04a
NFHS 0.27 £+ 0.08b 46.23 = 1.66a al70.60 & 6.68a 736.67 = 8.21b 53.43+3.77a 7.41 £ 0.02b 604.33 + 57.32b
NFZM 0.39 £+ 0.04b 24.57 £ 0.61c 17.17 £ 6.25b 461.67 £7.12d 52.80 & 2.15a 7.61 £0.02a 390.67 £ 9.77¢

The letters “a, b, c and d” are significant markers, and different letters between treatments indicate significant differences at the significant level of 0.05.
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F N FN

pH 7235023 7.69002 775005 7.57:0.09

OM(gkg = 1861:1260 17428169 | 19.07£53%  1834%13%
TN(ghg) ~ 082£01dab | 076x0.1%b  0.67£008b 089002
TP(ghg) 0312003 | 032:00la  031:00la  032:00ka
TK(gkg) 102580902 | 1062£08%  951t174  9.65:127
Fe(ghg) | 3305:08%  3223:064 | 373106 | 31794075
AN(mg/ | 3045:198  3296:668 | 35.58+63% | 33374572
kg)

AP(mg | 6301:l12a | 6L12+34da  6170£091a | 6204%5.19
kg)

AK(ng/ | 22204£906ab  214234290b 229554802 216097820
k)

OM, organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; Fe, soil total
ferrous; AN, available nitrogen; AP, available phosphorus; AK, available potassium; CK, non-
inoculated; F, inoculated with Bacillus velezensis FH-1; N, inoculated with Brevundimonas
diminuta NYM-3; FN, inoculated with Bacillus velezensis FH-1 and B. diminuta NYM-3; Data
followed by the different lowercase letters are significantly different at p <0.05.
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Variations in composition of fungal functional groups inferred by FUNGuild

CK

NF

NFC

NFD

NFHS

NFZM

Relative abundance

B Undefined Saprotroph

I unknown

B Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined Saprotroph

B Plant Pathogen

[ Animal Pathogen-Dung Saprotroph-Endophyte-Epiphyte-Plant Saprotroph-Wood Saprotroph
B Animal Pathogen-Endophyte-Lichen Parasite-Plant Pathogen-Soil Saprotroph-Wood Saprotroph
- Animal Pathogen-Endophyte-Plant Pathogen-Undefined Saprotroph

B Endophyte

I Animal Pathogen-Endophyte-Fungal Parasite-Plant Pathogen-Wood Saprotroph

B Animal Pathogen

B Dung Saprotroph-Plant Saprotroph

I Dung Saprotroph

| Animal Pathogen-Undefined Saprotroph

B Fungal Parasite-Wood Saprotroph

I Animal Pathogen-Endophyte-Lichen Parasite-Plant Pathogen-Wood Saprotroph

B Animal Parasite-Fungal Parasite

B Fungal Parasite-Undefined Saprotroph

[ Ectomycorrhizal

B others





OPS/images/fmicb-14-1101773/fmicb-14-1101773-g007.jpg
Standardiced effects on

ce from PLS-PM

ok e h

Dirent_slafiss_ aToul |

na
e -

R0

m

‘Standardized effects on
rice from PLS-PM

10

GoF=0.65

[ D aindieet aToul

B

n

R0

!
RE08] GaF 078 R
i
i
£5
i<
5%






OPS/images/fmicb-14-1191059/fmicb-14-1191059-g007.jpg
KEGG LEVELI

40

0 10 20 30
B Relative abundance(%)

50

-
@

e

Relative abundance(%)
=2
Relative abundance(%0)
S

&
. :§*,
Q&{’ \o@
) S
x> Q
2 >
& &
v g
N) g
"D\ ‘\Q
© >
A cﬁ

«7
X,

7

W

=N

)

Relative abundance(%)

'S

Relative abundance(%)

[=)}

Relative abundance(%)

Relative abundance(%o)
= S = =
ESS (=)} o0 (=}
1 1 1 1

S
to
1

0.0 -
& o & %
%@O & & X o &
) & 2 g N
O & : o‘s\\ 5 $ &
of (:o‘ = Qb ¥ &
g \ﬁ& fz;‘\b & A&Q S
& ¥ & < % &
3 S
& Qo\“’ Ooe“’& &
\}Qo R





OPS/images/fmicb-14-1101773/fmicb-14-1101773-g006.jpg
A

=R = 95% confidence intervals
‘manganese oxidation P [
chemohcterotrophy B, e—1i I
chitinolysis By ——
aromatic_compound_degradation § o1
predatory_or_exoparasitic § | HOH
0.0 419 =5 -4 =3 = =1 o 1
Mean proportion (%) Difference between proportions (%)
=1 K =N 95% confidence intervals
chitinolysis 5‘ —_——
0.0 419 =5 -4 o | =2. =1
Mean proportion (%) Difference between proportions (%)
[ —— 95% confidence imcllwls
chitinolysis —O—o
chemoheterotrophy ey 00— !
nitrification E3 I ——
acrobic_ammonia_oxidation E | —e—
‘manganese_oxidation [ | o+
chloroplasts | Y
acrobic_nitrte_oxidation 1ot
r_exoparasitic i 1ot
0.0 419 -6 -4 3 0 2
Mean proportion (%) Difference between proportions (%)
B 95% confidence intervals
[ G = ;
Plant Pathogen Py 00—t |
Undefined Parasite EE——y —— |
Wood Saprotroph EE—— ; —_———
00 28 30 20 -0 0 0 20 30 40

Mean proportion (%) Difference between proportions (%)

BN K N FN 95% confidence intervals

R L!

00 27 18 16 14 12 10 8 6 4

Mean proportion (%) Difference between proportions (%)

1.12¢-04
7.94¢-04
8.26¢-04
491e-03
243e-02

1.09¢-02

126¢-02

236¢-03
2.86¢-02
313¢02
353¢-02
3.63¢-02
378¢-02
397e-02
4.60e-02

1.03¢-02
195¢-02
494¢-02

4.79¢-02

p-value (corrected)

p-value (corrected)

p-value (corrected)

p-value (corrected)

p-value (corrected)





OPS/images/fmicb-14-1191059/fmicb-14-1191059-g006.jpg
RDA2(5.32%)

60

50

40

30

20

-10

-20

-30

-40

-50

-60

@ cK
@ \r

@ \rC
{ NFD
@ NFHS
@ NFzMm

Available K

Ny
R
O

d

|

g,

6/e »

1'/Q

A,

|

“<I il

]
% II=
& I

4 »

I I I I I I
-70 -60 -50 -40 -30 -20 -10

I I I I I I
10 20 30 40 50 60 70

RDA1(77.17%)

1

"

il

1 Wl

norank f Gemmatimonadaceae
Sphingomonas

Streptomyces

norank f JG30-KF-CM45
Intrasporangium

Gaiella

norank f 67-14
Mycobacterium

Marmoricola

Nocardioides

Micromonospora
norank f norank o SJA-15
Arthrobacter

norank f Vicinamibacteraceae
norank f Anaerolineaceae

norank f norank o Vicinamibacterales
norank f norank o norank ¢ KD4-96

RDA2(8.50%)

norank f norank o norank ¢ MB-A2-108

Bacillus

Defluviicoccus
norank f Roseiflexaceae
Bryobacter

norank f norank o Gaiellales
norank f Methyloligellaceae

norank f norank o norank ¢ norank p GALI1S5

norank f Xanthobacteraceae

norank f norank o norank ¢ AD3
norank f norank o IMCC26256

norank f norank o SBR1031

norank f norank o norank ¢ TKI10

200 :
: @ cK
: @ \r
150 4 5 @ NrC
E Bk @ NFD
100 : @ NFHS
; @ NFzMm
50 ® i Organic matter
NO;-N';
0 —hEEEEsEEsEEEESEEEEEEEEEESSEEssEsEEsEsEsEEEE. ‘ o o
® AKP
50 .i'. Available P
-100-
o
-150 -
-200-
1 I I I lI I I 1
-250 -200 -150 -100 -50 0 50 100 150 200
RDA1(50.97%)
Trichoderma

unclassified p Ascomycota

- Saitozyma

Saccharomyces
Membranomyces
Talaromyces
unclassified k Fungi
Clonostachys

Fusarium

Mortierella

Sarocladium

Lecythophora
Neocosmospora

Penicillium
unclassified o Sordariales
Acremonium

Emericellopsis
unclassified f Nectriaceae
unclassified f Sordariaceae
Trichosporon

Aspergillus

Metarhizium

Chaetomium
unclassified ¢ Sordariomycetes
Cephalotrichum
unclassified f Microascaceae
Plectosphaerella
unclassified o Pleosporales
Gibellulopsis
Ramophialophora





OPS/images/fmicb-14-1101773/fmicb-14-1101773-g005.jpg
-—c

_5Dmnﬂbhnnhs "
60 -48 -36 -24 -12 0.0 12 24 36 4
LDA SCORE (log 10)

7

H
H
H

H

H
H

0 12 24 36 48 60
LDA SCORE (log 10)

|
|
|

-k N
~6.0 48

_ Lysovacter
Rontromonadacese

| . crmorades.
_ ‘Sphngomonas_flava.
-k N

_ i ——

[ i v

N <0 on adacee.
I -1 cocrospermis

2 4
Pyronemstaceae

LDA SCORE (log 10)
I . o

i} 1 i i
—-6.0 4.8 —3.6 —2.4 1.2 0.0 12 24 36 48 6.0
LDA SCORE (log 10)

A -

-k N

incuttured bacteruim g scudomons; [

Sphingomonas_fava
uncuured bacerium. o Lysabscter
uncultured baceriam o Sphingomons.

I -5t
raproteosactera e

[ewlii) e —
' 1
[Pt N

-4 -2 2

e

LDA SCORE (log 10)

o

LDA SCORE (log 10)





OPS/images/fmicb-14-1191059/fmicb-14-1191059-g005.jpg
:¢_ Sordariomycetes

b
Z;i:z;“.;li‘;?;““ \ \\\\\ & \\ \‘!,, /

Clostridium_sensu_stricto_1 : S \\\

¢

o0 p_
:f_norank_o__Subgroup_7

l::: ::c‘:i?l:les Q\;}\\ \\\k}\\\\\\\\\\\“‘!
m ac}ll:sceae ; 5 AN \\»

iElio):
lnlnr-:lwl-hl
= B 'Iﬁw

BEEr
2282 a
§Qgazsgase

N B e &) o Tk w - e o s

A >

B M0 B0 T B NWS®EZ<ES®RODYODZ oKX TR MO QO TS
2

S TS o o <= z-w=25T o 3 = o=z

& =] TS & &8 RErsEEc2CcRREeRREE R

o
il
g @
= S
S

o ]
Bl Bl
- | =)

gz 7
=

gEE
SEiEEE

|§3

N
A

)

cetes

59

- -
- - b .l m um
mm b:g  Pse bry: -NFHS - W nl:g  Aspergillus
W Cig no - anthobac - d W ol :g_ Penicillium
. d:f M igellaceae - e W pl:f_Trichocomaceae
H c:g_ nol thylol - Wl ql:g  Talaromy ces
mm f:o Xanthomonadales - B r]:o_ Chactothyriale:
mm ¢:o_ HOC36 - h N s]:g  Exophiala
- Tl:finomnki __HOC36 - W ] :f_Cyphellophorac
mm i:g norank f norank o HOCS3 £ - ea W ul:g_ Cyphelloph
mm j:o_ Subgroup 17 [N = . vlc S my
mm k:f_ norank_o_ Subgroup 17 o - riacear . wlo !
mm |:2_ norank f norank_o__ Subgrouj S = W x|:f_Di
M m:c_ Holoph: o = - . oyl:g ied f Dipodascaceae
mm n:o_ Subgrouj — \. S - o W zl:p B
mm o:f_norank_o_ Subgro : -y - P
W p:g_norank f norank o_Subgroy — - g . b2:c un Basidiomycota
- q:p_gllrmlc:(es e e — = - Wl c2:0 u Basidiomycota
mm r:c_ Clostridia E ————— B3t - s .l d2:f u B
- s f_(:l strLdiales = § § -t E e2:g un Basidiomycota
mm t:f_Clostridiaceae = e - . 2:c A cety
e Closridium sensu sui 7% / S = =g B 2:0_Agaricostilbales
- vig oslndl.um sensu_sitri ? 7 /) \ == - . h2:f A ilbaceae
mm W :p_ Bacteroidota / / N \ - X W i2:g  Sterigmatomyces
- cteroidia / / o A . j2:c Tremell
S OIS, E: S
] - o7 - :0__Trichosporonales
: : f l:"ml:‘_ko RB o /// // Wl ¢ \\\\\\\\ \\ F : :1] : I2:f_1’r1ilc.hospomnaceae
A\ N m2:g_ Trichosporon
- b orank /// ‘Il\\\\\\\ \ \\\\ - cl N n2:0 llales
- c o \ N - dl . o2:f ified o Tremel
- dl / “ ‘ \ \ v - M p2:g unclassified o Tremellal
- el / /J ‘ i ‘u‘\ \\ \\\ -l . 2:p idiomyc
- fl: e L] H L\ [ . 2:c sified_p__Mortie ota
- gl & - hl W s2:o0_unclassified p_Mortierellomycof
== !I] 4 | I -l B 2:f unclassified p_Mortierellomycota
=1 f]: -l W u2:g  unclassified_p_ Morti
- ! - k! B v2:g  Olpidium
" Beijerinckiaceae
:f__Rhizobiaceae NF ) Ascomycota 11:g unclas: | f Microascact
0 Sphingomonadales - NFZM : ¢_ Sordariomycetes ml :g_ Cephalotrichum
: f__Sphingomonadaceae . o__Sordariales nl:o_ Gl lales
:g_ Sphingomonas ¢ . (I :f_Sordariales_fam_Incertae_se« ol :f Pl erella
:0_ Xanthomonadales ‘ \‘\\\\\\\\ l‘u | /// / __Papulaspor Lig
:¢__Holophay gae \ i . Ramophialophora & i i
:0__Subgroup_7 4 \\\ ‘\ / rdana 1:g_Ch
:f_norank_o__Subgro ‘ \X\ \ f__Chaetomiaceae 1:0__Myi
:g_norank_f_noran Subgrol \\\ '\\ /s’ . Chaetomium N
: p__Bacteroid \\ :\ \\\\ . Zopfiella ul:g
:c_ Ba idi © I 13
2P ex \ \\\\\\\‘:&\\\ e . 1 :‘i) Pl
ic_Al ine: a5 \v?\\\&‘ : \ 6
t0 Al lineal S \\ \ \\\\‘\ 1:
+f_ Anaeroli Q\\\\“ 15t
10_S| = ot a2:f
::_ A4 s % \\\ 2:
:g_ noran| k 4
of n if
:g i
-
g2 :g_ Pyrenochae
tg_
e
1g_ S
o
f_ On

T

b
1\ i

\‘

&
N

cul
ni
1o
assifi
omy.
lidiu
__Onygenal
7 enal
__Chrysospo

5
I
0298857
3

75
24

A\

n2:f Onygenaceae

v

//%

0 00T B NKXSZE<ET®SODOSS 3 - < =~ >@E Mmoo oo os

O i
& Ll sy s 5

)

2 O RL T o 3 5 ©®ES S80S N < x g o wmao

B e

¥ X g C<CE®LRO0TOBES AT TR MO ST NT X < e rTw oD os —xt = TR MO0 Qo T





OPS/images/fmicb-14-1101773/fmicb-14-1101773-g004.jpg
Kingdom-Abundance

Modular-Degree

© Bacteria
® Fungi

© Unassigned
* @ ® Abundance

—— Positive

Negative
*® @ Degree
© Module1

® Module4
® Modules
lodule 6
© Module7
Others

Avgdegree: 2.67





OPS/images/fmicb-14-1191059/fmicb-14-1191059-g004.jpg
Relative abundance

~

] —_
- - - - - - Actinobacteriota
E —_ B Chloroflexi
= E = E— Proteobacteria

B Acidobacteriota

Firmicutes 0.8
. M Myxococcota
[ Bacteroidota
B GALIS

—
- Ascomycota
B Mortierellomycota
unclassified k Fungi
M Basidiomycota
Olpidiomycota
B others

Gemmatimonadota b
o £ 0.6

Methylomirabilota =

Planctomycetota E

Cyanobacteria §

unclassified k norank d Bacteria g
W WPS-2 & 0.4+

B others

0.2+

I I I | I I | I I
CK NF NFC NFD NFHS NFZM CK NF NFC NFD NFHS NFZM





OPS/images/fmicb-14-1101773/fmicb-14-1101773-g003.jpg
0.008

Relative abundance (%)
s e 2
g 2R

0.000

=FH-1 BNYM-3

FN

1.6E+09

=
&
&
8

1.2E409
LOE+09

s/ g dry soil)

£ 508208

£ 6.0E408

PP
Z 20408

0.0E+00

| Cmriis e






OPS/images/fmicb-14-1191059/fmicb-14-1191059-g003.jpg
)

PC2(6.1%

Bacteria
0.3 ;
@ X :
A NF :
NFC 5
02- - NFD 5 .*NFZM2
B NFHS * NFHS1
Y& NFZM 5
: NFDI1
0.1 5 +
i HONFZM3
CK3 _CKI : NFC3
U L T T NEDS NF2 """""
CK2 NFHS3 3iNF1
:NFH82¢NFC2
; NEZMI1
7 - . NF3A @ nrc
' : NFD2
-0.2 T T T T T
-0.8 -0.6 -0.4 -0.2 0 0.2

PC1(75.06%)

0.4

Fungi

0.4

0.4
@ cK
AN
034 ‘ NFC NFC1
o= NFD NFC2‘ NFC3
[l \FHS :
0.2 *NFZM Y NFZM2
¥NFZM3
Q NFZM1
. 0.1-
—
Lt CKI
Q @
U 0 ki e ‘- .............................................................
A NF1
0 : NFDI1
* NFHS3 FDo
Rl NFHS1 g MINFHS2
: NFD3
-0.3 ! . . T .
-0.8 -0.6 -0.4 -0.2 0 0.2
PC1(43.65%)





OPS/images/cover.jpg
& frontiers | Research Topics

Soil microbiome
community and
functional succession
mechanism driven by
different factors in
agricultural ecology






OPS/images/fmicb-14-1191059/fmicb-14-1191059-g002.jpg
Chao index

Shannon index

4200

4000 -

3800

3600

3400 -

3200 -

3000 -

2800 -

2600 -

2400

2200

2000

CK

I | 1 |
NF NFC NFD NFHS NFZM

12

6.8

6.6

6.4 -

0.2

S8

36~

5.4

X%k

*kk

%okxk

*kkxk

*kkk

—_—

e

=77 5=

CK

I | 1 I
NF NFC NFD NFHS NFZM

Chao index

Shannon index

1600
1500
1400
1300
1200
1100
1000
900
800 -
700
600
500
400

k%%

X%k
k%

X%

k%

k%

%k

k%

300

CK

| | | |
NF NFC NFD NFHS NFZM

CK

NF NFC NFD NFHS NFZM






OPS/images/fmicb-14-1097742/crossmark.jpg
(®) Check for updates





OPS/images/fmicb-13-1065899/fmicb-13-1065899-t004.jpg
Bacteria

Fungi

Chaol
Shannon
Simpson
Goods
Coverage
Chaol
Shannon
Simpson
Goods

Coverage

TN

0272

0.076
~0.069
~0.126

~0.045
-0.119
0151
0076

TP

0,037
0.056
0.016

—0.118

0249
~0.140

0.267
~0.103

AN

~0.073

0.083
~0.029
—0.124

0178
0.076
0.003

~0.145

AP

0124

0.105
-0.012
0134

0372
0.195
—0.074
0423

PH

0266
0189
0186
0221

~0.154
~0.061

0013
~0018

EC

0235
—0.416
0.390

0291

socC

0053

0.102
~0.045
~0.151

0226
0.062
0.068

~0.046

TK

—0.061
—0.026
0.032
0.018

0.031
0.043
0124
~0308

AK  Margalef Shnnon

0016
~0.060
0024
0,148

~0.09
~0.155

0.142
~0.043

0545

0367
~0379
~0.241

0243

0212
~0.149
~0.063

0614

0481
~0525
~0.384

0320
0.160
~0.165
~0.187

Simpson

0.646

0.546
~0.579
~0.384

0317
0.036
~0.076
~0.196

Total
AGB

0.183
0.346

~0251

0.120
—0.192

0.193
~0021





OPS/images/fmicb-13-1065899/fmicb-13-1065899-t003.jpg
Site

Control
IS,

FE

BP

BE.

pH

8.90£0.04
859041
85440412
8.59:£0.25
8.62+0.49
0519
0722

EC (mS/
cm)

3.
18420.650

1240

19420950

195+ 1.13a

L69+0.650
1696
0174

SOC (g/kg) TN (g/kg)

1006:+0.462
9.98+2.12
11101512
111581742
1089+ 1362
0.859
0.498

123£047a
109+0.36a
1.56£0.56a
1222043
152£0.72a

AN (mg/kg)

150.0728.12a
159.72280.16a
15629+ 49.67a
1933494410
183.17+69.24a
0477
0752

TP (g/kg)

095038
100+

2%
1290462
148+041a
139023
2973
0.033*

AP (mg/kg)

175.52+29.66a
197.89£54.650
189.22£ 42,500
185.51£68.83a
190.99+72.62a
0.097
0.983

TK (g/kg)

367541240
36,66+ 149
36101862
3541£2.194
36,60+ 1152
0.858
0.499

AK (mg/kg)

144262 1442
1429743412
1432122700
14162333
14031£2.642
1769
0.158





OPS/images/fmicb-14-1013570/fmicb-14-1013570-g001.jpg
N

Fungal Shannon index
)} N

C 104

10.2

Bacterial Shannon index
o o S
(@) (0%e) <

b
~

92

N:***
[ ™
-NxC:ns
A
B
ab a
I b
| . i
*
| | | | | |
NOCO NOC1 NOC2 N10CO  NI10CI N10C2
N:# .
" C:ns
“NxC:ns
*
| | | | | |
NOCO NOC1 NOC?2 N10CO N10C1 N10C2

B 2000
1800
1600
1400
1200

1000

Fungal Chaol index

800

600

400

7500

7000

6500

6000

5500

Bacterial Chaol index

5000

4500

N:*
| C:ns
L NxC:ns A
B
B L 2 PR—
. L
B ¢
| | | | | |
NOCO NOCl1 NOC2 N10CO N10C1 N10C2
N:*
[ C:ns .
"NxC:ns
L 2
A B
N . —
| 1 1 | | 1
NOCO NOC1 NOC?2 N10CO N10C1 N10C?2





OPS/images/fmicb-13-1065899/fmicb-13-1065899-t002.jpg
Total AGB
Total coverage
PG coverage
PF coverage

PS coverage
ABH coverage
PG height

PF height

PS height

ABH height

PG abundance
PF abundance
PSabundance
ABH abundance
PG frequency
PF frequency
PS frequency
ABH frequency
PG AGB

PF AGB

PS AGB.

ABH AGB

Control
31232+ 53.99b
50.00 + 5.00b
463345510
0,00+ 0.00a
0,00+ 0.00a
53343062
21992194422

0.00 £ 0.00b
0.00 £ 0.00b
37.00 £ 24,640
27533+ 200.14a
0.00 £ 0.00a
0,00 0.00a
2400+ 23308
131£0.00a
0.00 £ 0.00a
0.00 £ 0.00a
0410272
288,50+ 54220
0,00 0.00a
0,00 0.00b
238219872

IS
446.74 + 168.52ab
66.11+9.28ab
42.61 416962

3004678
1339+ 1393
1939+ 17.49
70.50 £ 15.37b

6.67+15.21ab
44.00 £ 23,692
28.88+ 16,960

178.89 19877

10.11 £ 29962
30.11+2954a
12401 £ 147.08a

160 +0.240

0.03+0.06a

0554022

L18£057a

207.13+ 11439
14.06 £ 4169
77.87 +81.5%
13742+ 153472

FE

565.24 + 10221
78.11+7.04a
4762425172
1162+ 1313
1201+ 14562
3414+ 16012
6591+ 17.74b
21,00 £ 20.83a
29.39 + 24.802b
35268742

18089 £ 119.4da
303338800
28.11+287%

239.11 21053

1544035
020£0.20a
0.43+0.33ab
106:£061a

24159  100.44
2445+ 29.10a
39.75  56.85ab

222,04+ 180.98

BP

365.73 + 130.26b
6833+ 11.73ab
4100 + 22,062

589+ 14302
100+ 1.80a
2489+ 24842
5031+ 1867b
3.076.13ab
9.44:£17.40b
2551+ 12440

149.00 £ 149.12a
13.00 £ 2623

489£1034a
249.22+261.02a
1274038
0.09£0.18a
0.20:£0.30ab
094£061a
165.19 £ 81.09%
885

0.672
155£281b
190.14 £ 201342

BE

47477 +17152ab
65.00+10.61b
3811420518

0060172
7.674+ 11302
26,96+ 23.662
65.39+11.92b
22246670
3978+2377
4347 £1784
11822413235
033+ 1.00a
2822429450
195.89 + 212450
128 +0.46a
0.02+0.06a
0.41+0.28ab
1L01£037a

183.98 £ 107.062

032095
31.99 + 56.86ab
258.48 +276.91a

F

3.039
5.437
0.274
1834
2057
1360
7114
3187
4.687
1.855
0.643
L621
2117
1039
1635
2879
3444
1211
1296
1109
2474
0973

P

0.030
<0.001
0.893
0145
0.108
0.268
<0.001
0025
0.004
0141
0.636
0192
0.100
0402
0188
0037
0018
0324
0291
0.368
0.062
0435





OPS/images/fmicb-14-1013570/fmicb-14-1013570-e000.jpg
S = plant species in the sample plot (1)

Shannon — Wiener's diversity index (H): = — IPilnP; (2)

Piclou’s evenness index(E) = H/In$ )

s
Simpson’s dominance index(A) = 1— > P? (4)






OPS/images/fmicb-14-1190052/fmicb-14-1190052-g004.gif





OPS/images/fmicb-13-1065899/fmicb-13-1065899-t001.jpg
Plant «

diversity

Bacteria o

diversity

Fungi o

diversity

Margalef’s

richness
Shnnon-

Wiener
Simpson
diversity
Chaot
richness
Simpson
diversity
Shannonis
evenness
Goods
coverage
Chaot
richness
Simpson
diversity
Shannons
evenness
Good's

coverage

Control

0434008b

056+034¢

031£023¢

2866.99 £ 150.05 ¢

00340002

4874008 ¢

09940002

17043 +36.09b

3094052

01420122

10040002

s

0954021 ab

132£027ab

0.6+ 0.07 ab

4023.72 + 280,48 ab

001£001b

6054043 ab

0.99:+0.00ab

290,54 + 87.39 ab

3150672

01340092

100£000a

Site
FB

10440352

146 £0.53a

070 £0.182

4680.33 +369.26a

0.01£000b

643£0432

0.98000b

4778 4176342

33540622

0.13£008a

100 £0.00a

BP

0724033 ab

0,96+ 0.35 abe

0.49+0.17 abe

3595.27+ 714.17 be

0.01£001b

575£051b

0,99+ 0,01 ab

292,314 163.00 ab

32240612

01140062

10040002

BE

07140.34ab

0874038 be

0.43£0.24bc

3776.64  670.66 be

001£001b

598047 ab

0.98:+0.00ab

31892+ 11574 ab

29310412

01740112

100£0.00a

3343

5207

4925

8781

6.368

7474

2730

3.065

0425

0591

2228

0.021

0.002

0.003

<0.001

<0.001

<0.001

0.045

0029

0.789

0.672

0.087





OPS/images/fmicb-14-1013570/cross.jpg
@ Check for updates.





OPS/images/fmicb-14-1190052/fmicb-14-1190052-g003.gif





OPS/images/fmicb-13-1065899/fmicb-13-1065899-M3.jpg
D=1-3(R)





OPS/images/fmicb-14-1146207/fmicb-14-1146207-t001.jpg
Sample

ID

su

Carbon source property®

Reseuptio OrgTOC  OrgTN o )y OrgEQC
(gkg-") (gkg-") (gkg—")

No amended carbon source, flooded, and covered / ! ! !

Soil flooded with 1% ethanol, and covered 406.00 0.00 ¥ 303.30

Soil amended with glucose, flooded, and covered 39235 0.00 / 243.87

Soil amended with alfalfa, flooded, and covered 368.57 2274 16.21 89.70

Soil amended with wheat bran, flooded, and covered 363.93 11.05 3293 99.23

Soil amended with rice bran, flooded, and covered 35102 415 84.66 4317

Soil amended with sugarcane residue, flooded, and covered 389.85 328 118385 7456

‘Org TOC, Org TN, Org C/N, and Org EOC represent total organic carbon, total nitrogen, C/N, and easily oxidized carbon of carbon source, respectively.

Diameter
(cm)

<02
<02
<02

<02





OPS/images/fmicb-14-1190052/fmicb-14-1190052-g002.gif





OPS/images/fmicb-13-1065899/fmicb-13-1065899-M2.jpg
SR,





OPS/images/fmicb-14-1146207/fmicb-14-1146207-g006.jpg
RSD-cropping system

RSDs amended with
different carbon sources
(e.g., Org TOC, Org TN,
Org C/N, and Org EOC)

+

Two consecutive
planting seasons

‘Change soil chemical
properties
(e.g.. pH, EC, TOC, TN, C/N, AN,
AP, AK)

i

Reshape bacterial

communities
+ Soil chemical property
(e.z. AP, AK...)

« Carbon source property
(e, Org CN...)
+ Crop cultivation

Reshape fungal communities
+ Carbon source property

(e.., Org C/N, Org EOC....)
+ Crop cultivation

After two planting seasons

Fusarium reproduction
-« Org EOC

« Fungal Chaol and PC1
* Beneficial microbes

* Soil TOC






OPS/images/fmicb-14-1190052/fmicb-14-1190052-g001.gif





OPS/images/fmicb-13-1065899/fmicb-13-1065899-M1.jpg





OPS/images/fmicb-14-1146207/fmicb-14-1146207-g005.jpg
§ .
g g % g
i £ il .
3 558, 40 553 § 4SB8 L5 5%
sie geisgyy EE8 % £25, 5588558
558828 S35208 £8% & sff.d8sEsig
322822 OFESc o ESY o .isigsfsiss
£885500 B e IR N
<8 58855 s s82% s
3856666 CEECEanEd333888588854884S
Cultvable Fusarium 5
Raof Fusarium o
Cropyield o ®
Carbon source | %% /0% © L d
property Org CIN
Org EOC L3
pH
o
PR £
Soil chemical | 1y
property cN
N
AP
AK

Bacterial Shannon
Microbial | Bacterial Chaot
diversity | Fungal Shannon
Fungal Chaot

and Bacterial PC1
community|  Bacterial PC2
Fungal PC1

Fungal PC2
Subgroup_6

Scia4

Ramlibacter
Azotobacter
UC_Burkholderiaceae
MNDT
UC_Gemmatimonadaceae

Bacterial
taxa

Mycosphaerella
UC_Sordariaceae [3
Zopislla
Ascobolus
Alternaria
Fungal Aspergillus
ke UC_Chaetomiaceas
Penicillum
Scedosporium
Cladosporium

0.5





OPS/images/fmicb-14-1190052/crossmark.jpg
(®) Check for updates





OPS/images/fmicb-13-1065899/fmicb-13-1065899-g006.jpg
0.50
0.25
0.00
-0.25

U TR TR
o
slajminsmEn - BEEES
&
§






OPS/images/fmicb-14-1146207/fmicb-14-1146207-g004.jpg
<

{%) wnuesn4 Jo 2auepuNge 2AElRY

s =
s 3
& &
3 @
0 <
2 H
8 =
2 <
H 2
& )
2
< a
3
T(ios p , 5140) wnuesny sigemying
{5%) wnysny 1o eguepunae eieie
<
5
s 3
3 b
g 3
@ 2
2 8
= 8
H 3
2 3
2
e 3
& El g (®) proik doxo
(105 0 7140) wnuesng sgeniny
%) wnyiesny 1o souepunge sieie
i = 3
- ki
@, g
E. g =2
g &
i % =
=i & "
53 S ®
&2 &
<y 2 {
N5 <
H 5 X () otk doio

(105 2, 57140) et opemang

Gl Al Wh Ri Su

Ck Et

Gl Al Wh Ri Su

Ck Et





OPS/images/fmicb-14-1111087/fmicb-14-1111087-t002.jpg
CBl

TC (g/kg) 15.5501+1.2981a
TN (g/kg) 0.75050.065%
SOM (g/kg) 3226155£44.2833
Humus (g/kg) 1.1692:0.20262
NH,'N (mg/kg) 69.4393£4.6652
NO, "N (mg/kg) 9.8509:+1.0163b,
AN (mg/kg) 184.4267£6.7636a
AP (mg/kg) 1.19170.0846b
AK (mglkg) 943333+ 1083728
pH 3.78000.1308b

Values are means  SEs (1= 3). Means followed by different lowercase ltters within rows are significantly (p<0.05) different. TC, soil total carbon; TN, total nitrogen; SOM, sol organic matter;

CBY
7.85761.2099b
0.3937£0.0595b

191.6626+24.2836b
1.2210£0.082
7107894254550
2.2948+0.0913b
1403150+ 10.9473b
1.5000£0.2742b
79.000:£10.6927ab

4.0933.£0.026ab

JPL
1.4251£0.2033¢
0.1411:£0.0211¢

212703+ 3.1836¢
13203£0.05532
153026+ 2.7463¢
40,6788+ 117736
403433 £6.7853d
11692£0.0575b
47.3330£21.85b

492334058012

NH,'-N; ammonium nitrogen; NO,"-N, nitrate nitrogen; AN, available nitrogens AP, available phosphorus; AK, available potassium,

SMP
102801 £0.5471b
0.4408:£0.0278b

1237940 £8.2019b
1.6890£0.4371a
50.7539+5.9966
1.4570:£0.1886b
82.90337.5757¢
2.850040.48052
64.3333£4.8074ab.

44233£0.2718ab





OPS/images/fmicb-13-1065899/fmicb-13-1065899-g005.jpg
0.44
pH [———» EC
% “
%86 NN
7 NG

PV panels/<~ — ___ 003 &%

N~/ Y

‘ \/\0- 76 % ¥7\ \ Bacteria
6 acter
0.07 ‘ / ~\3 “y \ \diversity
. S
- S\ MRE=0680
Y 08 N \
~ S
Plant ——— 084
diversity 0
\2<
R2=0.005 22
Soil R?=1.089
nutrients

R2=0.806





OPS/images/fmicb-14-1146207/fmicb-14-1146207-g003.jpg
Residuals = 33.8%

s
&

g
Fo SF S
O SE o

PP PRy & TS

orgToC
orgTN
OrgCN
OrgEOC

pH

EC
0C

™

Crop cultivation

Manters -
ko2
— 02704
pary)
Mantefs p
<001
— 0o1-005
=005

Pearsan's t
10
05

00
-05

fter first season

After treatment
Permutation Test P-value: 0.011 ® After second season
AP H

_os
| &% ogan
H OrgEOC
ool
g
e

03]

il i Crop cutivation

S5 90 65 10
RDAT [46.42%]

Permutation Test P-value:

RDA2 [19.08%]

o4

0rg Grgoc

Crop cultivatior

[ (g
RDAT1 [31.36%)]





OPS/images/fmicb-14-1111087/fmicb-14-1111087-t001.jpg
Administrative

Longitude

Chengbu Miao Autonomous County,
Shaoyang City, Hunan Province

Chengbu Miao Autonomous County,

Shaoyang City, Hunan Province

Zi

ng County, Chenzhou City, Hunan
Province
Zixing County, Chenzhou City, Hunan

Province

Sampling sites Sampling site Elevation Latitude
abbreviation

Shajiao Tung C. argyrophylla Nature Reserve CBE 928m 26323148

No.t

Shajiao Tung C. argyrophylla Nature Reserve CBY 1,066m 269321837

No2

Bamian Mountain National Nature Reserve- SMP 1137m 2888

Simaoping

Bamian Mountain National Nature Reserve JPL 1213m 26°423.59"

Jiaopenliao

110°34'48.45"

110°34'49.75"

113°42'59.51"

113°42'55.92"





OPS/images/fmicb-13-1065899/fmicb-13-1065899-g004.jpg
o o o
s N @
s & 8

RDA2 (12.54%)
S
X

-0.50

vargar

-0.4

0.0 04
RDA1 (63.32%)

Site © Control

IS

RDA2 (14.79%)

FE

-0.50 -0.25 0.00 025
RDAT1 (30.33%)

BP ® BE






OPS/images/fmicb-14-1146207/fmicb-14-1146207-g002.jpg
Fmon

Moy Choal 8 After treatment
Bde~(7 |2 p=220-08 | B Aflor first scason
8 After second season

= Proteobacteris
Avidotractoria
- Chiorofoxi
- Fimicutes
- Bacleroidatas.
m dctinobactorta
= Planctomycetes
= Gommalimonadeles
- Amiatinonadotos
= Patescibacteria
= Others

Relative abundance

After testanent
= Aftr firstseasan
= Afler second season

P2 [145%]
b e SR S

A - Ascomycote
Rozalomyoota
= Basidiomycola
Mortiersfomycas
- Glomoromyrota
= Chytridomycota
= Opidomycota
- ucoromycots
= Zoopagomycota

o paE B

Relative abundance

-

. @ Adter treatment
e st season 1

FAT 00T TS G806 05 AAfersecond seasan g o
PCot [21.4%] FR






OPS/images/fmicb-14-1111087/fmicb-14-1111087-g007.jpg
10,000,000 «I
8,000,000

6,000,000

Abundance

4,000,000

2,000,000

Bacterial COG function classification

Function unknown
Amino acid transport and metabolism

Energy production and conversion

Translation, ribosomal structure and biogenesis

Cell wall/membrane/envelope biogenesis

Transcription

Carbohydrate transport and metabolism

Inorganic ion transport and metabolism

‘oenzyme transport and metabolism

Replication, recombination and repair

Posttranslational modification, protein turnover, chaperones
ipid transport and metabolism

Signal transduction mechanisms

Nucleotide transport and metabolism

Secondary metabolites biosynthesis, transport and catabolism
Defense mechanisms

Intracellular trafficking, secretion, and vesicular transport
Cell motility

Cell cycle control, cell division, chromosome partitioning

]
SECJ'MKGPHLOITFQVUNDBAZ'\V-“

Function Class

Variations in composition of fungal functional groups inferred by FUNGuild

0 02

04 0.6
Relative abundance

08

W unknown
1 Ectomycorrhizal

W Undefined Saprotroph

1 Plant Saprotroph-Wood Saprotroph

W Ectomycorrhizal- Fungal Parasite

M Ericoid Mycorrhizal

M Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined Saprotroph
M Wood Saprotroph

M Fungal Parasite-Undefined Saprotroph

M Ectomycorrhizal-Undefined Saprotroph

1 Soil Saprotroph

1% Ectomycorrhizal- Lichenized-Wood Saprotroph
ctomycorrhizal-Fungal Parasite-Plant Saprotroph-Wood Saprotroph
1 Ectomycorrhizal-Orehid Myeorrhizal-Root Associated Biotroph

M others






OPS/images/fmicb-14-1146207/fmicb-14-1146207-g001.jpg
pH EC
p=0 p=0.021
- L 10
C E
5
%]
R
05 5
T “i
. ol
CIN AN AP AK
p=0 p=0 iy =0
ey 350- R €00 P e
- *| @300 N
o) ol |2
* 250
200

EsJAfter treatment
ESJAfter first season
EsJAfter second season





OPS/images/fmicb-14-1111087/fmicb-14-1111087-g006.jpg
Bacterial

Mantel's p

- <0.01
g = 0.01-0.05
£ >=0.05
]
z = Mantel's r
— <02
A | N - 02-04
->=0.4
A Humus |
Proteobacteria Pearson's r
NHN L
-<\ 0.0
04
Chloroflexi — ~. NO.N
AP
Actinobacteriota ¢
AK
Acidobacteriota  © -
N
unclassified_k__ Fungi —
NH,"N
Rozellomycota
NO;-N
Mortierellomycota
AP
Basidiomycota

Ascomycota






OPS/images/fmicb-14-1111087/fmicb-14-1111087-g005.jpg
Fungi LEfSe Bar

o_vhsorrichaceac
i

£ Oudiodends

Bacteria LEfSe Bar

[ Xiphinematobacteruceac
& Candimatin Niphipematobaces < Eurotiomcetes
SCIREAS) i

- ¢7ﬂknﬁmnn-‘t==‘n
e
Bt

P Ascomyco

a

_Archatorhizomycetes
& Archacorhizomscetes
- Anchacorhizomyectes
\rchacorhizomycetes

T Boletacea

ik}
&__Burkholderia-Caballeroni-Parabur

AR

R

fa 1t

i

Lo “o_GSI1

oo i
=

NN a7

NP2 PN
LDA SCORE(log10)

©_ Trichocomacese

© Aainiteras ]

T Sagenomeila
ENENAENARENAS
LDA SCORE(log10)

o





OPS/images/fmicb-13-1065899/fmicb-13-1065899-g003.jpg
Site

Site

125

BE —_—
BP —
FE —_—
I |
Control N
0.00 025 050 075 100
Relative abundance of dominant bacterial phylum levels(%)
BE _—
BP —_—
FE e
I ——
Control —_—

0.00

025 0.50 0.75 1.00
Relative abundance of dominant fungal phylum levels(%)

i

EEEEE e

Actinobacteriota
Proteobacteria
Chloroflexi
Acidobacteriota

Firmicutes.

Myxococcota

Methylomirabilota
Bacteroidota
Desulfobacterota

others

Ascomycota
Basidiomycota
unclassified_k__Fungi
Mortierellomycota
Chytridiomycota
Glomeromycota
Rozellomycota
Monoblepharomycota
Aphelidiomycota
Zoopagomycota
others.





OPS/images/fmicb-13-1065899/fmicb-13-1065899-g002.jpg
PCo2: 20.85 %

0.6
]
03 L
L] Site
® @ control
@ s
00 @ FE
® sr
® st
-0.3
06
-0.6 -0.3 0.0 03

PCo1:68.89 %





OPS/images/fmicb-14-1146207/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-1065899/fmicb-13-1065899-g001.jpg





OPS/images/fmicb-14-1132875/fmicb-14-1132875-g007.jpg
RDA2421%

[ Lxplins 1 P & Explains  F P @
Bozsllymyoin OM 619% 227 0.006 OM 706% 336 0004
TN 129% 67 0018 NO; 17.% 181 0.004
Pl 132% 133 0004 pH 17
———e — |
Afn 3 40 0046 oM
P
L
-
g troph
o o, £ p/Hmvﬂ wSym
% | Symbiowoph —
Basidiomycota 2
T3 K 2 Pat-Sap
me e
ma b
L]
£

[ ]
ck2

ER1

FH2

EH Sap-Sym

RDAI 86.7%

RDAT 93.6%





OPS/images/fmicb-14-1111087/fmicb-14-1111087-g004.jpg
Percent of community abundance on Phylum level

o

Percent of community abundance on Phylum level

08

[

04

02

os-

0.

04

02

R
&

&

Bacterial

W Proteobacteria

M Acidobacteriota

M Actinobacteriota

W Chiorofiext

mwes2

M Planciomycetota

9 Verrucomicrobiota

W Myxococcota

M Patesabacteria
others

Fungi

W Basidomycota
 Ascomycota

W unciassified

W Motterelomycota
WRozetomycota

B Mucoromycota

' Glomeromycota
W Chytidiomycota
MKiclomycota
WBasidobolomycota
Mothers

B

Percent of community abundance on Genus level

Percent of community abundance on Genus level

W Acidothermus.
Wnorark

i norank
Wnorank

W norank

M Mycobacterium
M rorank
Acidpila

W Bryobacter

W Acidibacter

W Russula

W unciassied
unclassified

W unclassified

W Hyanum

W Oidiodendron
Mortierella

M Penicillium

Wsatozyma
wnclassified





OPS/images/fmicb-13-1065899/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1132875/fmicb-14-1132875-g006.jpg
Mantel's p

I: === 0.001-0.01

0.01-0.05
0.63
L1 >=0.05
O Mantel's r

Community structure





OPS/images/fmicb-14-1111087/fmicb-14-1111087-g003.jpg
Bacterial

FCoAn OTU level
0002000

PCoA on OTU level

R=0.8025, P=0.002000

=l

Fungi
0A2 (29.89%)

PCo

E=2 T 0z
PCoAl (45.98%)

PCoAT (30.11%)

R






OPS/images/fmicb-13-1055638/fmicb-13-1055638-t005.jpg
Organism  Parameter Environmental  Geographic

variables distance
Bacterial Statistic r 0.0824 0.238
Significance 0219 0.0128*
Fungal Statistic r 0.1887 0.182
ignificance 0133 0.036*

*p<0.05.





OPS/images/fmicb-14-1132875/fmicb-14-1132875-g005.jpg
N : o o D
oruises  OTIT g S ommae
arm s | O
e — - oren comycota
orum o O P orga onam M Sy
R0 7 ompar 1 Basidiomycots

4 Mortiereliomycota

o
orun an 3
o
i

60

Nodes

CK E EC EH

CK E EC EH

CK E EC EH

tio

010 6.20

Degree central

» 2

CK L EC TH





OPS/images/fmicb-14-1111087/fmicb-14-1111087-g002.jpg
. 1033
009 paost [ =0 E3 CBE

e X B3 CBY
1500 B 1500 = & JPL
57
- 0.992 ‘ b
5.6 1400 1400
h 0.991
5.5 1300 1300
0.990
S4 = 1200 1200
53 = ﬁ* 1100 1100
*
52 e 0.988 1000 : 1000 s
S, "
SHF SRS SIS S

p=0.033

35
— 0.85 700 * 700 *
3.0
ﬁ 080 600 & 600 b





OPS/images/fmicb-13-1055638/fmicb-13-1055638-t004.jpg
Bacteria

Fungi

Taxonomy
Edges

Density
Modularity
Average degree
Positive: Negative
Edges

Density
Modularity
Average degree

Positive: Negative

YL1
1,569
0317
0.653
3138
1.20
1,640
0331
0444
32.80
1.01

YL2
1,550
0313
0545
30.98
128
1453
0394
0619
29.06
1.02

BC
1,631
0.276
0621
2734
098
1769
0365
0551
3573
134

HQ1
L8
0.286
0632
2836
096
1519
0307
0646
3038

1.08

HQ2
1795
0.363
0514
35.90
105
1884
0381
0.497
37.68
1.01

DL
1,367
0276
0621
2734

1.04
1,674
0338
0574
3348

101





OPS/images/fmicb-14-1132875/fmicb-14-1132875-g004.jpg
Sequene Number Percent(%)

E B EH
L L P —p—

&
Ix

Paboteoph Symbiowoph
[ L ——
aprotroph-Symbiotroph

I oo

Saprosoph
I symbiowoph

Relative abundance %

IR P N0 PO 5 A wﬂ‘““m pat

a9,

ood 5

st

Nm

na\"““‘“fw‘:

w@

e

o™






OPS/images/fmicb-14-1111087/fmicb-14-1111087-g001.jpg
©CBE

©CBY

JPL

CBY JPL CBY JPL SMP
SMP  CBE (215.272%) SMP

209
(8.64%)

50
CO1%) (80w

203
(839%)
50 o)
.31%)
o8

(4.05%)

Bactaria Fungi





OPS/images/fmicb-13-1055638/fmicb-13-1055638-t003.jpg
Bioactive ingredients

Benzoylmesaconine (mg

Benzoylaconi

(mgg™)

g |

Benzoylhypaconine (mg;

Monoester alkaloi

(mg:
Mesaconitine (mg

Aconitine (mg:g™)

Hypaconitine (mg-g
Diester alkaloids (mg:

Total alkaloids (mgg™')

YL1

00024 £0.002
0.012+0.001a
0.026+0.0062a
0.041 +0.008
025£0033
1260297
025£0034
176 £ 0364
3590742

YL2

00334 £0.020
0,00+ 0.00b
0.00+0.00¢
0,033 +0.205

0.7667 £0.576
0.11£0079
0.11£0.097
0.98£0.750
2031542

BC

00797 £ 0,083
0.0085 + 0.002ab,
0.0092  0.0074ab
0.097 +0.093
0.6833 £0.185
0.068 +0.058
0,073 +0.058
082£0251
184£0.486

According to the Kruskal-Wallis test, different letters indicate significant differences (p <(0.05).

HQ1
0.043 % 0.0138
0.0061 £ 0.004ab
0.0032 £ 0.0028abc.
0.052£0.205
037

0177
0.04£0024
0.043 40,024
04640211
1.01£0.460

HQ2
0.044 £0.0302
0.008  0.002ab
0.0011 £ 0.001bc
0.053 £0.033
0290100
0.04%0008
0.092 £ 0.008
0.43 £ 0075
0.96 £0.211

DL

004400163
0.010 +0.00ab
0.0048  0.001abc
0.064 +0.017
0.650.220
0.091 +0.038
0110038
0.85+0.303
1820641





OPS/images/fmicb-14-1132875/fmicb-14-1132875-g003.jpg
%)

Sequence Number Percan

Phylum
i FC [
R — — ——
111 GEPPEEEERBRR i
I|| I -
[ P z M
Kicksellomycots 3 I Dothideomycetes
e & La
P @
Rozellomyeaia 5 60 Morticrellomyceles
W d W
Martierellomycota 2 Eurotiomycetes
i F] o
Others -7 Tremellomyectes
[ 3 [
Aseomyeot Sordariomycetes
o ot
Basidiomycota 5 Others
W
Agaricomyectes

3O G D D
CEFELEEEIXY






OPS/images/fmicb-14-1111087/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-1055638/fmicb-13-1055638-t002.jpg
Sites

AK (mgkg
NH' (mgkg
OM (mgkg™")
pH

AP (mgkg™)
Zn (mgkg™)
Mn (mgkg
Cu (mgkg”
B (mgkg™)

Fe (mg-kg™")

YL1

12447 £ 0.00b
2033£932
36,84+ 1.350b
5.580.19ab
56.64 + 14.36bc
03540372
139.£0.06bc
0.12001b
373+ 1.22b
151.22£ 3.57¢

YL2

12597 £ 30.87ab

49.81+644
3641+ 051ab
4.96+0.03b
82.73 £ 2.63ab
0580302
070 +0.04c
0.12:+0.00b
477£05%
181,04 £ 8.16ab

BC

288,54+ 53,85
392942653
3338322
602+ 0.04ab
106,57 £7.31a

0,00+ 0.00b
2,68+ 0.47ab
0.12:+0.00ab
459 +0.28ab
16255 £3.37b

According to the Kruskal-Walis test, different letters indicate significant differences (p <(0.05).

HQ1
177.1 £ 23.75ab
2015848
1025 147
5.65 + 0.16ab
39.37 £ 6.417bc.
0.00  0.00ab
0.73 + 0.06c
0.15£0.01a
2.26 £ 0.04b
135.14 £ 8.64d

HQ2
164.3 + 48.50ab
1969346
WAL+ 116
5.81 £0.07ab
27.03280¢
021:0.14a
3.04 £ 0.30ab
0.14 £ 0.01ab
2.42+0.31ab
224.20 + 20.10a

DL

1185+ 3.67b
54281137
37.28+0.62ab
5.36+0.32ab
68,6+ 26.86abc
041£0.162
451£ 1072
0.1£001b
242+ 0.09ab
190.13 £ 29.16ab





OPS/images/fmicb-14-1132875/fmicb-14-1132875-g002.jpg
06

05

04

B c
Shannon-Wiener index Chao 1 Sobs
— ] —a a
1000 1 - 0 g
500
700
o b
d == .- ﬁ
—
o 0
CK E EC EH E CK E EC EH CK EC EH
T T
Shannoneven index Fungal ITS gene copies 02 : ]%K | -
3 4 EC : o
= s b Br s
a
b g
2020
| 5
- G W s o
EN ! A As
. |2 a1 i
d b B MIRCS i A
— = —1, ;
’3 — 025 gson v peoont |
K E  EC EH K E EC EH TTAGTS 00307 41 0 007 03 4 vs





OPS/images/fmicb-14-1180310/fmicb-14-1180310-g006.jpg
80 frts
< P Uit Soprogh

3 b i oo o s

£ i P

g i g Sl gt

£ i S

H -

2 St P S g Vo S
H b ek oo Vot s

210

z

PC2 - percent variation explained 6.17%.

PCOA-PC1 vs PC2

Toos o0 005 o1 01
PC1 - Percent variation explained 11.14%

20





OPS/images/fmicb-13-1055638/fmicb-13-1055638-t001.jpg
Sites

Soil type

Longitude

Latitude

High average temperature (°C)
Low average temperature (°C)
Annual precipitation (mm)
Altitude (m)

Yonglong
(YL1)
Black soil
E99.21
N26.12
u
8
827
2060

Yonglong
(YL2)

Yellow-brown-earth
E99.21
N26.12

Bingchuan
(BC)
Black soil
EI0L.14
N26.63
27
12
724
2,538

Heging
(HQ1)
Black soil
E100.12
N26.80
21
s
1204
2,985

Heqing
(HQ2)
Yellow-brown-earth
E100.12
N26.80
2
s
1204
2,985

Dali
(DL)
Black soil
E100.36
N26.01
2
10
757
1965





OPS/images/fmicb-14-1132875/fmicb-14-1132875-g001.jpg
m

>
-]
o

6
80

1b b a
LN & 2= b g
g 71
“] EEE
o -
CK L LC LIl CK L L
G
] < ]
. a a 2| %
3 = e
2] % |b
= b E2l &
o =
= 4 <
. sl
CK E E EC EH K E
K
=2 B 14 a el 18
s X bl 22 ¢
g E 7]
S elb .l & 1
Ea M EE] g8
o < - o

CK I EC EH CK E EC EH CK L& CK E EC EH






OPS/images/fmicb-14-1180310/fmicb-14-1180310-g005.jpg





OPS/images/fmicb-13-1055638/fmicb-13-1055638-g007.jpg
Community Similarity(%)

Bray-Curtis Dissimilarity

s Dissimilarily

Bray-Cu

80

60

a0

20

03]

bacteria

¥ =-0.195X+51.89
P<0.001

Community Similarity(%)

E

60

2

Y =-3.16X+6.77
P<0.001

20
0
50 100 0 50 100
Geographic Distance (Km) 5 Geographic Distunce (Km)
T Ylsmmowios . Y- 35354 104X 10,151
. P<0.05 — B 0534
E
E i
Zo2 .
o| 5
=l S
X
a
0.0 =
200 00 0 00 a0
Annual precipfation (mm) F Annwal precipitation (mam)

03]

02

o1

Y- 0.0019% 10,143

i 3 3
Average temperature (°C)

03

. .
=3.178410°X4013
P0OS @

Bray-Curtis Dissimilarity

03|

o
S

>

800 1200

400
Altitude (Km)

800

400 1200
‘Altitude (Km)





OPS/images/fmicb-14-1132875/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1180310/fmicb-14-1180310-g004.jpg
02 03 06 08 10
Relative Abundance

 Ascomycota.
Basidomycota
unidontified

Zygomycota
W Others

T AAA T T M T A AR i)

AL T T AT T

® Ascomycota





OPS/images/fmicb-14-1097742/math_1.gif





OPS/images/fmicb-14-1180310/fmicb-14-1180310-g003.jpg
* w5710 = 5z 10] T = 7w
® Zhongss ” o Zhensss o Zhengss
S0 &0
5. 1
400 s }
300

;
NP R I B L I U A

30 e % 10 50 1o 20 30 6 % 10 150 150 200 30 6@ % 120 150 10 200
Time (day) Time (day) ‘Time (day)






OPS/images/fmicb-14-1180310/fmicb-14-1180310-g002.jpg
Organic C content (%)

10
09,
o8

o2
o1
00

10
09
~os
Zo7
&)
Zos
Zos
Soa
F03
o
o1
00

30

a2, a
a ag
0 9%

)

60

120 150
‘Time (day)

90 120 150
Time (day)

[ IBz136
[ Zhengss.

180 210

BZ136
Zhengss

[Bz136
[ Zhengss.

a
aa

180 210

Available K content (s

Available N content (mg'kg”)
2

30

60 90 120 150 180 210

‘Time (day)
BZ136
Zhengss

6 9 120 150 180 210
“Time (day)

[Bz136
[ Zhengss.

60 90 120 150 180 210
Time (day)





OPS/images/fmicb-13-1083736/fmicb-13-1083736-g007.jpg
Bacteria oo Fungi
community richness community richness
#0499 #=0.409
-0.695%* g -0.791%**

Soybean yield
70928






OPS/images/fmicb-13-1083736/fmicb-13-1083736-g006.jpg
g
g

Bacteria

=

Ros L@

Fungi






OPS/images/fmicb-14-1175854/fmicb-14-1175854-e001.jpg
m





OPS/images/fmicb-13-1083736/fmicb-13-1083736-g005.jpg
z oz
3 38 2 = 8 & & @ % B
: 8 8 2 z § ¢ & sz ¥ % 3
@00 -0--
@c|-o/cc|- OO~
oz | 4| 6B | 62 | 4 2] . Do
Mantel's p
o® @~ I
== 001-005
S o@n
AN
Mantel's r
-
- ) & ) @ @) w =,
et
e ® e @~
Pearson's r
. o (@) v
DI
& (@)
Fungal
community
@)~






OPS/images/fmicb-14-1175854/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1208973/fmicb-14-1208973-t001.jpg
Clay pH Salinity NH4*-N  NO;-N  Organic Available Available

(%) (1:25)  (us  (mgkg?) (mgkg™ matter phosphorus potassium
cm) (gkg™) (mgkg™) (mgkg™)
Sily
Guangxi 75 69.6 29 6.95 712 L% 499 36.6 317.0 256.2 4
loam
After sily
9.2 67.2 236 6.71 821 234 511 345 320.1 2729
fumigation” loam

‘Determined according to the American Soil Texture Classification Standard.
“Guangxi soil fumigated with chloropicrin for 7 days.





OPS/images/fmicb-13-1083736/fmicb-13-1083736-g004.jpg
350 200 80 200 400

. BIE 1l : .
L b ob |b 0 hif '_‘T_| b
0 0 0 0 ol
= o2 I OTU69S OTU1267 L 0TU276
l 1000 1000
ab | % 500 500
ab |_L| b 5
. . ; . J[O=n
- - .
]
g ollla Ill P
oL " 0 o LB

s c0 cw R s c0 o R s c0 e R s c0ocn R





OPS/images/fmicb-14-1173442/fmicb-14-1173442-t001.jpg
Function OTU ID
Cellulose decomposition  zOTUI413
20TU1386
20TU3S6
Lignin decomposition
20TUI824
20TU1049

NA indicates not detected.
f,g and s indicate family; genus, and species level, respectively:

D7
NA
00070
0059
00123

0.0088

D15
00018
0.0035
0.0070

NA

0.0579

D60
0.0035
0.0105
00228
NA
0.0035

D120
00228
0.0105
00123
NA
0.0088

X

omy
g Stenotrophomonas
s_Bacillus aryabhattai
f_Enterobacteriaceac
s_Escherichia coli

g Pseudomonas





OPS/images/fmicb-14-1208973/fmicb-14-1208973-g006.jpg
Fumigated soil

/0.05
Bacterial
[rm—

Fisher's C=1.99, df=2, P-value =0.37, AIC=23.99, BIC=36.95

Vs

Non-fumigated soil

[ 0.30%*

Bacterial
Community
R3=0.37

Community
R3=0.47

-0.68%%*

Available Potassium

Fisher's C =151, df=2, P-value =0.47, AIC=23.51, BIC=36.47





OPS/images/fmicb-13-1083736/fmicb-13-1083736-g003.jpg





OPS/images/fmicb-14-1173442/fmicb-14-1173442-g005.jpg





OPS/images/fmicb-14-1208973/fmicb-14-1208973-g005.jpg
g & 8

Potassium content (mg kg™!)

= 0,64, p =0.00079 _
X 0.88,p=1.2e-08 3
500
g 085, p=1.5e-07 Zm RKR=-0.77,p=13e-05
£ £
= 400 = 400
5 £
€ g
830 g
£ 300
H £
3200 3
£ & 200
s
5
< 100 s |®
800 1000 1200 1400 [3 2 ) )
EC (ucem™) Root knot index (%)
° SKR=-0.74,p=3.8¢-05 _ .
e = P -0.93,p=24e-11
500 RKR=-092, 2500
2 Y 4 3 =-096,p=38e-14
g J £
= 40 = 400
§ £
2 £
8 300 8 300
£ £
5 2
H 7
§ 200 820 =
e & 0

30 40
Height (cm)

50

gE &8 8

Potassium content (mg kg~")
8

15 20
NH,*-N (mg kg™')

260 300
Fungal Chao1 index






OPS/images/fmicb-13-1083736/fmicb-13-1083736-g002.jpg
100

Relative abundance (%)

undance (%)

E

90

2

g

20

clo

20

Bacterial phyla

B Actinobacteriota
B Proteobacteria

B Acidobacteriota

W Chloroflexi

W Gemmatimonadota
M Firmicutes.

B Myxococcota

W Methylomirabilota
W Verrucomicrobiota
W Nitrospirota

M Bacteroidota

W Planclomycetota

Bacterial genera
W Gaiclla

W Sphingomonas
W Baciilus

W Rubrobacter

B Microlunaius

W Bradyrhizobium
W_irihrobacter

W Gemmatimonas
W Nirospira

W Blastococens

100
Fungal phyla
90 W Ascomyeota
b W Mortierellomycota
W Basidiomycota
=10 W unclassified
= B Chyuidiomyeota
g 60
3 o Basidiobolomycota
ERU W Zoopagomycota
£ 40
T30
20
10
0
¢ clo c20 R
70
Fungal genera
60 W Morierella
W Solicoccozyma
50 W Chactomium
=z W Cephalotrichum
o W Fusarium
el W Trichocladium
g
Z
s W Tausonia
2 30
= W Paracyiindrocarpon
= W Pseudocoleophoma
20
W Neocosmospora
10
0

o ooco R






OPS/images/fmicb-14-1173442/fmicb-14-1173442-g004.jpg
gz 2

Relative abundance (%)
s g
H

c
Celulolysis Ligninolysis Aromatic compound degradation
oo s
= a o
H Eome €
R 5
Some & Soxzs
H H
5 Sone
4 4
b e g ours
H B o Boom
g 3
- H Eh
0.000 b L] 0.000
57 iis e oid D7 Die? bea  “Biz 2" pie” heat "oian





OPS/images/fmicb-14-1208973/fmicb-14-1208973-g004.jpg
4000

3000

2000

Bacillus abundance

CK

i

o Q
el

=

s community abundance on OTU level

08+

06

8
3
s

S
4

02+

cK CP

WoTUs348
WoTUs26
W OTU3589
W OTUtH4Y
moTuzsot
1 OTusags
WoTuITEs
I OTU3590
moTu10
morun?

momus

W oTUTBs
moTuTe

WoTUO1S
moTus1s9
W OTU336

W oTU2306
moTUs232
W oTU2302
moTu2153
W OoTU1317
motu2te

W OTU4334
motusize
moTu7as
I OTU408

W OTU3307
1 OTU3BE0
morures

WOTUs3
W OTU4480
W oTU3sES
W oTU38SE
W OTU2605.
moTuaT3t
moTutso
WOTU6





OPS/images/fmicb-13-1083736/fmicb-13-1083736-g001.jpg
" s
.

nere

Fugi





OPS/images/fmicb-14-1173442/fmicb-14-1173442-g003.jpg
1.00

3 g
° o
ap |INu-e}3!

S
9
s

iz}

8
S

D15 D60 D120

D7





OPS/images/fmicb-14-1208973/fmicb-14-1208973-g003.jpg
B Chloroflexi

Proteobacteria

Gemmatimonadetes

- Bacteroidetes

™ Firmicutes

B Verrucomicrobia

[ Parcubacteria
Actinobacteria

B Unassigned

B Ascomycota

M Basidiomycota
m Mortierellomycota
" Rozellomycota
B Chytridiomycota
W Basidiobolomycota






OPS/images/fmicb-13-1083736/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1173442/fmicb-14-1173442-g002.jpg
Déo

o1

g

g

g

souspunge saperes
oy

1188

1353
o

TTs ¢
3 s 3 3

3232 8 2

sauepunge ooy

re—.

om0

om0

DR
oy

g

o)
&

g3

g

souspunge oageros
oy

[N

3y

H

pe—
[res—
mopassqnunoy

fm—

L

Protaobactoria

§33383¢23
Sausnas swnersy

Firmicutos.

™
Zox

Son
o

fos
o
oot

Bacteroidota

o5 0e0 D20

o

Acidobacterots

Actinobactoriota

Cyanobacteria

D128

b
Des

D16 D80 D120

o7





OPS/images/fmicb-14-1208973/fmicb-14-1208973-g002.jpg
(%%)duepunqe aAnepY

Day28 Dayd2 Day56 Day70

Day7 Dayl4

Day28 Day42 Day56 Day70

Day7 Day14





OPS/images/fmicb-13-1031496/fmicb-13-1031496-g005.jpg
Nodes

Links

Degrees

Clustering coefficient

Closenesses

Betweennesses

10 20 30 40 50

O -

explained

importance
O 10
O 15
(O 20

r

I 0.6
0.3
. -0.3






OPS/images/fmicb-14-1173442/fmicb-14-1173442-g001.jpg
Relative abundance

B

0z

D15 D60 D120

= Othars
“ Desulfobacterota.
= Chlorofiex

“ Actinobacteriota
= Acldobacterlota
= Spirochastota
=Proteobacteria

= Firmicutes
=Bacteroidota

050

PCO1 (19.41%)
s e

050

1000
200

Shannon index

b

300

o7

@DIS

a0
700
a0
500

2 om  ow 0w 0%
PCO1 (38.60%)
a
bc.
b
<
D7 D15 D60 D120





OPS/images/fmicb-14-1208973/fmicb-14-1208973-g001.jpg
TCP

TCK

B8ax v
TR s 5 o
_— m+ i 2 e
o 1 23
g
v 3
2
H
3
E
g
&
.
= © o @ =
8 & & S
s s = ) = s 2 (;-6 Bw) wnissejod ejqejieny
2 B 2 8 B8 8 8
(3 3w) y dAqepEsy
@ )
+ : e e
. e
i
8 &
g
H
= S
=
2
H
2
8 2
~ 8 8
= =
s
53 o =) o o
g g s g
(51 Bw) )] opqepeas Amors
< %)

Incubation time (d)





OPS/images/fmicb-13-1031496/fmicb-13-1031496-g004.jpg
With-in Module Connetivity (Zi)

Among-Module Connectivity (Pi)

e CK ADP =m|P ® Connectors ® Module hubs @ Peripheral
2016 2018 2019
S
A F
i A ¢ . A"
18 | & =
A E W o
.AA . A o N . 1
[ o .' me
E e d e
Aa = l . - He L N e
He Ag g A o o™ o -
o
oo mA Ao:' L A'f " mem
AN 2 A A . | = ..l 1 Im N
: AA @ Syn A de " .. =T
A m® © H N
A B, ® s o5 °
Ag = e ., g4 m s
i @ )
o
00 02 04 06 0800 02 04 06 0800 02 04 06 0.8






OPS/images/fmicb-14-1173442/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1208973/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-14-1118789/fmicb-14-1118789-t001.jpg
Control virgaurea fruticosa p-value
SwC 0.43£0.02 0.44 £0.02 0.39£0.01 0.241
TP 0.89 £0.05 0.89 £0.03 0.97 £ 0.01 0.177
TN 1114 £0.74a 11.91  0.46ab 13.46 £ 0.51b 0.044
soC 98.06 + 9.00a 120.21 +7.37ab. 132,06 £7.71b 0.033
pH 6.77 £ 0.04b 6.63 +0.05ab 6.47 £0.03a 0.001
NO,-N 2,96 £0.38 2231012 299+£0.23 0.112
NH,-N 0.11£0.04a 0.42 £ 0.06b 0.40 £ 0.06b 0.002

SWC, soil water content (g/g); TP, total phosphorus (mg/g); TN, total nitrogen (mg/g); SOC, soil carbon content (mg/g) NO,"-N, nitrate nitrogen (mg/g); NH, N, ammonium nitrogen
(mg/g). Letters after each value indicate results of pair-wise comparisons. Different letters indicate significant diferences among treatments (p <0.05) as determined by Tukey HSD test.
Bold values mean p<0.05.
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Main carbon sources types

PC2
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Glucose-1-phosphate 0.880 I-erythritol —0.795
D, L-a-glycerol —0.855 D-Galactonic acid y-lactone 0.647
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L-Asparagine 0.763
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80Tween 80 0.769
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4-Hydroxybenzoic acid 0.672
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Treatments Application amount of inorganic Partial productivity/(kg-kg~ 1)
fertilizer (kg/ha)

N P205 K20 P
CK 150 75 75 35.58 & 1.14Cc 71.16 & 2.27Cc 71.16 £ 2.27Cc
FO1 60 30 30 86.61 & 4.05Aa 172.01 £ 8.05Aa 170.42 £ 7.97Aa
FO2 60 30 30 81.53 + 4.78Aab 160.92 £ 9.43Aa 158.15 £ 9.26Ab
FO3 60 30 30 80.09 % 3.69Bb 157.20 £ 7.24Bb 153.40 £ 7.07Bb

Different lowercase letters in the same column indicate differ significantly at the 0.05 level (P < 0.05), while different capital letters indicate differ extremely significantly at the 0.01 level (P
< 0.01). CK, control; FO1, combination of 60% chemical fertilizer with organic manure of 150 kg/ha; FO2, combination of 60% chemical fertilizer with organic manure of 300 kg/ha; FO3,
combination of 60% chemical fertilizer with organic manure of 450 kg/ha. TN, total nitrogen; AN, available nitrogen; AP, available phosphorus; SOM, soil organic matter.
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Treatments Ear number (10%/ha) Number of grains 1,000 grain weight Yield (kg/ha)

per spike (9)
CcK 477 £3Cc 36+ 2Ab 33.86 + 1.16Bb 5337.34 % 170.31Ab
FO1 540  2Bb 39+ 2Aab 36.63 £ 0.77Aa 5521.49 & 258.34Aab
FO2 546 & 9Bb 41+ 4Aa 36.36 £ 0.94ABa 5503.61 % 322.35Aab
FO3 601 % 7Aa 40+ 1Aa 37.03 £ 0.08Aa 5706.45 £ 262.97Aa
TN (g/kg) AN (mg/kg) AP (mg/kg) SOM (g/kg)
CK 075 0.01Bc 15.34 & 0.90Cc 14.55 % 0.75Ab 7.54 £ 023Cd
FO1 0.76 £ 0.02B¢ 18.06 % 0.01Bb 15.68 & 0.38Aab 8.00 £ 0.01Cc
FO2 1.01 % 0.01Ab 37.02 £ 0.90Aa 1691 % 0.28Aa 9.51 £ 0.35Bb
FO3 1.06 £ 0.03Aa 37.92+0.01Aa 1634 12340 1102 £ 0.01Aa

Different lowercase letters in the same column indicate differ significantly at the 0.05 level (P < 0.05), while different capital letters indicate differ extremely significantly at the 0.01 level (P
< 0.01). CK, control; FO1, combination of 60% chemical fertilizer with organic manure of 150 kg/ha; FO2, combination of 60% chemical fertilizer with organic manure of 300 kg/ha; FO3,
combination of 60% chemical fertilizer with organic manure of 450 kg/ha. TN, total nitrogen; AN, available nitrogen; AP, available phosphorus; SOM, soil organic matter.
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Treatments Application of Proportion Reduction of Proportion Replacement of Proportion
chemical (%) chemical (%) organic fertilizer (%)
fertilizer fertilizer (organic matter

(chemical NPK) (chemical NPK) + organic NPK)
(kg/ha) (kg/ha) (kg/ha)
FO1 450 60 300 10 150 20
FO2 450 60 300 10 300 40
FO3 450 60 300 40 450 60
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Stem base

SMPIe  viude(m) Aspect  Slope() diameter Heght Understory herbaceos
(cm)

Wugicounty | A 1,566 Shady slope 13 29 12| Artemisia frigida Willd, Artemisia gmelinii,
(Wangwazi) and Leymus secalinus (Georgi) Tzvel
Wugi county | F 1,565 Shady slope 20 32 15 | Bothriochloa ischaemum (L.) Keng, Artemisia
(Changcheng) gmelinii, Artemisia sacrorum Ledeb, and
Hengshan c 1212 Shady slope 12 13 09 Setaria viridis (L.) Beauv
District Heteropappus hispidus (Thunb.) Less and

Astragalus mellotoides Pall
Yuyang district | G 1293 Shady slope 6 16 08 | Astragalus adsurgens Pall, Aster hispidus
“Thunb, and Artemisia desertorum Spreng
Shenmucity | D 1238 Shady slope 3 26 12| Artemisia desertorum Spreng, Lespedeza
bicolor Turcz, Astragalus melilotoides Pall
and Aster hispidus Thunb
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Number RT time Compound CAS Content (%)

1 415 Acetic acid 64-197 0.23%
2 10.406 Benzaldehyde 100527 0.38%
3 156 Methyl phenylacetate 101417 0.27%
4 17.725 34-Dimethyl-benzaldehyde 5973717 0.49%
5 18551 2-Hydroxy-iso-butyrophenone 7473985 0.09%
6 21627 Vanillin 121335 0.11%
7 23,057 Dimethyl phthalate 131113 0.83%
8 25994 2,4-Di-tert-butylphenol 96-76-4 118%
9 20043 Diisobutyl adipate 141048 1.58%
10 3041 Methyl 10-methyl-hexadecanoate 1000336-50-9 18.61%
n 3203 Methyl palmitate 112:39-0 8.36%

3,7-Dihydroxy-3-phenyl-4-
12 34245 SRS 95296-98-3 20.65%
chromanone

13 36411 Oleic acid 112:80-1 0.41%
1 36758 Methyl trans-9-octadecenoate 1937-62-8 1.26%
15 40,007 Hexadecanamide 629549 3.23%
16 41306 N-ethyl-myristamide 1000408-01-8 6.45%
17 42276 Oleamide 301:02:0 1L71%
18 44252 Bis(2-ethylhexy) adipate 103-23-1 3.25%
19 47605 Pisiferanol 99152-14-4 0.13%

20 57822 Tigogenin 77-60-1 L%
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Treatments Bacteria Fungi

Sobs Chaol Shannon Sobs Chaol Shannon
Cs 2365+ 14 3217.67 % 3532ab 6.0940.11b 456 +47a 48638 +53.84a 390+028a
c10 2373470 3183334 7149b 6124 0.02ab 336+29b 349.63 3246 b 386+0.19a
C20 254041392 335437+ 124742 6,19+ 0.04ab 360+23b 376,60 +22.38b 4.03£0.032
R 2,419 +53ab 311185+ 43.66b 6244001 339428 351,65+ 2326 b 42340.13a

Data represent the mean + standard deviations. Analysis of variance (Duncanis multiple comparison test) was used to test the significance of differences. The different lowercase letters
represent significant differences (P <0.05). C5, C10, and C20 represent soybean continuous cropping treatments for 5years, 10 years, and 20 years, respectively and R represents soybean-
corn rotational cropping treatment.
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Indexes Cs5 C10 C20 R

pH 580+0.01b 5.66+0.01 ¢ 5.61+002d 6.01+0.02a
SOM 2219+£096¢c  2668+0.72b 27.79+092b 31.08+0.57a
(gkg™)

DOC 0.24 £0.01 ab 0.23£001b 0.26£0.02a 0.25+001a
(gkg™)

IN(gkg')  083%003c  1.00£001b  L11+004a  082+001c
AN 19081 £453b  20506+4.15a 20893+3.0la 187.52+280b
(mgkg™)

NH,'-N 20.10£040d  37.87+047b 4581+1.02a 2500+ 1.30¢
(mgkg™)

NO,"-N 784+082d 1794+082b 21.09+075a 1032%021c¢
(mgkg™)

TP (gkg™) 126£001b 117£0.02¢ 1.02£0.03d 138+ 0.01a
AP 5228+232a  49.99+392a 51.07+095a 5276+2.69a
(mgkg")

TK (gkg 2591+031b  2589+107b 2290+0.55¢ 3260+ 1.19a
AK 18949+ 1.56a 187.48+0.51a 178.74+854b 176.21+096b
(mgkg")

C/N 1544£038b  1536+035b 1445+087b 21.80+03la

Data represent the mean + standard deviations, Analysis of variance (Duncanis multiple
comparison test) was used to test the significance of diferences. The different lowercase
etters represent significant differences (p <0.05). C5, C10, and G20 represent soybean
continuous cropping treatments for 5, 10, and 20 years, respectively,and R represents
soybean-corn rotational cropping treatment. SOM, soil organic matter; DOC, dissolved
organic C; TN, total Ns AN, alkali-hydrolyzed Ns NH,'-N, ammonium N; NO, N,
nitrate N; TP, total P; AP, available P; TK, total K; AK, available K; C/N, ratio of C and N.
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Treatments Cs C10 C20 R

Yield (kg-ha™") 2712.22+67.98b. 2983.95+45.10a 2925.86 462282 2887.78 4 42,052

Data represent the mean + standard deviations, Analysis of variance (Duncanis multiple comparison test) was used to test the significance of differences. The different lowercase letters

represent significant differences (p <0.05). C5, C10, and C20 represent soybean continuous cropping treatments o 5, 10, and 20 years, respectively, and R represents soybean-corn
rotational cropping treatment
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Bacterial CK 547 1707 war
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Factor Incidence Shanno

F P
Year 556263 <0001 82 <00 281 <00l 24311 <0001 12666 <0001
Soil 29.632 <0.001 82.788 <0.001 191.79 <0.001 164.255 <0.001 428727 <0.001
Year x Soil 14325 <0.001 11.528 <0.001 38.553 <0.001 29.166 <0.001 25.781 <0.001

The categorical factors are continuous cropping years (1,3, 5, 8, 10, 15, 20), soil origin (AKS, SHZ). Incidence, incidence of cotton Verticillium wilt; Chaol, Chao! estimator; Shannon, Shannon
diversity index; PCol, first principal coordinate in PCoA; PCo2, second principal coordinate in PCoA. Statistically significant values are in bold (p<0.05).
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Treatment| NH4t-N NOz~-N |Available P| Available K Organic matter EC

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 2 (w s/cm)
CK 11581+ 16.87a | 294.84 £530b | 105.46 +4.59a | 2010.47 &+ 17.26a 68.10 £3.11a 5.83+£0.11c 966.00 = 46.26a
DZ 66.57 +5.36bc | 321.50£8.3% | 84.234536b| 1376.80 % 98.46b 50.17 4 3.08b 6.12£0.04ab |  881.67 = 39.01ab
DZF1 57.3246.47c | 198.07+7.85c| 56.24+4.19c| 939.51 & 54.58d 33.13 + 1.93¢ 6.29 £ 0.04a 718.00 & 48.82¢
DZF2 92.914+4.54ab | 114.55+£635d| 55.81 £6.94c | 1156.07 & 47.00c 29.97 £ 2.62¢ 6.00£0.08bc |  785.00 = 23.09bc

CK, no treatment; DZ, fumigation with 300 kg hm~! dazomet; DZF1, 300 kg hm~"! dazomet fumigation followed by 1,200 kg hm~! Junweinong MOF; DZF2, 300 kg hm™! dazomet
fumigation followed by 1,200 kg hm™! Junlisu MOF; NH,*-N, ammonium nitrogen; NO; ~-N, nitrate nitrogen; EC, electrical conductance; Means (N = 3) within the same column
accompanied by the same letter following by Duncan’s new multiple range test are not statistically different (p = 0.05. a, b, and ab are significant markers, different letters indicate

significant differences, as long as one letter is the same, it is not significant).
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0595 0.002

Bold numbers indicate significant correlations.
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Property Control 0.25Po OPo 0.75Po
pH 7.82(027)abe 781 (001 780 (0.1)be 7.68(0.07)ab
EC (scm) 318(17.58)b 292,67 (19.3)ab 26433 (16,17 307.33 (1137)b
TC (%) 2.16 (0.24)b 227 (0.25)ab 2.14(0.12)b 254(025)a
TN (%) 0.18 (0.02)ab 0.17 (0.02)ab 0.16 (0.02)b 0.21 (0.06)ab
SOM (mgkg™") 1,54 (0.10)abe 150 (0.07)be 145 012)c 159 (002
NH,N (mgkg™) 141 069 080(028) 075 (0151 101 (0.15)ab
NOy-N (mg-kg™ 17.39 (0.23)b 14.03 (2.01)a 12.78(2.57)a 16.76 (1.67)ab
AP (mg-kg™) 179.79 (20.29)b 18855 (28.91)b 204.83 (24.42)ab 198.34 (36.8)ab
“Tomato yield (th™') 13279 (1.21)a 12863 (4.23)a 133.75 (4.01)a 133.24 (291)a
Muskmelon yield (th™") 85.73 (6.95)a 88.35 (1.36)a 88.35 (2.80)a 93.07 (4.34)a

EC. conductivitys TC, total carbon; TN, total nitrogen: SOM, soil organic matter; NH,-N, ammonia nitrogen; NO-
letter indicate no significant difference between treatments detected by the Kruskal-Wallis rank-sum test (0.05 level).

1.00Po
7.62(0.05)a
33133 (22.85)b
260 (0.18)a
0.20 (0.02)a
157 (0.05)ab
130 (0.56)ab
17.74 (L41)ab
243.63 (15.95)
126,52 (7.98)a

93.20 (490)

. nitrate nitrogen; AP, available phosphorus. Data containing the same
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