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Abstract

:

Mung bean residues stimulate the hatching of soybean cyst nematode (SCN). In our previous study, combined incorporation of mung bean residues and biochar into soil can be effective in suppression of the soybean cyst nematode (SCN), Heterodera glycines, in the upper layer soil. However, there are no data available as to whether such effects are transmissible, and could for example be manifest in subsoil zones where such incorporation is confined to topsoils, via water-based pathways. We evaluated the effects of leachate passage from a biochar-amended soil in an upper soil zone to a lower zone in a microcosm-based system, upon a range of physicochemical properties and density of SCN. Disturbed soil was filled in a total of 9 cylindrical cores with two layers. The upper layer (0–15 cm) was amended with biochar at rates equivalent to 0, 0.3% or 1.8%, with bulk density set at of 1.1 g cm−3. The lower layer (15–25 cm) without biochar amendment was compacted to 1.2 g cm−3. Mung beans were grown for two weeks and incorporated into the upper layer. Water was surface-applied to the cores 4, 6, and 8 weeks after mung bean incorporation. After 16 weeks, the upper and lower layer soils were separately collected and assayed. The presence of biochar in the upper layer reduced the abundance of free-living nematodes, mainly bacterivorous, but increased that of a predator genus Ecumenicus in this zone. In the lower layer of soil under a biochar-amended upper layer, available P and soluble cations were increased as were abundances of total nematodes including Ecumenicus, resulting in greater maturity index, basal and structure indices. Notably, SCN density was decreased in lower zones by more than 90% compared to zero-biochar controls. This demonstrates that the effects of biochar upon soil properties, including impacts on biota and plant pathogens, are transmissible.
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1. Introduction


Biochar is often vaunted—and is being increasingly applied as a soil amendment for use in agriculture, such as the remediation of saline soils [1] and carbon sequestration [2,3], as well as increased crop productivity [4,5], and as an agent for biological control of plant diseases [6]. In terms of the environment, biochar amendment to soil can mitigate global warming potential via C-sequestration and modulation of the nitrogen cycle, via associated soil microbiomes [7,8] to reduce emissions of NH3, N2O [9,10] and CH4 [11]. Importantly, biochar can reduce losses of minerals including N, P and K [12,13] and hence minimize environmental pollution [14,15]. Furthermore, biochar can act as a fertilizer source of these elements.



Plant-parasitic nematodes are a serious threat to a diverse range of crops and food security [16]. Soybean cyst nematode (SCN), Heterodera glycines, is a major pest of soybean that causes significant yield losses worldwide [17]. The concern is that it is difficult to control SCN because of the nature of their life cycle, range of host plants, and apparently inherent ability to adapt to changes in climatic conditions [18,19]. Hence, an improved understanding of the stimulation and inhibition phenomenon which govern propagation—especially hatching of cysts of SCN is requited [20]. Integrated practices that could suppress SCN have been proposed, including the combination of chemical and biological control. For instance, cover crops and double-cropping systems can be efficient practices to suppress the abundance of SCN [21,22]. It is considered that control strategies, which target the induction of hatching of cysts in the absence of main (crop) hosts such that emergent juveniles (so-called J2 stage) starve, offer strong potential. We recently reported that mung bean cultivation and its incorporation to soil decreased the abundance of SCN, improved soil properties, promoted free-living nematode communities [23,24]. Therefore, the use of green manure to control the infestation of SCN may be an effective practice in wider terms.



SCN can form a dormant stage under extreme environmental conditions, but can rapidly become active and highly prolific when the conditions become suitable [18,19]. In the subsoil zone, especially when compacted to produce a hardpan layer induced by intensive trafficking, mono-cropping and fertilization [25], root distribution [26], plant residue incorporation and nematode movement [27] are often restricted. The subsoil zone may therefore be relatively hostile to SCN colonization. Our recent study found that the application of rice husk biochar in combination with mung bean cultivation as green manure markedly decreased SCN populations via induced suppressive mechanisms related to the persistence of hatching-stimulants [23], but it is unclear what effects such treatment has upon the subsoil system. Given that the top- and sub-soil compartments are spatially separated, it is arguable that there may be little impact. However, under conditions where water is transmitted from upper to lesser layers, energy-containing substrate (particulate and dissolved organic carbon), mobile mineral nutrients, and biologically active molecules (including hatching stimulants) may induce microbial activity and affect SCN populations. We tested this hypothesis experimentally in a controlled column-based study utilizing a rice-husk biochar and light-clay soil supporting mung bean plants.




2. Materials and Methods


2.1. Biochar Preparation


Biochar was prepared from rice husk as previously described [23]. Briefly, rice husk (17 g) was filled into a steel core of 100 cm3, pressed to remove inside air as much as possible, and closed by lids. Cores containing rice husk were placed in an electric furnace for the pyrolysis process with a temperature of 300oC and a combustion time of 2 h. The yield of biochar was 9.0 g. The basic properties of biochar are reported in our previous study [23]: pH (H2O) (1:5) 7.1; total C 406 g kg−1; total N 5.73 g kg−1; C/N ratio 70.8; available phosphorus (Bray II) 72.6 mg kg−1. Exchangeable cations of Na, K, and Ca were 2.83, 0.83, 28.7 meq 100 g−1, respectively.




2.2. Soil Preparation


An infested soil with SCN was collected from a commercially managed field in Saitama Prefecture, Japan (35°50′ N, 139°51′ E) and evenly mixed through a 2 mm sieve. Soil was a low humic Andosol and light clay of soil texture (42% sand, 28% silt, and 30% clay) [24]. Basic soil properties were pH (H2O) (1:5) 6.6; EC (1:5) 1.1 mS cm−1; NH4-N 4.6 mg kg−1; NO3-N 162 mg kg−1; total C 22.2 g kg−1; total N 2.13 g kg−1, C/N ratio 10.4, available phosphorus (Bray II) 49.5 mg kg−1, exchangeable cations of Na, K, Ca were 0.05, 2.83, 1.6 meq 100 g−1, respectively, and CEC 6.1 meq 100 g−1 [23].




2.3. Soil Columns


A transparent polyvinyl chloride (PVC) column with 30 cm in length, 4.8 cm in diameter and closed bottom was used to simulate a soil profile. Each PVC column was filled with the same amount of disturbed soil without biochar amendment at the bottom (15 to 25 cm depths) and compacted to a bulk density of 1.2 g cm3. Deionized water (DI) was added to adjust to 60% maximum water holding capacity (MWHC) of soil, a circle of 2 cm diameter sieve was placed, and a piece of filter paper was placed on the sieve to separate with the upper layer. The upper layer was created by adding biochar-amended and unamended soils to reach a bulk density of 1.1 g cm−3 up to the surface of 15 cm depth (0 to 15 cm), with the amount of biochar at 0 (B0), 0.3% (B5), and 1.8% (B30), which are approximately equivalent to field rates of 0, 5 and 30 Mg ha−1 (a soil depth of 15 cm, bulk density: 1.10 g cm−3) in the upper layer. The maximum water holding capacity of B0, B5, and B30 were 0.80, 0.84, and 0.91 g g−1, respectively. The upper layer was added with DI water to adjust to 60% MWHC. Three soil columns for each treatment and a total of 9 soil columns were prepared.




2.4. Mung Bean Cultivation


Two seeds of mung bean (Vigna radiata (L.) Wilczek ‘Greenmappe’, Nakahara Seed Co., Fukuoka, Japan) were sown in each column and grown for 2 weeks in a Biotron (NK System (Nippon Medical & Chemical Instruments Co., Ltd., Osaka, Japan), 1500 to 1700 lux) at 25 °C. Whole mung bean residue (shoots and roots) was cut into pieces with a few cm length and incorporated into 0 to 10 cm depth in the soil column. Soil columns were placed in room conditions at 25 °C and watered by DI to keep the initial water content until the leaching processes started.




2.5. Leaching


At 20 days after mung bean residue incorporation, the first leaching was performed by adding DI water to produce saturated condition in the upper layer, and an extra amount of 20 mL DI water was added to the soil surface, by which leached water from the upper layer were percolated to the lower layer to give the MWHC of 0.80 g g−1. The second and the third leaching processes were repeated with the same amount of DI water 6 and 8 weeks after mung bean residue incorporation. All soil columns were kept at room conditions (around 25 °C) with an aluminum cover on top until soil collection at 16 weeks and without further water addition.




2.6. Soil Sampling and Analysis


Soil was separately collected from depths of 0 to 15 cm and 15 to 25 cm after 16 weeks of incorporation. In upper layer, chemical properties, such as NH4-N, NO3-N, and soluble cations were analyzed. The nematode community of the main genus and bacterivorous feeders were separately counted. In the lower layer, available P, NH4-N, NO3-N and soluble cations were measured. The nematode communities, SCN density and microbial activity and some enzyme activities were also measured. The moist soils were used to analyze the chemical properties and microbial activity and a part of soil was air dried for enzyme activities.



2.6.1. Chemical Properties


Available P was determined by the Bray-II method [28]. Inorganic nitrogen (NH4+-N, NO3−-N) was extracted by using 2M KCl solution in a ratio of 1:10, sharking for 1 h, centrifuged at 7800 rpm for 5 min, and filtering through ADVANTEC 5C filter paper (Toyo Roshi Kaisha, Ltd., Tokyo, Japan). Ammonium was analyzed with the indophenol-blue method [29] and nitrate was measured with a spectrophotometer at a wavelength of 220 nm and subtracted the absorbance at a wavelength of 260 nm [30]. Soluble cations (K, Ca, Na) were analyzed by extracting a soil sample (2.0 g) with 20 mL deionized water, and shaking for 1 h at 120 rpm. The mixture was centrifuged at 7800 rpm for 5 min and passed through a filter paper (Advantec No. 5C) and ions in the filtrate were determined with a flame photometry (Flame Photometers, BWB, Newbury, UK).




2.6.2. Microbial Activity and Enzyme Activities


Microbial activity was measured as the CO2 respired from 10.0 g moist soil. Soil was put into a vial of 30 mL volume. An amount of 0.5 mL air in the headspace was taken immediately after closing the lid and injected into a TCD-GC (GC-8A, Shimadzu, Kyoto, Japan). Then, the soil was incubated at 25 °C for 3 h in dark conditions and 0.5 mL of the headspace was taken again. A 0.5 mL gas of pure CO2 was used as a standard. The differences in CO2 concentrations between 0 and 3 h were considered as the microbial activity.



The method of enzyme activities was followed by the method of Tabatabai [31] by using soil after 16 weeks of incubation. To determine β-glucosidase activity, 1.0 g of air-dry soil was placed into a 50 mL Erlenmeyer flask and incubated at 37 °C for 1 h with 0.25 mL toluene, 4 mL of modified universal buffer (MUB) with pH 6.0, and 1 mL of p-nitrophenyl-β-D-glucosidase solution. Subsequently, 0.1 M calcium chloride solution and 0.1 M of tris (hydroxymethyl) aminomethane solution (pH = 12) were added, and the soil suspension in the flask was passed through filter paper (Advantec No. 5C). The supernatants were measured at 410 nm. For acid phosphatase (ACP) and alkaline phosphatase (ALP) activities, 0.2 mL of toluene, 4 mL MUB (pH = 6.5 for assay of ACP and pH = 11 for assay of ALP), 1 mL PNP (p-nitrophenyl phosphate) solution was added to 1.0 g of air-dry and incubated at 37 °C. After 1 h, 1 mL of 0.5 M CaCl2 and 4 mL of 0.5 M NaOH were added and the mixtures were filtered through filter paper (Advantec No. 5C). The produced PNP was determined at 410 nm.




2.6.3. Nematode Extraction


Nematodes were extracted with the Baermann’s funnel method [32]. Briefly, 20 g of moist soil from 9 columns (three replicate columns each treatment) was placed in triplicate on one-layer tissue paper (Kimwipes S-200, Nippon Paper Crecia Co., Ltd., Tokyo, Japan) supported by a sieve (65 mm diameter and 1 mm mesh size). Then, the sieve was placed in a plastic funnel filled with tap water and kept at room temperature (ca. 25 °C) for 72 h. Total nematodes were counted and at least 100 individuals were randomly picked and mounted in a drop of glycerol on a glass slide, and sealed with a paraffin ring for nematode identification [33]. Nematodes were identified up to a genus level by using the significant books for terrestrial and freshwater nematodes [34,35,36] at a x400 or x1000 magnification by using microscopes (Carton-CS model, Nikon Eclipse TS2 (Nikon Corporation, Tokyo, Japan), and Olympus BX50 (Olympus Corporation, Tokyo, Japan) with the support of camera systems: Olympus U-TV0.5XC-3, Olympus DS21). Metabolic footprints were calculated using the NINJA online program at https://sieriebriennikov.shinyapps.io/ninja/, accessed on 28 July 2022 [37]. Nematode metabolic footprints quantify carbon utilization by different food web components and provide information on energy flow through various trophic groups, which gives additional descriptive information on the food web form and soil functions [38].




2.6.4. DNA Assay for Quantifying the Density of Soybean Cyst Nematode


Soils collected from columns were dried immediately at 60 °C for 24 h. The dry soil (20 g) was pulverised for 2 min at 45 m s−1 using a ball mill (Fast Prep; MP Biomedicals, Tokyo, Japan). Then, DNA was extracted in duplicates using the pulverized soil (0.5 g) following the method by Sato et al. [39]. The extracted DNA including all forms of SCN, that is adults, eggs and J2, was suspended in 100 μL of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and used as a template after ten-fold dilution. Real-time PCR was performed using a Step One System (Life Technologies Japan) in a final volume of 10 μL [5.0 μL of a Fast SYBR Green Master Mix (Thermo Fisher Scientific, Yokohama, Japan); 0.4 μL of each primer, SCNnew-f (5′-CTGCACATGTGAAAGCCTGTGTA-3′)] and SCNnew-r (5′-GAGCGTGCATCCCACATTG -3′) [40]; 2.2 μL sterilized deionized water; and 2.0 μL of template DNA and amplified under the manufacturer’s recommended conditions [(95 °C for 10 s; 95 °C for 5 s; and 60 °C for 20 s) × 40 cycles].





2.7. Statistical Analysis


To test the effects of biochar application rates on soil parameters of each layer separately, one-way ANOVA was performed. The assumption of Levene’s test was performed for homogeneity of variance. Post hoc test was used to statics the significant differences among treatments by Tukey HSD at p < 0.05. To demonstrate the association of nematodes community composition, trophic structure, and functional guilds with soil properties, a principal component analysis (PCA) was performed based on the entire abundance of nematodes genera, trophic structure, and functional guilds with soil properties. PCA using PRIMER version 6 [41] was run on a full set (normalized data) of nematodes abundance or soil properties to get the same metric for all variables. The correlation of the abundance of each nematode genus and trophic structures to soil properties was performed. All statistical analyses were run by using the statistical package STATISTICA version 7 and Minitab version 16.





3. Results


3.1. Effects of Biochar Amendment to Upper Layer on the Chemical Properties in Upper and Lower Layer Soils


In the upper layer, biochar reduced significantly NH4-N by 76% at B5 and by 75% at B30 (Figure 1A), and reduced NO3-N by 54% at B30 compared to B0 (Figure 1B). The concentration of K in B30 was greater by 26% than that in B0 (Figure 1C), while soluble Ca was lesser in B30 by 20% to 30% than in B5 and B0 (Figure 1D). Biochar did not affect soluble Na in the upper layer (Figure 1E). In the lower layer, the concentration of NO3-N was lesser by 30% to 60% in B30 than in B5 and B0 (Figure 1B). There was no difference in NH4-N among treatments in the lower layer. In the lower soil, the available P was 1.5 times greater in B30 than in B0 (Figure 2).




3.2. Effects of Biochar Amendment to Upper Layer on the Nematode Abundance and Composition in Upper Layer Soil


In upper layer, the abundances of total nematodes and bacterivorous feeders were significantly two times lesser in B5 and B30 than in B0 (Table 1). Those of Ecumenicus and Heterodera glycines J2 tended to be greater in B5 and B30, while abundance of Aphelenchus tended to be lesser in B5 and B30 than in B0.




3.3. Effects of Biochar Amendment to Upper Layer on the Nematode Abundance and Composition in Lower Layer Soil


3.3.1. Nematode Community, Nematode Indices, and Metabolic Footprint


The total abundance of nematodes varied from 60 to 80 individuals per 100 g of dry soil, and there was no significant difference among treatments (Figure 3A). A total of 8 genera were recorded including Acrobeloides, Aphelenchus, Aporcelaimellus, Cephalobus, Ecumenicus, Mesodorylaimus, Mesorhabditis, and Heterodera glycines (Figure 3A). Among them, Aphelenchus and Ecumenicus were the most dominant genera, accounting for 36% and 33% of total abundance of nematodes in the lower layer, respectively. The abundance of free-living nematodes was greater (p < 0.05) in B5 and B30 than in B0, and Ecumenicus showed greater abundance (p < 0.01) in B5 and B30 than in B0 (Figure 3A). The abundance of Heterodera glycines J2 ranged from 5 ± 6 in B5 to 20 ± 9 individuals per 100 g of dry soil in B0 and it tended to be greater in B0 (Figure 3A). The maturity and structure indices were greater in B5 and B30 than in B0, while the basal index was greater in B0 than in B5 and B30 (Figure 3B). Metabolic footprint was greater in B5 and B30 than in B0 (Figure 3C).




3.3.2. Density of Soybean Cyst Nematode


PCR assay showed that the SCN density per 20 g dry soil was markedly lesser in B5 and B30 than in B0 (Figure 4).




3.3.3. Microbial Activity and Enzyme Activity


Biochar tended to increase microbial activity, while there were no differences in glucosidase, acid phosphatase and alkaline phosphatase among treatments (Table 2).





3.4. Principal Component Analysis


PC1 strongly separated upper from lower soil layers, a phenomenon distinctly associated with chemical versus nematode population related loading factors (Figure 5). There was a consistent trajectory in PC2 with respect to biochar concentration in the upper soil zone, but less so in the lower zone. In the former, this was driven by three specific nematode genera—notably Ecumenicus—and potassium versus general nematode population attributes. The trend in PC2 for biochar-containing treatments was consistent, but PC2 was quite distinct for zero-biochar systems.





4. Discussion


4.1. Effects of Biochar Amendment to Upper Layer on the Chemical Properties in Upper and Lower Layer Soils


In the present study, rice husk biochar increased K in B30 in both upper and lower layers. This result can be explained that K in biochar could be easily released into the soil as an available form. Biochar is a good soil conditioner and is recommended to apply to the soil for enhancing soil properties and crop productivity due to its effects on soil properties [42,43] including total C [44], K [45], soil porosity [46], and water availability [47]. By contrast, the addition of biochar decreased NH4-N, NO3-N, and Ca in B30 in the lower layer. One possible reason is that biochar addition reduced the NO3-N concentration in the upper layer, therefore it may result in the reduction of inorganic N leaching to the lower layer. A previous study reported that the application of biochar reduced NO3-N concentration by 13% and up to 26% [10]. In the present study, biochar reduced inorganic N leaching, particularly in NO3-N, and inorganic N in the lower layer, and the result can be explained by various possible mechanisms. Firstly, biochar enhanced soil water content at 60% MWHC, it may be a factor that might decrease nitrification due to low oxygen conditions [13]. This tendency is also supported by previous studies that biochar increased saturated hydraulic conductivity [45,48] and water retention [49]. Another reason is that biochar absorbs ammonium [50], resulting in less nitrification. Another factor may be due to biochar-induced modulation of microbial communities related to N cycling. For instance, biochar enriched the main group of the nitrifier community such as Nitrobacter alkalicus and Nitrobacter vulgaris [51,52]. In our study, biochar was produced at 300oC and contained labile organic C of 195 mg kg−1, a source that can increase C mineralization and thereby may increase the immobilization of inorganic N in soil. Zimmerman et al. [53] reported that biochar produced at lower temperatures (250–400 °C) increases C mineralization, and Abell et al. [54] revealed a positive correlation between C mineralization and the reduction of accumulative NO3-N in soil. A greater concentration of labile C in the soil can stimulate microbial activity and affect nutrient dynamics that lead to enhanced N immobilization [55]. PCA confirmed that the most substantial effect was between layers, which would be expected given the substrate and biochar addition to the upper layer. However, PC2 revealed that biochar concentration effects were essentially consistent between layers, suggesting transmissible phenomena.




4.2. Biochar Reduced Bacterivorous in the Upper Layer but Stimulated Greater Trophic Guilds in the Lower Layer


Biochar can have negative and positive effects on soil quality, expressed as biological properties, resulting in the modification of communities [2,7,56], including the potential adverse risks [57]. In terms of positive effects, in the present study, biochar enhanced the quality of the lower layer, i.e., abundances of free-living nematodes and a dominant predator Ecumenicus, in spite that biochar was not directly applied to the lower layer. Many papers have already reported positive effects on the top soil where biochar was applied, including nematodes. For instance, rice husk biochar increased bacterial activity [43,58], and microbial biomass C and N [58], and promoted the omnivorous nematodes at a low amount of biochar [59].



In terms of negative effects; in the present study; biochar decreased the abundance of bacterivorous nematodes in the upper layer; a most dominant group; resulting in a lower total abundance of nematodes in biochar-amended soil. This result may be explained that biochar can contain toxic compounds; such as PAHs; among the carbonized materials [60] that may inhibit the growth of Caenorhabditis elegans; a bacterivorous nematode by reducing their offspring [61]. On the other hand; the adverse effects of biochar on soil organism communities have been reported as contrasting effects on the trophic structure of nematodes [62] and other soil organisms. For instance; biochar reduced the total abundance of nematodes (bacterivorous; fungivorous; and herbivorous feeders); the abundance of a springtail Folsomia candida and amoebae [58], and the abundance of nematodes in high functional guilds [23], while opposite results were reported in the abundance of other soil organisms such as an enchytraied Enchytraeus crypticus [63] and flagellates [58]. The effects of biochar on the nematode community may be altered by the modification of food resources; like microbial community under biochar amendment [64], a preference behavior of nematodes in soil habitats [65,66]. In contrast to bacterivorous nematodes; the abundance of a predator species; Ecumenicus increased in the soil treated with the highest biochar addition. It is consistent with our previous study in which biochar and mung bean incorporation stimulated the abundance of greater trophic levels of predator and omnivorous nematode species such as Ecumenicus and Aporcelaimellus; respectively [23]. Soil compaction reduced the abundance of omnivores/predator nematodes [67]. Biochar could improve soil physical properties such as porosity [68], total pore volume [48], and water content and capillary suction [1] that may support the survival and growth of Ecumenicus by inducing suitable conditions of their movement. The considerably greater abundance of nematodes in the upper layer demonstrated the extent to which nematodes were substrate-limited in the basal soil.




4.3. Effect of Biochar Amendment to Upper Layer on the Density of Soybean Cyst Nematode (SCN) in the Lower Layer Soil


It is well reported that hatching of SCN is stimulated by natural biological and artificial synthesized compounds [69], mung bean residue [23,70] as well as glycinoeclepin A [71] and zinc [72]. Most studies have tested the direct effects on hatching in soil or solution to which hatching stimulus was added. However, whether or not hatching stimulus added to upper layer affects SCN in the lower layer is unknown. In the present study, the biochar addition in the upper layer reduced the SCN density in the lower layer soil, indicating indirect effects through leachate from the upper layer to the lower layer. For mechanisms why the SCN density in the lower layer decreased, we hypothesized the modification of lower layer properties by the effect of biochar amendment to the upper layer. Firstly, in terms of soil chemical properties, biochar addition to upper layer increased K and P in the lower layer. The modified soil properties may stimulate the hatching of SCN and hatched J2 starve to death in the lower layer under conditions of no host plants, resulted in the reduction of the SCN density. The correlation results revealed that the SCN density in the lower soil corresponded to moisture contents, available K and P and abundance of Ecumenicus in the lower soil (Tables S1 and S2). In general, Ca content contributes to the stimulation of hatching of cyst nematodes because it is a major component of egg cells [73,74,75]. Moreover, the greater concentration of K in the lower layer could also be a factor involved in hatching. For instance, a previous study found that the application of K fertilizer reduced the infestation of SCN in field conditions [76]. Because hatching depends on many factors, like types of biochar, addition amount, and the age of cyst, the effects of biochar on the hatching may have contrasting effects. Li et al. [77] reported that the concentration of Na, K, and Ca did not affect the hatching of SCN, but it has indirect influences from the osmotic mechanisms [19]. Secondly, in terms of biological interactions, our previous study revealed that the incorporation of green manure suppressed SCN partly because it improved soil properties by increasing the abundances of a predator nematode Ecumenicus and an omnivorous Aporcelaimellus [23]. In the present study, we found that biochar amendment to the upper layer increased the abundance of Ecumenicus in both upper and lower layers. We can suggest that the increase of the predator Ecumenicus might be a factor that reduces the abundance of SCN due to top-down effects. Ecumenicus feeds by piercing prey using a hollow stylet similar to Aporcelaimellus and differs from other predators as it possesses an ingester that feeds by taking prey into the mouth and using teeth and/or denticles to access the contents [78]. We hypothesized that Ecumenicus may feed eggs or hatched-J2 inside cyst by directly piercing through cyst wall. However, the further tests should be done to clarify whether or not the feeding behavior of Ecumenicus and other pierce predators to unhatched cyst. The fact that an increase in predator and omnivorous nematodes could suppress the population of plant-parasitic nematodes via the prey-predators interaction [79,80] supports this hypothesis like our previous study [59]. Biochar has been reported as an amendment to control PPNs because it increases the diversity of nematode community, particularly fungivorous nematodes, resulting in a reduction of the abundance of Hirschmanniella, Coslenchus, Tylenchus, and Rotylenchus [6,81]. Furthermore, biochar enhances green manure growth, which may provide a larger amount of residue to increase hatching stimulus in the soils [23]. A part of hatching stimulus might leach and increase the hatching capacity of SCN in the lower layer soil, resulting in further suppression in a combination with biochar. In the lower layer, there were no biochar and no mung bean residue incorporation, thereby the leachate coming from the biochar-amended upper layer may play a role in the suppression of SCN. On the other hand, biochar tended to increase microbial activity in the lower layer, and their improvement might also be involved in the suppression of SCN.





5. Conclusions


Biochar addition in the upper layer increased available P and soluble cations and decreased nitrate soil quality in the lower layer soil. Biochar and mung bean residues incorporation in the upper layer decreased the number density of SCN and increased the densities of free-living nematodes, in particular a predator Ecumenicus in the subsoil, which resulted in the increased maturity index and structure index of nematodes. Hence, the effects of biochar upon soil systems may be transmissible via water-mediated pathways, and our data suggest this could have implications for management strategies to control SCN. Further tests should be addressed for optimal water management and biochar application rate in the field conditions to suppress SCN in lower layer soil.








Supplementary Materials
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Figure 1. Soil chemical properties in upper and lower layers with 0.3% (B5), 1.8% (B30) or without (B0) biochar amendment to the upper layer; ammonium nitrogen (N-NH4) (A), nitrate nitrogen (N-NO3) (B), soluble K (C), soluble Ca (D), and soluble Na (E). Bars present the means and standard errors (n = 3). Different letters indicate the significant differences (p < 0.05) among treatments of each upper layer and lower layer by Tukey’s HSD test. 
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Figure 2. Available phosphorus in soil of lower layer under biochar amendment to the upper layer. Bars indicates the means and standard errors (n = 3). Different letters indicate the significant difference (p < 0.05) among treatments by Tukey’s HSD test. 
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Figure 3. Abundance of total nematodes and nematode-related ecological indicators in the lower layer under biochar amended 0.3% (B5), 1.8% (B30) and not-amended upper layer (B0): total nematodes and community composition (A), nematode indices (B), and metabolic footprint (C) after 16 weeks of mung bean residue incorporation. Bars present the average and standard error (n = 3). Different letters present the significant differences (p < 0.05) among treatments by Tukey’s HSD test. The metabolic footprint of nematodes presents the C sources that use for assimilation and respiration through nematodes community [38]. Bigger area size indicates the more energy transform through nematode. 
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Figure 4. Density of soybean cyst nematode (SCN) (egg equivalent based on the Ct value in real-time PCR assay 1 in the lower layer soil under biochar amended 0.3% (B5), 1.8% (B30) and not-amended upper layer (B0) after 16 weeks of mung bean residue incorporation. Bar indicates average and standard error (n = 3). Different letters present the significant differences among treatments from Tukey HSD test at p < 0.05 by one-way ANOVA. 1 Calibration equation: y = −2.82x + 34.5, R2 = 0.9782; y: Ct value; x: log10SCN 20 g−1) [40]. 
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Figure 5. Ordination of first (PC1) and second (PC2) principal components derived from analysis of whole soil properties (combined data of upper and lower layer soils) subject to biochar amendment in the upper layer at 0 (B0), 0.3% (B5) and 1.8% (B30). Percent variations accounted for by PC are given in parentheses on axis labels. 
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Table 1. Total abundance of total nematodes, bacterivorous feeders and dominant genera in upper layer with 0.3% (B5), 1.8% (B30) or without (B0) biochar amendment and corresponding lower soils layer received having no biochar amendment after 16 weeks of mung bean residue incorporation.
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Depths

	
Biochar

	
Total

Abundance

	
Bacterivorous

	
Ecumenicus

	
Heterodera (J2)

	
Aphelenchus






	
Upper layer

	
B0

	
4307 ± 340 a

	
3915 ± 150 a

	
12 ± 8 a

	
90 ± 26 a

	
286 ± 178 a




	
B5

	
2042 ± 401 b

	
1648 ± 291 b

	
85 ± 57 a

	
140 ± 50 a

	
167 ± 31 a




	
B30

	
2263 ± 163 b

	
1876 ± 207 b

	
168 ± 31 a

	
126 ± 78 a

	
91 ± 19 a




	
Lower layer

	
B0

	
59 ± 8 a

	
9 ± 2 a

	
3 ± 2 b

	
20 ± 5 a

	
26 ± 7 a




	
B5

	
80 ± 4 a

	
10 ± 4 a

	
39 ± 9 a

	
5 ± 4 a

	
27 ± 8 a




	
B30

	
78 ± 5 a

	
13 ± 4 a

	
31 ± 2 a

	
9 ± 3 a

	
26 ± 5 a








Values are means and standard errors (n = 3). Different letters indicate the significant differences (p < 0.05) among treatments each in upper layer and lower layer by Tukey’s HSD test.













[image: Table] 





Table 2. Microbial activity, and enzyme activity of glucosidase, phosphatase of lower layer under biochar amended 0.3% (B5), 1.8% (B30) and not-amended in the upper layer (B0) after 16 weeks of mung bean residue incorporation.






Table 2. Microbial activity, and enzyme activity of glucosidase, phosphatase of lower layer under biochar amended 0.3% (B5), 1.8% (B30) and not-amended in the upper layer (B0) after 16 weeks of mung bean residue incorporation.





	Treatments
	Microbial

Activity
	Β-Glucosidase
	Acid Phosphatase
	Alkaline Phosphatase





	B0
	0.70 ± 0.06a
	17.0 ± 0.4 a
	227 ± 6 a
	196 ± 4 a



	B5
	1.09 ± 0.08a
	18.0 ± 0.5 a
	219 ± 1 a
	190 ± 3 a



	B30
	1.07 ± 0.22a
	17.1 ± 0.4 a
	234 ± 7 a
	190 ± 2 a







Values are means and standard errors. Different letter indicates the significant difference (p < 0.05) among treatments each in upper layer and lower layer by Tukey’s HSD test.
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