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Manure amendment to improve soil organic carbon (SOC) content is an important strategy to sustain ecosystem health and crop production. Here, we utilize an 8-year field experiment to evaluate the impacts of organic and chemical fertilizers on SOC and its labile fractions as well as soil microbial and nematode communities in different soil depths of jackfruit (Artocarpus heterophyllus Lam.). Three treatments were designed in this study, including control with no amendment (CK), organic manure (OM), and chemical fertilizer (CF). Results showed that OM significantly increased the abundance of total nematodes, bacterivores, bacteria, and fungi as well as the value of nematode channel ratio (NCR) and maturity index (MI), but decreased plant-parasites and Shannon diversity (H′). Soil microbial and nematode communities in three soil depths were significantly altered by fertilizer application. Acidobacteria and Chloroflexi dominated the bacterial communities of OM soil, while Nitrospira was more prevalent in CF treatment. Organic manure application stimulated some functional groups of the bacterial community related to the C cycle and saprotroph-symbiotroph fungi, while some groups related to the nitrogen cycle, pathotroph-saprotroph-symbiotroph and pathotroph-saprotroph fungi were predominated in CF treatment. Furthermore, OM enhanced the soil pH, contents of total soil N, P, K, and SOC components, as well as jackfruit yield. Chemical fertilizers significantly affected available N, P, and K contents. The results of network analyses show that more significant co-occurrence relationships between SOC components and nematode feeding groups were found in CK and CF treatments. In contrast, SOC components were more related to microbial communities than to nematode in OM soils. Partial least-squares-path modeling (PLS-PM) revealed that fertilization had significant effects on jackfruit yield, which was composed of positive direct (73.6%) and indirect effects (fertilization → fungal community → yield). It was found that the long-term manure application strategy improves soil quality by increasing SOM, pH, and nutrient contents, and the increased microbivorous nematodes abundance enhanced the grazing pressure on microorganisms and concurrently promoted microbial-derived SOC turnover.
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Introduction

Soil is the most active carbon pool in the ecosystem, with an organic carbon stock of 1,500 Gt in the first meter (Balesdent et al., 2018). Soil organic carbon (SOC) is an important indicator for soil quality assessment because it contributes to the modification of biological, physical, and chemical properties of soil (He et al., 2015). Due to the large variations in environmental conditions (geography and climate) as well as the background of relatively stable soil organic C, it is difficult to detect the changes of SOC in the short and medial term (Haynes, 2005). Physicochemical properties and turnover time influence the degree of stabilization of SOC components. Labile organic carbon (LOC) is a small component of SOC, which includes potassium permanganate-oxidizable C (KMnO4-C), microbial biomass carbon (MBC), and dissolved organic carbon (DOC) (Haynes, 2005). The labile C fraction responds to fertilization management more quickly than SOC, and exhibits rapid turnover times (Mi et al., 2019). Hence, these components are considered early indicators of soil quality and affect soil function in specific ways (Blanco-Moure et al., 2016). Measurement of a single fraction of LOC does not adequately reflect the changes in soil quality caused by management. Instead, it is necessary to measure several LOC components simultaneously to estimate the effects of management on soil properties.

The application of organic manure (OM) (e.g., residues, compost, and manure) is an effective way to increase soil C storage through direct C inputs and/or indirect increase in net primary productivity and root litter and exudation, which contributes mostly to soil sequestered or stable C and the composition of the soil microbiota (Sokol and Bradford, 2019; Lazcano et al., 2021). Different feeding habits of nematodes affect the composition and function of soil microbial communities (Liu et al., 2018). Generally, the top-down regulation of predators by microfauna positively influences the microbial biomass and community structure (Neher, 2010). The highly complex network between nematodes and microbes in soil plays a vital role in SOC conversion (Jiang et al., 2018). The composition and abundance of microbes that release plant-available nutrients from organic fertilizers was strongly correlated with the mineralization of organic carbon (Zhang H. et al., 2015). However, it is still difficult to explain the relationship between microbiota and SOC components when soils are amended with exogenous organic resources.

The composition of SOC in surface soils and its association with environmental variation has been extensively investigated over the years (Doetterl et al., 2015). In a 26-year application of fertilization strategies, Li et al. (2018) reported that OM can increase the concentrations and proportions of labile C as well as the stock of stable C in topsoil. Qaswar et al. (2020) reported that the 34-year application of manure and inorganic fertilizers increased crop yield sustainability and the organic carbon sequestration rate in the top layer. By comparison, soils deeper than 20 cm below ground contain more than half of global SOC pools (Rumpel et al., 2012). Furthermore, microbial community structure, carbon availability, and composition often change with soil depth (Stone et al., 2014). Nevertheless, the composition and preservation of SOC components in deeper layers are poorly understood, especially when it comes to the stability and function of soil biota in tropical agroecosystems.

Over the last 20 years, jackfruit (Artocarpus heterophyllus Lam.) has been widely cultivated in tropical and subtropical regions of China due to its high economic benefits. The widespread and inappropriate fertilization regimes [e.g., excessive chemical fertilizer (CF) inputs] have adverse effects on soil C sequestration due to the acceleration of C mineralization (Brown et al., 2014). Organic amendments and the replacement of CF are increasingly recommended as effective measures to supplement soil C sources in orchards (Maltas et al., 2018). As a deep-rooted fruit, its main absorption roots are distributed in the 0–60 cm soil layer. In this study, we focused on the effects of long-term OM on soil microbial and nematode communities as well as organic carbon distribution in different soil layers. We aimed (1) to investigate the distribution of total and labile organic C in the three layers of soil depths (0–20, 20–40, and 40–60 cm) under different fertilization patterns; (2) to evaluate the impact of different fertilization patterns on the abundance and composition of the soil microbiota; (3) to explore and describe the relationships among various components of SOC, soil microbial and nematode communities.



Materials and methods


Experimental design and sample collection

The long-term fertilization experiment commenced in the town of Gaolong in Wanning City, Hainan Province, China (18°737′N, 110°192′E) with an 8-year jackfruit monoculture, including three treatments with triplicates in a random plot design. The individual plot of each treatment consists of 20 jackfruit trees with 450 m2 (25 m × 18 m). Three treatments, OM, CF, and control (CK, without any amendment), were applied to the field since jackfruit was planted. Chemical fertilizer treatment was adjusted to the same amounts of N, P, and K as OM by applying urea, calcium magnesium phosphate, and potassium chloride, respectively (Table 1). Information about the study site and the characteristics of manure used had been described in detail in our previous manuscript (Su et al., 2021).


TABLE 1    The amounts of the applied fertilizers for each treatment per year.
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To evaluate the reproducibility of the experiment, a total of fifty-four soil samples (3 treatments × 3 depths × 3 biological replicates × 2 sampling times) in three different layers of depths (0–20, 20–40, and 40–60 cm) were collected from six random sites under the trunk base of each tree of the treatment plots on June 2019 and 2020. Composite samples of six sites per plot were collected with a shovel. Each sample was collected in an independent sterile plastic bag, sealed, and homogenized thoroughly. Taxonomic analysis of nematodes was classified from about 200 g of fresh soil samples, chemical analyses were chosen from 100 g of soil samples after air-dried and sieved (<1 mm), and soil DNA was extracted from 50 g of soil samples after gently sieved through a 2 mm sieve and stored at −80°C. The total jackfruit fruit yield in each treatment was weighed from all harvested mature jackfruit fruits in each plot.



Soil nematode determination

A modified cotton-wool filter method was used for nematode extraction. The number of nematodes was expressed as the number of individuals per 100 g dry soil. And at least 100 nematodes were randomly selected from each sample and identified as four trophic groups: bacterivores (Ba), plant-parasites (Pp), fungivores (Fu, and omnivores-predators (Op) (Yeates et al., 1993). In the case where the number of total nematodes did not reach 100 in a sample, all nematodes were identified. The guilds were characterized on the colonizer-persister (c-p) scale (1–5) as previously described (Bongers and Bongers, 1998). The ecological indices of soil nematodes had been described in our previous manuscript (Su et al., 2021) and calculated as follows: maturity index (MI) and Shannon diversity (H′) for genera, and nematode channel ratio (NCR) for detecting the decomposition pathways of soil organic matter. We visualized the potential differences of nematode communities in soil using principal coordinate analysis (PCoA) based on the Bray–Curtis different similarity matrix generated on nematode abundance. The effect of fertilization on the nematode community structure was studied using a permutational multivariate analysis of variance (PERMANOVA) with 999 permutations by the Adonis function (vegan package) in R (Ginestet, 2011).



DNA extraction, quantification of the total soil microbial biomass and Illumina sequencing

PowerSoil™ DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, United States) was used to extract total DNA from 0.25 g of soil, as directed by the manufacturer’s instructions. The quality of DNA was detected with a spectrophotometer (NanoDrop 2000, United States). The total numbers of soil bacteria and fungi were quantified by Real-Time PCR and performed according to the methods described by Su et al. (2021). The bacterial 16S rRNA gene V4 hypervariable region was amplified with primers 520F and 802R (Claesson et al., 2009) from soil genomic DNA, while fungal ITS1 was amplified using primers ITS1F and ITS2R (Mueller et al., 2014). The sequencing was performed using the Illumina MiSeq PE250 sequencing platform (Illumina, Inc., CA, United States) at Personal Biotechnology Co., Ltd., Shanghai, China. The sequence data were made available in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database under BioProject number PRJNA836735.



Bioinformatics analyses

The adaptors and primer sequences were removed, and the raw sequences were demultiplexed according to a unique barcode. Paired-end reads for all samples were run through Trimmomatic (version 0.35) to remove low-quality base pairs according to the parameters (SLIDINGWINDOW: 50:20 MINLEN: 50). The trimmed reads were merged using FLASH program (version 1.2.11) with default parameters (Magoč and Salzberg, 2011). Briefly, low-quality sequences were removed according to screen.seqs command using the following filtering parameters, maxambig = 0, minlength = 100, maxlength = 580, maxhomop = 8. The reserved sequences were assigned to operational taxonomic units (OTUs) with a threshold of 97% identity level using the UPARSE pipeline (Edgar, 2013). Taxonomic assignment was performed using SILVA reference database (v12_8) (Quast et al., 2013) and UNITE database (v7.0) (Kõljalg et al., 2013) for bacteria and fungi, respectively, with a confidence score ≥0.6 by the classify.seqs command in mothur (Schloss et al., 2009). The taxonomic information of operational taxonomic unit (OTU) (from Phylum to Species) was classified based on NCBI. The alpha-diversity was estimated using the Chao1 richness, Shannon, and phylogenetic diversity indices which were calculated based upon neighbor-joining phylogenetic trees generated with mothur and plotted by R. To explore major similarity and variance components of soil microbial community structures, PCoA based on Bray–Curtis distance was performed on OTUs matrices and sample grouping data in R. Permutational multivariate analysis of variance was performed to evaluate the effect of fertilization and soil depths on microbial community structure (Kusstatscher et al., 2020). To visualize the associations among nematodes, bacteria, fungi, and SOC components in the network interface, a correlation matrix was used to calculate the possible pairwise Spearman’s rank correlations. The distribution matrix of total nematodes genera, bacteria, and fungi phyla into the relative abundance for network construction was standardized. A valid co-occurrence was considered a statistically robust correlation between taxa with the Spearman’s correlation coefficient (rho) >0.6 and the P-value <0.01 (Shannon et al., 2003). The network analyses and topological characteristics of the networks were performed using R and calculated as the methods described by Su et al. (2021). A partial least squares path model (PLS-PM) was carried out with SmartPLS (Sarstedt and Cheah, 2019) to evaluate the direct and indirect effects of fertilization, SOC components (SOC, POC, DOC, and MBC), microbial and nematode community composition on the jackfruit yield. Microbial and nematode compositions were used as a latent variable, reflecting the relative abundance of each phylum and trophic group, respectively. The goodness of fit of the PLS-PM was evaluated by examining the Goodness-of-Fit index and the coefficient of determination (R2) of the latent variables. For investigating the functions of the bacterial and fungal communities, Functional Annotation of Prokaryotic Taxa (FAPROTAX) and FUNGuild were used for the identification of potential functions in different treatments via the default settings based on taxonomic information of microorganisms, respectively (Louca et al., 2016).



Determination of soil physicochemical properties

A glass electrode meter was used to determine the soil pH at a ratio of 1:5 after 30 min of shaking. Soil organic carbon was measured with the potassium dichromate external heating method. Dissolved organic carbon was measured with Micro 2,000 N/C Analytic Jena (Jones and Willett, 2006). Potassium permanganate-oxidizable carbon (POC) was measured as described by Blair et al. (1995). Microbial biomass carbon was analyzed using the fumigation-extraction method (Vance et al., 1987). Total soil nitrogen (TN) and alkalyzable nitrogen (AN) contents were measured with Kjeldahl digestion and alkaline-hydrolyzable diffusion method, respectively. Total phosphorus concentration (TP) was determined by digesting soil samples in acid (HClO4–H2SO4), followed by estimation on a spectrophotometer after developing a yellow color using the molybdenum blue method. The concentration of available phosphorus (AP) was extracted with sodium bicarbonate and then measured with the method of molybdenum blue. Total potassium concentration (TK) was extracted by the sodium hydroxide melting method and determined by a flame photometer. The concentration of readily available potassium (AK) was determined by flame photometry after extraction with ammonium acetate.



Statistical analyses

SPSS version 20.0 statistical software (SPSS Inc., Chicago, IL, United States) was used to perform a one-way analysis of variance (ANOVA), and Duncan multiple range tests on all parameters in the site to examine difference significance at a value of P < 0.05. The figures were prepared in Origin 2016 and the results were reported as mean ± standard error (SE).




Results


Fertilization affects nematode community assembly in different soil depths of jackfruit

The prevalent taxa number and abundance of nematode confirmed the impact of OM on the nematode community (Supplementary Tables 1, 2). The genus of Cephalobus and Mesorhabditis that belongs to bacterivores, and the Tylencholaimus that belongs to fungivores were more distributed in OM treatment in both two field experiments. Moreover, a significantly higher number of bacterivores (Geomonhystera and Acrobeloides) and omnivores-predators (Labronema) was observed in OM soil (P < 0.05), while a lower number of plant-parasites (Rotylenchulus, Meloidogyne, and Tylenchorhynchus) was detected in the second-year experiment. There was no obvious distinction in variation among different soil depths under the same treatment.

Organic manure significantly increased total nematodes in different soil depths compared with other treatments (Table 2). For the trophic groups, bacterivores and fungivores were significantly enriched in OM treatment in soil depths of 0–20 and 20–40 cm in the first-year experiment, respectively (P < 0.05). Bacterivores, fungivores and omnivores-predators were relatively more abundant in OM soil, and the number of plant-parasites in all soil layers was the lowest in the second year experiment.


TABLE 2    Effect of organic manure (OM) and chemical fertilization treatments on the relative abundance of trophic groups (%) of nematode and ecology indices in the field experiment.
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Fertilization had a certain effect on the ecological indices in the first-year experiment, and the values of NCR were higher in fertilizer treatments. The MI in OM soil was the highest in a depth of 0–40 cm (P < 0.05). Higher values of H′ were shown in CF and OM treatments in soil depth of 20–60 cm. The values of NCR were found higher in CF treatment in 0–40 cm, as well as in OM soil in a depth of 40–60 cm.



Fertilization affects the microbial abundance and taxonomic composition in different soil depths of jackfruit

The abundances of bacteria and fungi were significantly higher in OM treatment than in CF and CK (Supplementary Tables 3, 4). Richness (Chao1), Shannon and phylogenetic diversity indices confirmed the impact of fertilization on the alpha diversity of both bacterial and fungal communities (Supplementary Figure 1). Bacterial alpha diversity was much lower in all soil depths of OM treatment, compared with CK and CF treatment (P < 0.05, Supplementary Figure 1A). The alpha diversity in deep soil (40–60 cm) treated with OM was significantly lower than that in surface soil (0–20 cm). In addition, the chao1 value and phylogenetic diversity indices were much lower in CK and OM treatment (Supplementary Figure 1B), and the Shannon diversity index was significantly lower in CK. The sampling depth in different treatments had a prominent effect on the alpha diversity of fungal communities which showed a higher value in the surface soil.

A total of 1,029,274 high-quality bacterial reads and 1,330,571 fungal reads were obtained from 27 soil samples in 2019, and 1,969,457 high-quality bacterial reads and 1,955,677 fungal reads were obtained in 2020. After removing the low-quality and plant-derived reads, the remaining reads were clustered into 10,507 bacterial and 3,670 fungal OTUs in 2019, and 11,045 bacterial and 3,091 fungal OTUs in 2020, respectively. Based on the OTU classification results, Actinobacteria, Proteobacteria, Chloroflexi, and Nitrospirae were the dominant bacterial phyla in treatments with different soil depths, accounting for 70.0–83.9% of the total sequences. Actinobacteria and Proteobacteria dominated the bacterial communities of OM soil in the first-year experiment (Figure 1A). Moreover, Proteobacteria was more prevalent in CF soil in the second-year experiment (Figure 1B). Compared with CF, Chloroflexi was significantly enriched in the CK and OM treatments. Nitrospirae was significantly abundant in CF soil, followed by CK in three soil depths. Ascomycota, Basidiomycota, and Zygomycota were the dominant fungal phyla in treatments with different soil depths, accounting for 74.4–95.8% of the total reads (Figures 1C,D). Ascomycota was significantly enriched in the CK soil. Basidiomycota dominated the OM soil fungal communities in the first-year experiment (Figure 1C) and was more prevalent in CF and OM soils in the second-year experiment (P < 0.05, Figure 1D). Zygomycota was significantly abundant in surface soil of OM (0–20 cm) in the 2-year experiments. The variation of phyla in each treatment with different soil depths had similar trends.
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FIGURE 1
Distribution and abundance of major bacterial (A,B) and fungal (C,D) phyla in all soil samples with different soil depths. The left column is the samples in the year of 2019, and the right column is in the year of 2020. CK, no fertilization; CF, chemical fertilization; OM, organic manure.


Principal coordinate analysis revealed significant differences in the composition of microbial and nematode communities in treatments amended with different fertilizers (Figure 2). Permutational multivariate analysis of the microbial communities was in agreement with PCoAs in that fertilization has a significant impact on microbial and nematode communities in the 2-year experiments. In addition, the difference in microbial community composition explained by fertilization was greater than the difference in nematode community (bacteria: R2 = 0.66/0.62, P = 0.001; fungi: R2 = 0.89/0.78, P = 0.001; nematode: R2 = 0.29/0.30, P = 0.001). In general, the effect of soil depth on microbial and nematode communities was not as significant as that of fertilization (Supplementary Table 5). Therefore, the later analysis was more focused on the effect of fertilization on the microbial and nematode communities as well as SOC components.


[image: image]

FIGURE 2
Principal coordinate analysis (PCoA) ordinations of the bacterial (A,D), fungal (B,E) and nematode (C,F) communities based on Bray–Curtis distance metric in different soil depths. The up-row is the samples in the year of 2019, and the down-row is in the year of 2020. The top value of each plot indicates the fertilization effect on the microbial and nematode communities in analysis of variance (ANOVA) at a significance level of P < 0.05. CK, no fertilization; CF, chemical fertilization; OM, organic manure.




Jackfruit yield, soil physicochemical properties, and their correlation analyses with microbial and nematode communities

Compared with CF and CK, OM treatment resulted in a significant (>13%) increase in jackfruit yield in two consecutive years (Supplementary Tables 3, 4). Soil pH, total nitrogen, phosphorus, potassium concentrations, and SOC components, especially MBC were generally higher in OM treatment in all soil depths in the 2-year field experiments (Supplementary Tables 3, 4). Chemical fertilizers significantly affected AN, AP, and AK concentrations.

Network analysis was used to determine the co-occurrence patterns of microbiome, nematode, and SOC components based on strong and significant correlations despite that the calculated modularity index was low (Figure 3 and Supplementary Table 6). Overall, different fertilizer treatments showed a remarkable effect on association networks of nematode and microbiome. The values of average path length (APL) and average clustering coefficient (avgCC) in these empirical networks were higher than those of their respective identically sized Erdös–Réyni random networks (Supplementary Table 6). Furthermore, the number of edges, average connectivity (avgK), avgCC and the percentage of the positive link (P%) of bacteria-fungi were the greatest in OM network, whereas APL was the smallest in CF network. The P% of bacteria-nematode was generally higher in fertilizer treatments, while SOC components showed more positive co-occurrence relationships with microbiota in CK soil. Strikingly, more positive co-occurrence relationships (9.68%) between plant-parasites and others were founded in the soil treated with CF. In addition, the soil of CK treatment showed more negative co-occurrence relationships between plant-parasites Meloidogyne and others (SOC, DOC, and the fungi Zygomycota, which were generally lower in CK soil), and more positive co-occurrence relationships between omnivores-Predators Prionchulus and SOC components (SOC and DOC). The dominant plant-parasites Tylenchorhynchus showed a significantly negative co-occurrence relationship with DOC and a positive co-occurrence relationship with bacteria Nitrospirae which is the preponderant phylum in CF treatment. There were more positive co-occurrence relationships between SOC components and microbial communities in OM soils. The number of links between microbial taxa and microbivorous nematodes in each treatment was OM (29) < CF (24) < CK (4).
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FIGURE 3
Interaction networks among bacterial and fungal phyla, nematode trophic groups, and SOC components present in different fertilization treatments. A connection stands for a strong (Spearman’s rho > 0.6) and significant (P < 0.01) correlation for the CK (A), CF (B), and OM (C). For each panel, the node size is proportional to the number of node connection across all the samples and the thickness of each connection between two nodes (that is, edge) is proportional to the value of Spearman’s correlation coefficients. Lines connecting nodes (edges) represent positive (red) or negative (blue) co-occurrence relationships. CK, no fertilization; CF, chemical fertilization; OM, organic manure.


As mentioned above, the correlation analysis displays the possible relationship of microbial and nematode communities with SOC components. However, it cannot uncover the direct (or indirect) causal relationship. Partial least-squares-path modeling was employed to quantify the specific causality from a holistic view. As can be seen, the model explained 79.4% of the variation in jackfruit yield (R2 = 0.794, Figure 4). Fertilization had significant effects on jackfruit yield, which was composed of positive direct (73.6%) and indirect effects (fertilization → fungal community → yield). Likewise, fertilization induced changes in soil microbial and nematode communities imposed indirect effects on SOC components and jackfruit yield despite that their effect was not significant.
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FIGURE 4
Partial least squares path models (PLS-PM) displaying the direct and indirect effects of long-term fertilization, SOC components (SOC, POC, DOC, and MBC), microbial and nematode community compositions on the jackfruit yield (Goodness-of-Fit = 0.484). Microbial and nematode compositions are used as latent variables, reflecting the relative abundance of each phylum and trophic group, respectively. Coefficient of determination (R2) values denote the proportion of variance explaining for each variable. Arrow thickness is scaled proportionally to the standardized path coefficients (numbers on arrows). Solid blue and red arrows indicate positive and negative relationships, respectively.




Functional prediction analysis

Functional Annotation of Prokaryotic Taxa analysis was performed for the determination of predicted functions of bacterial communities in different fertilizer treatments in jackfruit orchards. Six ecological function groups related to the C cycles, including aerobic chemoheterotrophy, chemoheterotrophy, cellulolysis, phototrophy, photoheterotrophy, and aromatic compound degradation, accounted for an average of 32% of the total abundance of predictive functional analysis (Figures 5A,B). The proportions of chemoheterotrophy, aerobic chemoheterotrophy and cellulolysis in the OM soils were significantly higher than those observed in other treatments in the first year while this trend abated in the second year. Six ecological function groups related to the N cycles were classified as aerobic ammonia oxidation, nitrification, aerobic nitrite oxidation, nitrate reduction, nitrogen fixation, and nitrogen respiration, accounting for an average of 41% of the total abundance of predictive functional analysis in our study. The relative abundance of nitrification, aerobic nitrite oxidation and aerobic ammonia oxidation identified in the CF soils were significantly higher than those observed in the other treatments.
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FIGURE 5
The relative abundance of dominant bacterial (A,B) and fungal (C,D) functional groups based on Functional Annotation of Prokaryotic Taxa (FAPROTAX) and FUNGuild. The left column is the samples in the year of 2019, and right column is in the year of 2020. CK, no fertilization; CF, chemical fertilization; OM, organic manure.


FUNGuild was used to predict the nutritional and functional groups of fungi, and the results showed that symbiotroph, saprotroph-symbiotroph, saprotroph, pathotroph-symbiotroph, pathotroph- saprotroph-sym-biotroph, pathotroph-saprotroph, and pathotroph were the major components (Figures 5C,D). The proportions of saprotroph-symbiotroph in the OM soils were significantly higher than those observed in the other treatments in the first-year experiment. On the contrary, the relative abundance of pathotroph-saprotroph and pathotroph-saprotroph-symbiotroph in soil depth of 0–40 cm of CF treatment was significantly higher compared with OM treatment.




Discussion


Effects of fertilization on soil nematode community

The treatments of CF and OM are representative of soil management systems commonly used in jackfruit orchards. The carbon and energy inputs to the soil food web can generally be delivered along with the trophic levels and affect the abundances of total nematodes and trophic groups present at different trophic levels (Chen et al., 2021). In this study, OM had significantly positive effects on the abundances of total nematodes and trophic groups, except for plant-parasites (Table 1). This is consistent with the findings by Liu et al. (2016) that integrated 54 relevant studies around the world and showed that organic amendment input improved soil nematode abundance by 37–50%. In addition, manure is more labile for microorganism decomposition which provided more energy and carbon to the nematode assemblage, and more nutrients were released after manure decomposition (Elzobair et al., 2016; Liu et al., 2020). This explains a higher percentage of bacterivores that was found in the manure amendment. Carrillo et al. (2011) also reported a similar finding that microbivorous nematodes positively affected microbial activity during decomposition. As the response of soil nematode was linked to the soil microbial biomass, soil MBC has been found highly correlated with the nematode beta diversity and community in this study (Figure 3). As the main decomposers in the soil, microbes first metabolize organic matter and then transfer energy and carbon to higher trophic groups, including nematodes (Liu et al., 2020). Therefore, soil MBC content and microbivores were increased in OM treatment compared with CK and CF treatments. Organic manure amendments strongly stimulated the basal functional guilds of the nematode community, as indicated by the high populations of c-p 1 (Mesorhabditis) and 2 (Cephalobus, Geomonhystera, and Acrobeloides) bacterivores. The current study showed that the predominant trophic group under CK and CF treatments was plant-parasites, particularly Pratylenchus, Rotylenchulus, and Meloidogyne, which occupied more than 33.6 and 41.4% of the total nematode abundance in the 2-year field experiments, respectively. Liu et al. (2013) also reported that the sole application of mineral fertilizer decreased the physiological resistance of the crop, and the weaker roots would have been easily infected by insects such as plant-parasites. In contrast, previous studies have reported that manure application provides carbon for soil organisms and improves plant resistance, thereby, increasing soil bacteria abundance and leading to a transition in the predominant trophic group from plant-parasites to bacterivores (Wu et al., 2016). The higher abundance of nematodes occurred in the 0–20 cm depth, where most roots are distributed and soil has better aerobic conditions, which creates a better environment for the survival of nematodes in this layer (Van Nguyen et al., 2020).

The nematode community structure, decomposition environments, and the dynamics of soil food webs could be evaluated by the community indices. In the present study, we observed that OM increased the MI value in soils with a depth of 0–40 cm, indicating that manure amendment drives the soil food web toward a relatively stable environment for crop productivity (Table 1). Higher H′ in the organic mature treatment indicates that the nematode community was more diverse and that some genera dominated the community. As a result of the higher NCR values in fertilizer treatments, bacteria appear to dominate the organic matter decomposition pathway.



Effects of fertilization on soil microbial community and functional groups

In the present study, the microbial communities in soils that received long-term manure amendment presented significantly higher microbial abundance than those receiving CFs in both layers, which may have been due to the higher soil pH. A previous study also showed that the increased pH may enhance the spore germination, colonization, and reproduction rates of microbes and consequently increased microbial biomass (Chen et al., 2019). Fertilization with OM typically alters the soil microflora, such as richness, diversity, and community composition (Chen et al., 2019). Our results also supported this finding that both soil microbial α-diversity and community composition were significantly changed by OM treatment. Soil bacterial richness and phylogenetic diversity immediately decreased in OM treatment in the first-year experiment, but they rebounded to greater values in the second-year experiment. These findings were probably related to the higher relative abundances of major microbial groups (Acidobacteria and Proteobacteria) found in the soil (St-Pierre and Wright, 2014). Changes in the soil fungal α-diversity may be similar.

The bacterial phylum Proteobacteria (Gamma- or Beta-) which was considered a copiotrophic group and related to C availability or labile substrate supply was one of the predominant taxa in manure amendment in both layers, which may have been due to the rich nutrient in the soil (Liu et al., 2019). Most members of Acidobacteria and Chloroflexi have been identified as oligotrophic groups (Fierer et al., 2007), and our study showed higher relative abundances of the Acidobacteria and Chloroflexi phyla in OM and CK soil than in the CF soil. This result was inconsistent with the results of many previous studies and it might relate to the diversely nutritional profile of Chloroflexi which can change depending on the environmental conditions. The higher relative abundance of Nitrospira in CF than other treatments indicates that Nitrospira, and potentially nitrification, was of greater importance in the CF soil, which might be driven by greatly AN release from CF (Supplementary Tables 3, 4). In addition, some Nitrospirae strains can be a dominant nitrite oxidizer or comammox which convert urea to ammonia and CO2 and may contribute to nitrogen cycling beyond nitrite oxidation (Wang et al., 2019). In our study, compared with other treatments, the functional groups of the bacterial community related to C cycling (e.g., chemoheterotrophy, aerobic chemoheterotrophy, and cellulolysis) were higher in OM soil, which might be due to the addition of OM. The variation of plant root exudates can directly provide a large number of carbon sources and promote the assimilation, utilization of carbon by microorganisms, thus promoting the increase of chemical heterotrophic microorganisms (Liang et al., 2020). Different vegetation types could cause changes in bacterial community function in the soil. Conversely, nitrification, aerobic nitrite oxidation, and aerobic ammonia oxidation related to the nitrogen cycle increased in the CF soils. The reason for this difference might be due to the increased nitrogen content affected by CF, which stimulated the growth and reproduction of denitrifying microorganisms, significantly increased microbial activity, and altered N cycles (Liang et al., 2020).

In the current study, Ascomycota, Basidiomycota, and Zygomycota were the dominant phyla of fungal community (Figures 1C,D). In alignment with a previous study by Ji et al. (2020), Ascomycota and Zygomycota exhibited different growth strategies with organic fertilizer application, and Zygomycota saprotroph exhibited increased sensitivity to C sources than the Ascomycota saprotroph, which consequently resulted in a different relative abundance of Ascomycota and Zygomycota in manure amendment. Moreover, Štursová et al. (2012) found that Zygomycota was an important decomposer for controlling the cycling rate of nutrients and promoting the decomposition of organic compound matrices in agricultural ecosystems. Seven fungal functional groups (i.e., symbiotroph, saprotroph-symbiotroph, saprotroph, pathotroph-symbiotroph, pathotroph-saprotroph-symbiotroph, pathotroph-saprotroph, and pathotroph) were identified according to FUNGuild (Guo et al., 2020). Our results found that saprotroph-symbiotroph fungi were the dominant function fungi and accounted for more than 50% of the whole community under OM treatment in the first-year experiment. In contrast, pathotroph-saprotroph-symbiotroph and pathotroph-saprotroph fungi predominated in CF treatment (Figure 4), which indicated a risk of plant disease (Ji et al., 2020).



Effects of fertilization on β-diversity of soil microbe and nematode

As for β-diversity of microbe and nematode, irrespective of the soil layers, all soil samples were clustered into three groups according to fertilizer treatments (Figure 2), which suggested that differential fertilization was the dominant factor in shaping the microbial-microfauna in the soil of jackfruit. Variations in β-diversity can be attributed to fertilizer, since shifts in soil microbial communities generally correlate with changes in soil nutrient availability (Zhang et al., 2018). In addition, the variation of nematode fauna was closely related to the microbial community structure.



Effects of fertilization on jackfruit yield and soil physicochemical properties

The extra resource input either chemical or organic fertilizer enhanced jackfruit yield compared with no input control during the 2-year field experiments. Average jackfruit yield increased by 15% in the sole CF treatments and by 32% in the manure amendment relative to the control (Supplementary Tables 3, 4). This result reiterates the necessity for fertilizer additions to increase crop yields. Organic manure could enhance jackfruit yield not only through the continuous supply of reserve nutrients but also as a result of better soil conditions for crop growth such as soil aeration, porosity, soil pH, and microflora (Cai et al., 2019). In our study, soil properties also indicated fertilization inputs influenced nutrient availability (Supplementary Tables 3, 4). Soil pH in both layers was found to be lower in CF treatment which might be due to the produced H+ ions during the nitrification of NH4+ (Luo et al., 2015). While, the addition of manure prevented soil acidification due to the alkalinity of manure (Rukshana et al., 2014). Organic manure significantly increased soil total nutrient contents and organic carbon components, especially MBC, compared with chemical fertilization alone. This can be confirmed by Tian et al. (2015), who reported that continuous manure application increased the SOC content and sequestration rates by increasing crop yield and organic matter return from stubbles and roots in a meta-analysis study. In addition, the rate of soil mineralization usually remains stable for a short time, so the increasing trend of SOC content in soils could be explained by the C input from organic amendments (Li et al., 2020). The increased soil MBC in the OM treatment may be due to the additional C sources, which are beneficial for the growth of soil indigenous microbiota as well as an increase in soil fertility (Li et al., 2015). In the subsoil layers (40–60 cm), the SOC contents in all treatments were lower than in the top layers. This decrease could be explained by the possible presence of roots and an abundance of microorganisms in the Ap horizon (near the soil surface) (Shahbaz et al., 2017). Labile C (e.g., DOC, MBC, and POC) is sensitive to fertilization management and a good indicator to study SOC changes on a short-term basis. In the present study, the application of OM had a positive effect on LOC in both layers. LOC in subsurface soil was much lower as compared to surface soil, which might be attributed to an increase in the recalcitrant fraction of C in subsurface soil (Ghosh et al., 2012).



Correlations between microbial and nematode communities and organic carbon components

Network analyses and PLS-PM also indicated that fertilization induced soil microbial and nematode communities, and then indirectly influenced SOC components. Significant co-occurrence relationships between soil microflora and organic carbon components have been observed in the present study. The soil amended with OM showed a higher number of positive co-occurrence relationships than that in other treatments which may be linked to a higher community function (Coyte et al., 2015). And the soils amended with CF and nothing contained more strongly co-occurrence relationships between plant-parasites and others which suggesting that the CF and CK treatments may increase the abundance of plant-parasites and microorganisms associated with them. In the contrast, OM may be associated with a decreased ratio of positive link of plant-parasites. Previous studies had shown that the feeding interrelationship among the soil biota had a strong influence on the flow of resource and energy within the soil food web (Lenoir et al., 2007; Zhang X. et al., 2015). The more co-occurrence relationships between microbivorous nematodes and microbial taxa that had positive associations with SOC components in OM soils were also supported by other studies that have reported that the predation by microbivorous nematodes changed the microbial communities that are responsible for the breakdown of organic matter were linked to soil organic matter decomposition (Freckman, 1988; Jiang et al., 2018). In agroecosystems, nutrient release and dissolved C during long-term decomposition of fertilizer directly affected soil microbial community composition (Diacono and Montemurro, 2010). The variation of this soil property (e.g., soil C, pH) resulted from fertilization exerts significant influences on microbial growth (Hartmann et al., 2015; Sun et al., 2016; Zeng et al., 2016; Zhang et al., 2017). In the current study, a greater addition of OM increased SOC components and pH; these changes increased the niche width and niche differentiation (Dumbrell et al., 2010), and these factors may be important to the diversity with beneficial coexistence of species in the soil habitat. An oligotroph-copiotroph strategy shift of soil bacteria with changes in soil nutrient availability has been observed by Fierer et al. (2012), who reported that low nutrient levels caused an increase in slow-growing oligotrophic microorganisms while high nutrient levels promoted copiotrophic organisms. Differential soil properties affected by fertilizer amendments might exert a direct or indirect influence on nematode fauna via plant growth or microbial activity (Bulluck and Ristaino, 2002; Buchan et al., 2013). These results were most likely due to the increased C, N, P, K, and pH of soil by OM, and these factors may be important drivers of soil microfauna and crop yield.




Conclusion

An assessment was carried out on the impacts of fertilization amendments on selected soil physicochemical properties and microbial and nematode communities in three soil depths (0–20, 20–40, and 40–60 cm) over an 8-year period in a mono-cultured jackfruit plantation. In general, OM increased the value of NCR, MI, and the abundance of total nematodes and bacterivores, but decreased plant-parasites and H′. The microbial β-diversity and taxonomical composition showed a distinct response to the applied treatments, especially at the phyla level. Higher relative abundances of Proteobacteria, Acidobacteria, and Chloroflexi were observed in OM treatment, and Nitrospira was predominated in CF treatment. Furthermore, OM enhances the contents of soil N, P, K, C, and pH, and the variation of this soil property was an important driver of soil microbial and nematode communities, functional groups and crop yield. Our results indicated that the functional groups of the bacterial community related to C cycle and aprotroph-symbiotroph fungi were higher in OM soil, while, some groups related to the nitrogen cycle, pathotroph-saprotroph-symbiotroph and pathotroph-saprotroph were predominated in CF treatment. This research may be beneficial in improving the understanding of the relationship between fertilization amendment, soil quality, and soil microbial and nematode communities, which can contribute to the development of an effective nutrient management system toward sustainability. In future studies, soil microfauna and the functional group should be complemented with the responses of crop roots to enhance our understanding of the mechanisms by which manure affects the soil quality for crop production.



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 below: NCBI–PRJNA836735 and the release date was June 5, 2024.



Author contributions

LS: conceptualization, development of methodology, performing the experiments, data analysis, and writing original manuscript. TB and YX: conceptualization, methodology, writing – review and editing, and supervision. GW: supervision and writing – review and editing. QZ: methodology. LT: conceptualization, writing – review and editing, and supervision. All authors have read and approved the final manuscript and approved the submitted version.



Funding

This work was supported by the National Natural Sciences Foundation of China (41907092) and the Natural Science Foundation of Hainan (322QN400).



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.2022.980169/full#supplementary-material



Abbreviations

CK, no fertilization; CF, chemical fertilization; OM, organic manure; SOC, soil organic carbon; MBC, microbial biomass carbon; POC, potassium permanganate-oxidizable carbon; DOC, dissolved organic carbon.



References

Balesdent, J., Basile-Doelsch, I., Chadoeuf, J., Cornu, S., Derrien, D., Fekiacova, Z., et al. (2018). Atmosphere-soil carbon transfer as a function of soil depth. Nature 559, 599–602. doi: 10.1038/s41586-018-0328-3

Blair, G. J., Lefroy, R. D. B., and Lisle, L. (1995). Soil carbon fractions based on their degree of oxidation, and the development of a carbon management index for agriculture systems. Aust. J. Agric. Res. 46, 1459–1466. doi: 10.1071/AR9951459

Blanco-Moure, N., Gracia, R., Bielsa, A. C., and López, M. V. (2016). Soil organic matter fractions as affected by tillage and soil texture under semiarid Mediterranean conditions. Soil Till. Res. 155, 381–389. doi: 10.1016/j.still.2015.08.011

Bongers, T., and Bongers, M. (1998). Functional diversity of nematodes. Appl. Soil Ecol. 10, 239–251. doi: 10.1016/S0929-1393(98)00123-1

Brown, K. H., Bach, E. M., Drijber, R. A., Hofmockel, K. S., Jeske, E. S., Sawyer, J. E., et al. (2014). A long-term nitrogen fertilizer gradient has little effect on soil organic matter in a high-intensity maize production system. Glob. Change Biol. 20, 1339–1350. doi: 10.1111/gcb.12519

Buchan, D., Gebremikael, M. T., Ameloot, N., Sleutel, S., and De Neve, S. (2013). The effect of free-living nematodes on nitrogen mineralisation in undisturbed and disturbed soil cores. Soil Biol. Biochem. 60, 142–155. doi: 10.1016/j.soilbio.2013.01.022

Bulluck, L. R., and Ristaino, J. B. (2002). Effect of synthetic and organic soil fertility amendments on southern blight, soil microbial communities, and yield of processing tomatoes. Phytopathology 92, 181–189. doi: 10.1094/PHYTO.2002.92.2.181

Cai, A., Xu, M., Wang, B., Zhang, W., Liang, G., Hou, E., et al. (2019). Manure acts as a better fertilizer for increasing crop yields than synthetic fertilizer does by improving soil fertility. Soil Till. Res. 189, 168–175. doi: 10.1016/j.still.2018.12.022

Carrillo, Y., Ball, B. A., Bradford, M. A., Jordan, C. F., and Molina, M. (2011). Soil fauna alter the effects of litter composition on nitrogen cycling in a mineral soil. Soil Biol. Biochem. 43, 1440–1449. doi: 10.1016/j.soilbio.2011.03.011

Chen, L., Jiang, Y., Liang, C., Luo, Y., Xu, Q., Han, C., et al. (2019). Competitive interaction with keystone taxa induced negative priming under biochar amendments. Microbiome 7:77. doi: 10.1186/s40168-019-0693-7

Chen, Y., Xia, X., Hu, C., Liu, D., Qiao, Y., Li, S., et al. (2021). Effects of long-term straw incorporation on nematode community composition and metabolic footprint in a rice-wheat cropping system. J. Integr. Agric. 20, 2265–2276. doi: 10.1016/S2095-3119(20)63435-9

Claesson, M. J., O’Sullivan, O., Wang, Q., Nikkilä, J., Marchesi, J. R., Smidt, H., et al. (2009). Comparative analysis of pyrose-quencing and a phylogenetic microarray for exploring microbial community structures in the human distal intestine. PLoS One 4:e6669. doi: 10.1371/journal.pone.0006669

Coyte, K. Z., Schluter, J., and Foster, K. R. (2015). The ecology of the microbiome: Networks, competition, and stability. Science 350, 663–666. doi: 10.1126/science.aad2602

Diacono, M., and Montemurro, F. (2010). “Long-term effects of organic amendments on soil fertility,” in Sustainable agriculture, Vol. 2, eds E. Lichtfouse, M. Hamelin, M. Navarrete, and P. Debaeke (Dordrecht: Springer). doi: 10.1007/978-94-007-0394-0_34

Doetterl, S., Stevens, A., Six, J., Merckx, R., Van Oost, K., Casanova Pinto, M., et al. (2015). Soil carbon storage controlled by interactions between geochemistry and climate. Nat. Geosci. 8, 780–783. doi: 10.1038/ngeo2516

Dumbrell, A. J., Nelson, M., Helgason, T., Dytham, C., and Fitter, A. H. (2010). Relative roles of niche and neutral processes in structuring a soil microbial community. ISME J. 4, 337–345. doi: 10.1038/ismej.2009.122

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

Elzobair, K. A., Stromberger, M. E., Ippolito, J. A., and Lentz, R. D. (2016). Contrasting effects of biochar versus manure on soil microbial communities and enzyme activities in an Aridisol. Chemosphere 142, 145–152. doi: 10.1016/j.chemosphere.2015.06.044

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839

Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A., and Knight, R. (2012). Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen gradients. ISME J. 6, 1007–1017. doi: 10.1038/ismej.2011.159

Freckman, D. W. (1988). Bacterivorous nematodes and organic matter decomposition. Agric. Ecosyst. Environ. 24, 195–217. doi: 10.1016/0167-8809(88)90066-7

Ghosh, S., Wilson, B., Ghoshal, S., Senapati, N., and Mandal, B. (2012). Organic amendments influence soil quality and carbon sequestration in the Indo- Gangetic plains of India. Agric. Ecosyst. Environ. 156, 134–141. doi: 10.1016/j.agee.2012.05.009

Ginestet, C. (2011). ggplot2: Elegant graphics for data analysis. J. R. Stat. Soc. 174, 245–246. doi: 10.1111/j.1467-985X.2010.00676_9.x

Guo, J., Ling, N., Chen, Z., Xue, C., Li, L., Liu, L., et al. (2020). Soil fungal assemblage complexity is dependent on soil fertility and dominated by deterministic processes. New Phytol. 226, 232–243. doi: 10.1111/nph.16345

Hartmann, M., Frey, B., Mayer, J., Mader, P., and Widmer, F. (2015). Distinct soil microbial diversity under long-term organic and conventional farming. ISME J. 9, 1177–1194. doi: 10.1038/ismej.2014.210

Haynes, R. J. (2005). Labile organic matter fractions as central components of the quality of agricultural soils: An overview. Adv. Agron. 85, 221–268. doi: 10.1016/S0065-2113(04)85005-3

He, Y., Zhang, W., Xu, M., Tong, X., Sun, F., Wang, J., et al. (2015). Long-term combined chemical and manure fertilizations increase soil organic carbon and total nitrogen in aggregate fractions at three typical cropland soils in China. Sci. Total Environ. 532, 635–644. doi: 10.1016/j.scitotenv.2015.06.011

Ji, L., Ni, K., Wu, Z., Zhang, J., Yi, X., Yang, X., et al. (2020). Effect of organic substitution rates on soil quality and fungal community composition in a tea plantation with long-term fertilization. Biol. Fertil. Soils 56, 633–646. doi: 10.1007/s00374-020-01439-y

Jiang, Y., Qian, H., Wang, X., Chen, L., Liu, M., Li, H., et al. (2018). Nematodes and microbial community affect the sizes and turnover rates of organic carbon pools in soil aggregates. Soil Biol. Biochem. 119, 22–31. doi: 10.1016/j.soilbio.2018.01.001

Jones, D. L., and Willett, V. B. (2006). Experimental evaluation of methods to quantify dissolved organic nitrogen (DON) and dissolved organic carbon (DOC) in soil. Soil Biol. Biochem. 38, 991–999. doi: 10.1016/j.soilbio.2005.08.012

Kõljalg, U., Nilsson, R. H., Abarenkov, K., Tedersoo, L., Taylor, A. F. S., Bahram, M., et al. (2013). Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol. 22, 5271–5277. doi: 10.1111/mec.12481

Kusstatscher, P., Wicaksono, W. A., Thenappan, D. P., Adam, E., Müller, H., and Berg, G. (2020). Microbiome management by biological and chemical treatments in maize is linked to pant health. Microorganisms 8:1506. doi: 10.3390/microorganisms8101506

Lazcano, C., Zhu-Barker, X., and Decock, C. (2021). Effects of organic fertilizers on the soil microorganisms responsible for N2O emissions: A review. Microorganisms 9:983. doi: 10.3390/microorganisms9050983

Lenoir, L., Persson, T., Bengtsson, J., Wallander, H., and Wiren, A. (2007). Bottom-up or top-down control in forest soil microcosms? Effects of soil fauna on fungal biomass and C/N mineralization. Biol. Fertil. Soils 43, 281–294. doi: 10.1007/s00374-006-0103-8

Li, J., Cooper, J. M., Lin, Z., Li, Y., Yang, X., and Zhao, B. (2015). Soil microbial community structure and function are significantly affected by long-term organic and mineral fertilization regimes in the North China Plain. Appl. Soil Ecol. 96, 75–87. doi: 10.1016/j.apsoil.2015.07.001

Li, J., Wen, Y., Li, X., Li, Y., Yang, X., Lin, Z., et al. (2018). Soil labile organic carbon fractions and soil organic carbon stocks as affected by long-term organic and mineral fertilization regimes in the North China Plain. Soil Till. Res. 175, 281–290. doi: 10.1016/j.still.2017.08.008

Li, T., Zhang, Y., Bei, S., Li, X., Reinsch, S., Zhang, H., et al. (2020). Contrasting impacts of manure and inorganic fertilizer applications for nine years on soil organic carbon and its labile fractions in bulk soil and soil aggregates. Catena 194:104739. doi: 10.1016/j.catena.2020.104739

Liang, S., Deng, J., Jiang, Y., Wu, S., Zhou, Y., and Zhu, W. (2020). Functional distribution of bacterial community under different land use patterns based on FaProTax function prediction. Pol. J. Environ. Stud. 29, 1245–1261. doi: 10.15244/pjoes/108510

Liu, T., Chen, X., Hu, F., Ran, W., Shen, Q., Li, H., et al. (2016). Carbon-rich organic fertilizers to increase soil biodiversity: Evidence from a meta-analysis of nematode communities. Agric. Ecosyst. Environ. 232, 199–207. doi: 10.1016/j.agee.2016.07.015

Liu, T., Yu, L., Li, M., Wu, J., Li, H., Whalen, J. K., et al. (2018). Food familiarity does not change nematode feeding behavior. Soil Biol. Biochem. 125, 136–143. doi: 10.1016/j.soilbio.2018.07.011

Liu, X., Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., et al. (2013). Biochar’s effect on crop productivity and the dependence on experimental conditions-a meta-analysis of literature data. Plant Soil 373, 583–594.

Liu, X., Zhang, D., Li, H., Qi, X., Gao, Y., Zhang, Y., et al. (2020). Soil nematode community and crop productivity in response to 5-year biochar and manure addition to yellow cinnamon soil. BMC Ecol. 20:39. doi: 10.1186/s12898-020-00304-8

Liu, Y., Zhu, J., Gao, W., Guo, Z., Xue, C., Pang, J., et al. (2019). Effects of biochar amendment on bacterial and fungal communities in the reclaimed soil from a mining subsidence area. Environ. Sci. Pollut. Res. 26, 34368–34376. doi: 10.1007/s11356-019-06567-z

Louca, S., Parfrey, L., and Doebeli, M. (2016). Decoupling function and taxonomy in the global ocean microbiome. Science 353, 1272–1277. doi: 10.1126/science.aaf4507

Luo, P., Han, X., Wang, Y., Han, M., Shi, H., Liu, N., et al. (2015). Influence of long-term fertilization on soil microbial biomass, dehydrogenase activity, and bacterial and fungal community structure in a brown soil of northeast China. Ann. Microbiol. 65, 533–542. doi: 10.1007/s13213-014-0889-9

Magoč, T., and Salzberg, S. L. (2011). FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

Maltas, A., Kebli, H., Oberholzer, H. R., Weisskopf, P., and Sinaj, S. (2018). The effects of organic and mineral fertilizers on carbon sequestration, soil properties, and crop yields from a long-term field experiment under a Swiss conventional farming system. Land Degrad. Dev. 29, 926–938. doi: 10.1002/ldr.2913

Mi, W., Sun, Y., Zhao, C., and Wu, L. (2019). Soil organic carbon and its labile fractions in paddy soil as influenced by water regimes and straw management. Agric. Water Manag. 224:105752. doi: 10.1016/j.agwat.2019.105752

Mueller, R. C., Paula, F. S., Mirza, B. S., Rodrigues, J. L. M., Nüsslein, K., and Bohannan, B. J. M. (2014). Links between plant and fungal communities across a deforestation chronosequence in the Amazon rainforest. ISME J. 8, 1548–1550. doi: 10.1038/ismej.2013.253

Neher, D. A. (2010). Ecology of plant and free-living nematodes in natural and agricultural soil. Annu. Rev. Phytopathol. 48, 371–394. doi: 10.1146/annurev-phyto-073009-114439

Qaswar, M., Huang, J., Ahmed, W., Li, D., Liu, S., Zhang, L., et al. (2020). Yield sustainability, soil organic carbon sequestration and nutrients balance under long-term combined application of manure and inorganic fertilizers in acidic paddy soil. Soil Till. Res. 198:104569. doi: 10.1016/j.still.2019.104569

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 webbased tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Rukshana, F., Butterly, C. R., Xu, J., Baldock, J. A., and Tang, C. (2014). Organic anion-to-acid ratio influences pH change of soils differing in initial pH. J. Soils Sediments 14, 407–444. doi: 10.1007/s11368-013-0682-6

Rumpel, C., Rodríguez-Rodríguez, A., González-Pérez, J. A., Arbelo, C., Chabbi, A., Nunan, N., et al. (2012). Contrasting composition of free and mineral-bound organic matter in top- and subsoil horizons of Andosols. Biol. Fertil. Soils 48, 401–411. doi: 10.1007/s00374-011-0635-4

Sarstedt, M., and Cheah, J. H. (2019). Partial least squares structural equation modeling using SmartPLS: A software review. J. Mark. Res. 7, 196–202. doi: 10.1057/s41270-019-00058-3

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., et al. (2009). Introducing mothur: Opensource, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microb. 75, 7537–7541. doi: 10.1128/AEM.01541-09

Shahbaz, M., Kuzyakov, Y., Maqsood, S., Wendland, M., and Heitkamp, F. (2017). Decadal nitrogen fertilization decreases mineral-associated and subsoil carbon: A 32-year study. Land Degrad. Dev. 28, 1463–1472. doi: 10.1002/ldr.2667

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

Sokol, N. W., and Bradford, M. A. (2019). Microbial formation of stable soil carbon is more efficient from belowground than aboveground input. Nat. Geosci. 12, 46–53. doi: 10.1038/s41561-018-0258-6

Stone, M. M., Deforest, J. L., and Plante, A. F. (2014). Changes in extracellular enzyme activity and microbial community structure with soil depth at the Luquillo Citical Zone Observatory. Soil Biol. Biochem. 75, 237–247. doi: 10.1016/j.soilbio.2014.04.017

St-Pierre, B., and Wright, A. D. G. (2014). Comparative metagenomic analysis of bacterial populations in three full-scale mesophilic anaerobic manure digesters. Appl. Microbiol. Biotechnol. 98, 2709–2717. doi: 10.1007/s00253-013-5220-3

Štursová, M., Žifčáková, L., Leigh, M. B., Burgess, R., and Baldrian, P. (2012). Cellulose utilization in forest litter and soil: Identification of bacterial and fungal decomposers. FEMS Microbiol. Ecol. 80, 735–746. doi: 10.1111/j.1574-6941.2012.01343.x

Su, L., Bai, T., Qin, X., Yu, H., Wu, G., Zhao, Q., et al. (2021). Organic manure induced soil food web of microbes and nematodes drive soil organic matter under jackfruit planting. Appl. Soil Ecol. 166:103994. doi: 10.1016/j.apsoil.2021.103994

Sun, R., Dsouza, M., Gilbert, J. A., Guo, X., Wang, D., Guo, Z., et al. (2016). Fungal community composition in soils subjected to long-term chemical fertilization is most influenced by the type of organic matter. Environ. Microbiol. 18, 5137–5150. doi: 10.1111/1462-2920.13512

Tian, K., Zhao, Y., Xu, X., Hai, N., Huang, B., and Deng, W. (2015). Effects of long-term fertilization and residue management on soil organic carbon changes in paddy soils of China: A meta-analysis. Agric. Ecosyst. Environ. 204, 40–50. doi: 10.1016/j.agee.2015.02.008

Van Nguyen, S., Nguyen, P. T. K., Araki, M., Perry, R. N., Ba Tran, L., Minh Chau, K., et al. (2020). Effects of cropping systems and soil amendments on nematode community and its relationship with soil physicochemical properties in a paddy rice field in the vietnamese Mekong Delta. Appl. Soil Ecol. 156:103683. doi: 10.1016/j.apsoil.2020.103683

Vance, E. D., Brookes, P. C., and Jenkinson, D. S. (1987). An extraction method for 801 measuring soil microbial biomass C. Soil Biol. Biochem. 19, 703–707. doi: 10.1016/0038-0717(87)90052-6

Wang, Z., Cao, Y., Zhu-Barker, X., Nicol, G. W., Wright, A. L., Jia, Z., et al. (2019). Comammox nitrospira clade B contributes to nitrification in soil. Soil Biol. Biochem. 135, 392–395. doi: 10.1016/j.soilbio.2019.06.004

Wu, H., Zeng, G., Liang, J., Chen, J., Xu, J., Dai, J., et al. (2016). Responses of bacterial community and functional marker genes of nitrogen cycling to biochar, compost and combined amendments in soil. Appl. Microbiol. Biotechnol. 100, 8583–8591. doi: 10.1007/s00253-016-7614-5

Yeates, G. W., Bongers, T., De Goede, R. G. M., Freckman, D. W., and Georgieva, S. S. (1993). Feeding habits in soil nematode families and genera-an outline for soil ecologists. J. Nematol. 25, 315–331.

Zeng, J., Liu, X., Song, L., Lin, X., Zhang, H., Shen, C., et al. (2016). Nitrogen fertilization directly affects soil bacterial diversity and indirectly affects bacterial community composition. Soil Biol. Biochem. 92, 41–49. doi: 10.1016/j.soilbio.2015.09.018

Zhang, H., Ding, W., Yu, H., and He, X. (2015). Linking organic carbon accumulation to microbial community dynamics in a sandy loam soil: Result of 20 years compost and inorganic fertilizers repeated application experiment. Biol. Fertil. Soils 51, 137–150. doi: 10.1007/s00374-014-0957-0

Zhang, X., Guan, P., Wang, Y., Li, Q., Zhang, S., Zhang, Z., et al. (2015). Community composition, diversity and metabolic footprints of soil nematodes in differently-aged temperate forests. Soil Biol. Biochem. 80, 118–126. doi: 10.1016/j.soilbio.2014.10.003

Zhang, Y., Hao, X., Alexander, T. W., Thomas, B. W., Shi, X., and Lupwayi, N. Z. (2018). Long-term and legacy effects of manure application on soil microbial community composition. Biol. Fertil. Soils 54, 269–283. doi: 10.1007/s00374-017-1257-2

Zhang, Y., Shen, H., He, X., Thomas, B. W., Lupwayi, N. Z., Hao, X. Y., et al. (2017). Fertilization shapes bacterial community structure by alteration of soil pH. Front. Microbiol. 8:1325. doi: 10.3389/fmicb.2017.01325


OPS/images/fmicb-13-980169-t002.jpg
Sampling Soil depth Treatment Bacterivores Fungivores

time (cm)

2019 0-20

20-40

40-60

2020 0-20

20-40

40-60

CK
CF
OM
CK
CF

OM
CK

CF
OM
CK
CF
OM
CK
CF
OM
CK

14.5b (4.62)
12.1b (2.35)
3524 (7.67)
269 (14.38)
20.5a (4.05)

35.3a (4.55)
15.6a (4.48)

23.9a (1.03)
2134 (4.64)

9.2b (2.15)
15.3b (2.59)
31.4a(1.58)

8.4b(1.77)
352 (4.27)
41.0a(8.05)
25.3ab (1.11)

17.3b (3.32)
31.7a (3.84)

28.7a(2.76)
16.3a(4.98)
22.2a(3.66)
11.1b (2.26)
9.2b (237)

20.3a (1.90)
26.7a(5.55)

133a(3.65)
25.0a(3.56)
6.7b (1.34)
5.4b (1.26)
18.4a (2.47)
13.7a(3.75)
5.4a (1.56)
1450 (5.47)
9.9a (1.74)

10.9a (0.68)
6.7a (1.01)

Plant-
parasites

33.6a (4.47)
483a(5.94)
27.3a(9.43)
34.4a(6.18)
52.0a
(10.85)
36.6a (3.52)

3492
(14.63)

48.9a (1.96)
38.8a (2.53)
58.8a (4.32)
6142 (6.60)
10.9b (1.29)
60.0a (1.08)
41.4b (2.68)
7.5¢(5.62)

41.1ab
(533)

48.4a (2.54)
29.0b (6.65)

Omnivores-
predators

232a(5.10)
232a(3.61)
15.3a(1.93)
27.6a(8.22)
18.3a(4.74)

7.8a(1.10)
2282 (5.44)

13.9a (5.63)
14.92 (2.62)
25.4b (2.03)
17.9b (5.36)
393a(1.35)
17.8b (1.96)
18.0b (1.28)
36.9a (7.75)
23.7a(620)

23.5a(1.27)
32.6a (5.58)

Total
nematodes

89b (9.21)
89b (8.82)
145a (6.24)
95b (9.06)
32¢ (2.19)

141a (16.90)
23¢(285)

82b (9.84)
132a (13.32)
91c (5.17)
124b (12.68)
156a (1.73)
35b (6.24)
83a(9.53)
39b (6.49)
17b (3.06)

55a (8.57)
49a (5.86)

M

2.352.(0.12)
1752 (0.25)
2.12a(0.25)
1.99a (0.16)
1.46a (0.38)

1.73a (0.03)
2.19a (0.45)

1.49a (0.14)
2.042.(0.20)
1.52b (0.13)
1.18b (0.22)
291(0.09)
1.39b (0.05)
1.52b (0.04)
2.72a(021)
1.82a (0.25)

1.64a (0.06)
2.14a(0.25)

233 (0.08)
2.13a (0.04)
2.27a(0.05)
212a(0.22)
2.27.(0.09)

2.05a (0.14)
1.96a (0.10)

1.98a(0.07)
2.06a (0.06)
2.142(0.17)
221a(0.10)
2.42a(0.04)
2.03b (0.07)
2.4a (0.06)
2.21ab (0.10)
2.03b (0.06)

2.38a(0.06)
2.32a(0.02)

NCR

033 (0.08)
0.45a (0.12)
0.6a (0.08)
0.64a (0.12)
0.69a (0.03)

0.63 (0.05)
0.36b (0.04)

0.65a (0.06)
0.46ab (0.09)
0.57b (0.03)
0.742 (0.05)
0.63ab (0.04)
0.4b (0.10)
0.86a (0.04)
0.76a (0.08)
0.72b (0.03)

0.61¢ (0.04)
0.83a (0.00)

Values in a column followed by the same letter in each soil depth are not significantly different at P < 0.05. The standard errors are in parentheses. The abundance of the total nematode
tion; OM, organic manure.

.d as individuals per 100 g of dry soil. CK, no fe

zation; CF, chemical fertili






OPS/images/fmicb-13-980169-t001.jpg
Treatment Fertilizer amount (kg/plant)

Organic Urea Calcium  Potassium
manure magnesium  chloride
phosphate
CK 0 0 0 0
CF 0 5 39 3
OM 150 0 0 0

CK, no fertilization; CE, chemical fertilization; OM, organic manure.





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Characteristics of soil microbiota and organic carbon distribution in jackfruit plantation under different fertilization regimes



		Introduction



		Materials and methods



		Experimental design and sample collection



		Soil nematode determination



		DNA extraction, quantification of the total soil microbial biomass and Illumina sequencing



		Bioinformatics analyses



		Determination of soil physicochemical properties



		Statistical analyses







		Results



		Fertilization affects nematode community assembly in different soil depths of jackfruit



		Fertilization affects the microbial abundance and taxonomic composition in different soil depths of jackfruit



		Jackfruit yield, soil physicochemical properties, and their correlation analyses with microbial and nematode communities



		Functional prediction analysis







		Discussion



		Effects of fertilization on soil nematode community



		Effects of fertilization on soil microbial community and functional groups



		Effects of fertilization on β-diversity of soil microbe and nematode



		Effects of fertilization on jackfruit yield and soil physicochemical properties



		Correlations between microbial and nematode communities and organic carbon components







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		References

















OPS/images/fmicb-13-980169-g003.jpg
inobacteria C ibacte Tectomlcrobla
Rotylenchulu

dirus
‘f 'A. Il

l
"
T 7,, f 1 ’lln

Q
e
=
o

I, vyi‘. -

[/ D I8 \ )
‘,‘ S

. 4_», A "r“ 'M.," "\ ‘ ; ’
ﬂﬂ?‘\\ '““ :, _/-t!'b (\ ‘ lai \;‘\5 §
‘ 7 / !' ;‘;C.‘v - AT o )= \? N y
’ & e \ﬂ '4)1""n>‘ll'<‘v2§‘\» 17 ’ g \ N \ L b Chytrldlo .\" j ‘ /,‘\\\"i‘%\\‘\t . 'f !"Q' ‘\
_'; AN L% abronema Ntz N A £23C =X ;
ACT AFs :,‘ A GH MO 4 ( N IV ospirac
Acid _%‘!ﬁ&\\ " "( l‘"l“"“" //‘ i P

’ Y/ ’ ’ » ~ ’~
- [crghele
)

2

\\‘s'[”q i'l/ hlamydiae
‘,: ria

W

7{/}’// cotylenchus

s1di dromycota

\ 21

2.7

(7
-A
(‘ Y f"' o A
7, \ ' ",
‘) '/‘ 2 ». '.
4 " 4 Yo X p
’: =z At "f
WISHA2L S -
7 2 (
£ 2 y

A

A
v,
L2
)

)8
{

\b\
_ "\g\tl.w '\‘ \\‘ A
I\ "/ \Q}\;‘\.”’ql\} <“"
'/& SN

Microdot

Verrucomicrobia et e Aphele choide

Zygomycota

Zygomycota

Chlamydiae

Cricor m

Actinoba ,, a; 4&/

he lench01des

_ﬁa\ Correlation
L‘\ crobelmdes — 0.7

{ f’ m"%}“ — 08
i S '" s ylonchulus — 0.9
!; fr'u % V[p‘i 7

{////l "/‘ @.@"' ‘ , Edges Sign
i -m'//) 3' \ ¥ eobacteria ~ NEG
GlO /yi‘ A?‘h /4 LIS ~ POS
! n I“i =R .‘\7‘( \‘. | .
Cep 7 w i< M“ ,}\i.#‘ ~ atolaimus Group
‘«@M@gﬂ 5 : i -~ Bacteria
Tecton !. yﬂ ./ ,‘ _, N —- Bacterivores
% - Fungi
; Prionchulus . Fungivores
(\ 'r"\_, — Omnivores-Predators
\@Wub X/ ,/ /7" SOC ~- Organic carbon component
: ~. "“f g — Plant-parasites
m o. e m ./ \\ lenchorhynchus

idogyne DOC





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Characteristics of soil microbiota
and organic carbon distribution
in jackfruit plantation under
different fertilization regimes





OPS/images/fmicb-13-980169-g002.jpg
Adonis: R?=0.66
024 p=0.001
[ ] AA
&
® ) A
° LA A
[ ]
o ® at
—_ °
$
TR R, SRR R RIS ———
=
&
<
o
)
(a9
-0.25- :
@
oy
| |
-0.50 -0.25 0.00 0.25 0.50
D PCoA 1 (32.45%)
0.44
Adonis: R2=0.62
p=0.001
| |
]
0.24 = .
| ]
s
wv
fre} [
o N
= °e
(q\]
g 0.04------------- o-‘- -------
O @
= A
A
4% Yoa
A A
A
-0.4+
-0.50 -0.25 0.00 0.25 0.50

PCoA 1 (31.26%)

Adonis: R> = 0.89 ;
p=10.001 A
A
0.25
9
&
v
o
(q\] [ ]
X
<g 0.0 LL & _
Q
A [ ]
-0.25
3
' ]
: ¢
-0.50 -0.25 000 0.25
E PCoA 1 (42.13%)
0.504 Adonis: R2=0.78
p=0.001
A
A
0.25 .
e
(@)}
<
<
Q
(@]
T T o TIPS SR
o
o > )
[ ]
-0.25 e
@
[ ]
) “»
[ )
-0.504, . . .
-0.6 0.4 0.2 0.0 0.2

PCoA 1 (36.61%)

PCoA 2 (12.46%)

PCoA 2 (23.41%)

o
e

o
o

Adonis: R*=0.53

p=0.001

-0.14

-0.2 0.0
PCoA 1 (40.59%)

0.2

=
[\
L.II

&
o
S

Adonis: R*=0.67

p=0.001

-0.25-

02

0.0 0.2
PCoA 1 (30.02%)

0.6

Soil depth
® (0-20 cm
® 20-40 cm
® 40-60 cm

Group
= CK
¢ CF
A OM

Soil depth

® (0-20 cm
® 20-40 cm
® 40-60 cm

Group
= CK
e CF
a OM





OPS/images/fmicb-13-980169-g001.jpg
A 1001

Relative abundance (%)

Relative abundance (%)

o0
(e
1

[*))
()
1

S
o
1

100 -

80 =

60 =

100 -

N (0]
S (e
1 1

Y
(==
1

Relative abundance (%)

20 =
0
CK CF OM CK CF OM CK CF OM
0-20 cm 20-40 cm 40-60 cm
D
100 =
80 =

CK

60 =

40 -

Relative abundance (%)

CK

Acidobacteria
Proteobacteria
~ Chloroflexi
I Nitrospirae
B Verrucomicrobia
.~ Actinobacteria
" Latescibacteria
B Planctomycetes
Gemmatimonadetes

" unclassified

B Others

-

CF OM

CF OM CK CF OM

CK

g OM CK CE OM CK # 5] OM

0-20 cm 20-40 cm 40-60 cm

K

0-20 cm 20-40 cm 40-60 cm

Ascomycota

Basidiomycota
" Zygomycota
B Chytridiomycota
_ Glomeromycota
I Others

CF OM CK CE OM CK CF OM

0-20 cm 20-40 cm 40-60 cm












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/fmicb-13-980169-g005.jpg
Relative abundance (%)

Relative abundance (%)

CK CF OM CK CF OM CK CF OM

Nitrification
Chemoheterotrophy
Aerobic nitrite oxidation
I Acrobic chemoheterotrophy
~ Respiration of sulfur compounds
Sulfur respiration
Aerobic ammonia oxidation
I Cellulolysis
~ Chitinolysis
Nitrate reduction
Nitrogen fixation
I Animal parasites or symbionts
Predatory or exoparasitic
B Aromatic compound degradation
Fermentation

, - Iron respiration

Intracellular parasites
Human associated
Phototrophy

~ Human pathogens all

B Others

B symbiotroph
'~ Saprotroph-symbiotroph
Pathotroph-symbiotroph

A

Pathotroph-sap ph-sy
I Pathotroph-saprotroph
Pathotroph

CF CF OM

20-40 cm 40-60 cm

Relative abundance (%)

1

Relative abundance (%)

Nitrification
Aerobic nitrite oxidation
Chemoheterotrophy
I Acrobic chemoheterotrophy
- Respiration of sulfur compounds
Sulfur respiration
Aerobic ammonia oxidation
I Cellulolysis
60 = ~ Chitinolysis
Predatory or exoparasitic
Animal parasites or symbionts
I Nitrate reduction
Nitrogen fixation
- B Phototrophy
Photoheterotrophy
S - Hydrocarbon degradation
Intracellular parasites
Ureolysis
— Fermentation
E=== | Nitrate respiration
P Others

CF OM

0-20 cm 20-40 cm 40-60 cm

0T == L1
I symbiotroph
1 " Saprotroph-symbiotroph
Saprotroph

0= [ Pathotroph-symbiotroph

Pathotroph

CK CF OM CK CF OM CK CF OM

0-20 cm 20-40 cm 40-60 cm





OPS/images/fmicb-13-980169-g004.jpg
+%x9¢L°0

R2:0.550 R2:0.375

R2:0.295 R2:0.612

Yield

R2:0.794





