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Abstract

:

Organic farming (OF) has been increasing in popularity over recent years, but unfortunately tends to have lower yield, due to lower nutrient availability and pest problems. To better understand how OF influences plant growth, we must elucidate the impact of such practices on the microbial community, an important factor in soil management. In this study, we examined the relationship between farming practice, changes in plant growth, and soil microbial community for green onion (Allium fistulosum L.) cultivated over 313 days in green houses with OF using composts with natural green tuff as soil conditioner (EF1) or inorganic fertilizer (EF2). Average yields of EF1 were generally higher than EF2, reaching up to 12% higher (p < 0.05; day 131). The observed soil microorganism phylotypes and phylogenetic diversity (Faith’s phylogenetic diversity (PD)) were both significantly higher (p < 0.05) in EF1 than EF2 on days 93, 191 (only for PD), and 261, based on microbial richness indices. Several phylotypes belonging to the Bacillus-related microbial order Bacillales were found at higher abundances in EF1 soils, positively correlated with specific soil properties (i.e., humus, ammonium, and pH), and may associate with plant growth promotion and/or fungal toxin degradation. These results point towards novel positive effects of OF and provide insights into the management of soil microorganisms using organic fertilizers.
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1. Introduction


Soil management in agriculture is essential for the high productivity of plant cultivation [1]. Although the use of synthetic fertilizers and pesticides is a common practice for conventional farming (CF), the consequential decrease in soil biodiversity and environmental pollution are major concerns for agricultural sustainability [2,3]. According to literature from public institutions (e.g., Codex Alimentarius Guidelines (Food and Agricultural Organization of the United Nations) [3], The International Federation of Organic Agriculture Movements (IFOAM) basic standards [4], and low-input sustainable agriculture (LISA) [5]), the increasing popularity of organic foods has been reported to reduce the negative environmental effects successfully; however, yields in organic farming (OF) are generally lower than CF, due to a decrease in nutrient availability and pest problems [3,6]. Recent meta-analyses using large datasets suggested that the average yield of OF is 8–25% lower than CF [3], and Ponisio et al. have reported that multi-cropping and crop rotations can reduce the yield gap [7]. However, to further improve the yields and aim for sustainable agriculture, the relationships among soil/fertilizer characteristics, microbial diversity, and crop yields in OF must be investigated.



Soil microorganisms likely play an essential role, as these organisms are the fulcrum of soil nutrient cycling [8,9]. Many OF management studies have shown various benefits on microbial species richness, disease suppression, and higher microbial activities compared with CF [10,11,12,13,14,15]. In contrast, some studies have reported that OF has little effect on microorganisms [16,17]. For example, the availability of organic fertilizer comprising fermented rice bran and rapeseed oil cake affected bacterial community compositions in rice paddy field compared with CF, while no significant differences in rice production were observed [18]. The microbial communities in OF using cow slurry and green manure for long-term exposure (14 years) did not show great difference in those in CF system [17]. These observations strongly suggest the importance of developing a novel organic fertilization strategy that is able to improve the crop yield and proliferate the beneficial microorganisms. Chau et al. reported that soil texture, which corresponds to the availability of nutrients, may influence the increase of plant yields, pH, and species richness in agricultural soils [19]. Zeolites, natural aluminosilicates discovered in volcanogenic sedimentary rock, possess the ability for the adsorption/desorption of cation (e.g., ammonium ion, NH4+) and metals [20], and it has been widely used for agriculture and food production as a soil conditioner [21,22,23]. For example, OF with zeolite-fed sugarcane filter cake produced the highest yield of sugarcane compared with CF [22]. Thus, the addition of mineral material into organic fertilizer could be an effective way to improve soil characteristics, resulting in the success of OF management; however, little is known about the effects of supplying mineral materials to organic fertilizer on the diversity of soil microorganisms.



In this study, to further elucidate the relationships between the soil microbial community, plant growth, and soil chemical parameters, we cultivated green onion (Allium fistulosum L.) for one year in green houses with OF, using “green tuff” as soil conditioner in addition to compost. Green tuff is a type of rock made of volcanic ash derived from vent eruption and following geochemical consolidation process and contains various minerals, including SiO2, Al2O3, Fe2O3, K2O, CaO, Na2O, MgO, and P2O5, which are similar components with natural zeolite mainly containing SiO2, Al2O3, Fe2O3, K2O, CaO, Na2O, MgO, and TiO2 [20]. In Japan, green tuff layer is observed in the north-west part of Honshu island (e.g., Niigata, Yamagata, and Akita prefectures), and it has been reported that, based on microscopic observations, diverse microorganisms attached to green tuff surface may be considered to play an important role in rice cultivation in this area [24]. Therefore, we expect that the addition of green tuff can increase the yield of green onion and stimulate the growth of soil microorganisms. Through 16S rRNA gene sequencing, we discover the improvement of plant growth caused by the possible proliferation of Bacillales organisms in OF using compost supplemented with green tuff.




2. Materials and Methods


2.1. Cultivation Conditions, Sample Collection, DNA Extraction, and Chemical Component Analysis


We prepared two types of experimental fields (EFs) (1: composts with natural green tuff as soil conditioner and 2: inorganic fertilizer). Quadruplicate EF1 and one EF2 were prepared (width: ca. 4 m, length: ca. 62.5 m, area ca. 250 m2) in green houses, located in Yame, Fukuoka, Japan (Figure 1). The application rate of the fertilizers was adjusted to have similar nutrients of total nitrogen, total phosphate, and total potassium between EF1 and EF2, as described below. For EF1, we used two types of organic composts mixed with green tuff (fertilization: 240 kg/1000 m2; diameter of 1–5 mm, Hinai Green®, Towada Green-tuff AgroScience Co., Ltd.): compost of mushroom cultivation wastes and wasted bamboo (Organic compost 1 (OC1); 1200 kg/1000 m2; total nitrogen: 1% (w/w), total phosphate: 0.5%, total potassium: 1.3%), and a commercial compost (OC2; 320 kg/1000 m2; total nitrogen: 8% (w/w), total phosphate: 2%, total potassium: 1%, Nangoku-Kosan Co., Ltd.). The chemical composition of Hinai Green® is SiO2 (71.4% (w/w)), Al2O3 (13.1%), Fe2O3 (3.6%), K2O (2.57%), CaO (1.2%), Na2O (3.5%), MgO (1.2%), and P2O5 (0.1%). The total application rates of total nitrogen, total phosphate, and total potassium in EF1 are 37.6 kg/1000 m2, 12.4 kg/1000 m2, and 18.8 kg/1000 m2, respectively. In EF2, we used a commercial inorganic fertilizer (150 kg/1000 m2; N: 25%, P: 8%, K: 8%, Fukuei fertilizer Co., Ltd.) The total application rates of total nitrogen, total phosphate, and total potassium in EF2 are 37.5 kg/1000 m2, 12 kg/1000 m2, and 12 kg/1000 m2, respectively. Seeds of green onion (Allium fistulosum L.) were sown in soils on 25 July 2017 (day 13). To normalize the influence of differences of microbial diversity in EF1 and EF2, soil fumigation was performed using dazomet (Basamid®, Agro Kanesho Co., Ltd.) prior to the start of green onion cultivation (12 June 2017-day 1). Initial fertilization of the above fertilizers into EF1 and EF2 was applied at day 13. Green leaves with one-quarter of white pseudostem of green onion were harvested three times (days 131, 189, and 261). After harvesting at days 131 and 189, we applied 30 kg/1000 m2 of inorganic fertilizer (Noruchisso, total nitrogen: 15.5% (w/w), nitrate: 14.7%, ammonium: 0.8%, carcium: 26.3%, Meikyo Trading Co., Ltd.) into EF1 and EF2, to further grow the green onion. In 2015–2016, green onion was cultivated with the same fertilization design of EF1 in the houses. In the 20 years before 2015, eggplant (Solanum melongena) was cultivated in the houses.



For soil sampling, EFs were divided into 5 sampling areas and each area was further divided into 5 subareas (Figure 1). We decided 5 sampling areas as 1 m2 (width: 1 m and length: 1 m), and No. 1, 2, 4, and 5 of the areas were 30 cm distant from both ends of the fields. No. 4 of the area was placed in the center of the fields. For soil microbial community analysis, 10 g of soil (wet weight) was sampled from each subarea (25 samples per EF) on each sampling date—days 1 (before soil fumigation), 13 (after fertilization), 93, 141, 191, 261, and 313. For soil chemical analysis, we sampled approx. 100 g soil from each sampling area (5 samples per EF). Samples for microbial community analysis were stored at −80 °C until the extraction of DNA. To reduce the influence of sample heterogeneity, the 5 subarea samples were mixed together to create a representative sample for each area (5 representative samples per EF). DNA was extracted from these soil samples and the two organic fertilizers (OC1 and OC2) using FastDNA Spin Kit for Soil (MP Biomedicals, Carlsbad, CA, USA), according to the manufacturer’s protocol. Samples for soil chemical analysis were immediately analyzed; Fukuei Fertilizer Co., Ltd. performed soil chemical analyses immediately after sampling—humus [25], pH (glass electrode method), electric conductivity (glass electrode method), NH4+–N (indophenol and 1N KCl methods), NO3−–N (alkalinity reduction method), effective phosphate (Truog procedure and Murphy–Riley method), cation exchange capacity (CEC, Schollenberger method), phosphate absorption coefficient (vanadomolybdate and 2.5% ammonium phosphate methods), potassium (Frame photometry), calcium carbonate (Orthocresol phthalein complexone method), and magnesia (Xylidyl blue method). Yields of cultivated green onions were measured to each have a 1 m2 area (5 measurements per EF) as kg-wet/m2 (Figure 1).




2.2. PCR Amplification and 16S rRNA Gene Sequencing


We performed 16S rRNA gene amplification using the universal forward primer (Univ515F: 5’-GTGCCAGCMGCCGCGGTAA-3’) and the universal reverse primer (Univ909R: 5’-CCCCGYCAATTCMTTTRAGT-3’) [26,27]. The PCR reaction (20 µL) containing 20 ng template DNA, 0.5 µM of forward and reverse primers, and 10 µL of Takara ExTaq HS (Takara Bio, Otsu, Japan) was carried out using Takara Thermal Cycler Dice (TP600, Takara Bio, Japan). The PCR conditions were set as initial denaturation at 95 °C for 3 min, denaturation at 95 °C for 45 s, annealing at 55 °C for 60 s, elongation at 72 °C for 90 s, and a final extension at 72 °C for 10 min. The number of PCR cycles was carried out 25 times. PCR products were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. The 16S rRNA gene sequencing was conducted using the MiSeq Reagent kit v3 and MiSeq system (Illumina, San Diego, CA, USA).




2.3. Data Analysis


Raw paired-end 16S rRNA gene sequences were analyzed using QIIME 2 ver. 2018.8 [28]. Quality trimming, primer sequence removal, paired-end assembly, and chimera-check were performed using DADA2 [29]. Assembled sequences were assigned a full-length taxonomy of Greengenes 16S rRNA gene database using classify-sklearn [30,31]. Alpha diversity indices (observed phylotypes and Faith’s phylogenetic diversity (PD) [32]) and the unweighted/weighted UniFrac distances were calculated by QIIME 2 (even sampling at 17,000 reads). The taxonomic placements of predominant phylotypes were confirmed using the web-based Blast search (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Based on web-based Blast search and Greengenes database assignment, we exclude eukaryotic sequences. Significant differences of alpha diversity indices were calculated using Welch’s t-test. The statistical analysis of the metagenomic profiles software package was used to determine statistical differences of phylotypes abundance during green onion cultivation (days 1, 13, 93, 141, 191, 261, and 313) [33]. The correlations between microbial communities and environmental factors were analyzed and performed using canonical correlation analysis (CCA) in CANOCO software version 5.03 (Microcomputer Power, Ithaca, NY, USA).




2.4. Deposition of DNA Sequence Data


The raw 16S rRNA gene sequences were deposited into the DDBJ Sequence Read Archive database (DRA008413). The 16S rRNA gene sequences of representative phylotypes were deposited into the DDBJ/EMBL/GenBank databases (LC480657–LC480690).





3. Results and Discussion


3.1. Difference of Yields and Chemical Parameters between Different Farming Experimental Fields


In this study, we examined the effects of composts with natural green tuff as soil conditioner (EF1) and inorganic fertilizer (EF2) on yields of green onion and soil microbial community structures. On average, yields of EF1 were higher than EF2 (Table 1), especially on day 131 (p < 0.05), indicating that the OF designed in this study can increase the yield of green onion compared with CF. The probable reason for no significant differences on days 189 and 261 might be explained by the different harvesting periods of the green onion (day 13–131: growth from seeds; day 131–261: growth from white pseudostem). However, further investigation is required to clarify the mechanisms. EF1 tended to have lower ammonia and nitrate than EF2. The soil pH of EF1 was significantly higher than EF2 on days 93 and 261 (p < 0.05). Other chemical parameters such as effective phosphate, potassium, and magnesia are relatively similar between EF1 and EF2 (Table S1 in Supplementary Materials). The higher pH in OF management soils compared with CF soils often observed in previous studies [34,35]. Therefore, the supplementation of the green tuff in OF management is affected to the increase of plant yield and soil pH in EF1. On days 13, 191, and 313, the NH4+ concentration of EF1 is significantly lower (p < 0.05) than EF2 (Table 2). It is known that an inorganic ammonium fertilizer causes direct increase of NH4+ concentration in soil [36], while compost releases NH4+ and other nutrients slowly into the soil [37]. As for the growth of green onion, a high concentration of NH4+ is known as an inhibitor [38], and the yield of green onion in north Greece by compost-fed OF has been lower than CF [39], presumably caused by low nutrient availability [3]. Given the fact that zeolites have been reported to possess the ability of buffering and adsorption of NH4+ [40,41], green tuff seems to have similar positive effects on OF for green onion.




3.2. Influences of Organic and Conventional Farming on Soil Microbial Diversity


The soil microbial community was compared between EF1 and EF2, with different soil fertilization methods using 16S rRNA gene sequence analysis. We observed 17,689–129,704 non-chimeric sequence reads and 366–1991 phylotypes from 157 samples using MiSeq-based sequences and QIIME 2 analyses. EF1 had significantly higher soil microbial diversity than EF2 on several sampling dates (Figure 2). The observed phylotypes were 51% and 16% higher on days 93 and 261 (p < 0.05), respectively, and phylogenetic diversity was 13–20% higher on days 93, 191, and 261 (p < 0.05). Previous studies report that carbon-rich organic fertilizers can significantly increase soil richness (e.g., observed operational taxonomic unit or species, Shannon index, and PD) compared with CF [12,42], and higher richness enhanced by organic fertilization is thought to positively influence soil productivity [43]. Soil pH in EF1 is continuously higher than EF2, and soil pH is known as an important factor of species richness [44,45]. The green tuff used in this study contains a relatively high concentration of CaO, which can be increased in soil pH, and the components are similar with natural zeolite [46]. Thus, green tuff application with organic fertilizers could be positively influenced to increase species richness and soil pH in EF1.




3.3. Changes of Soil Microbial Community Structures during Green Onion Cultivation


The predominant phyla were assigned to the Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, and Acidobacteria, which accounted for over 70% of the community in total (Figure S1 in Supplementary Materials). At order-level, the most predominant phylotypes belonged to Bacillales (Figure S2 in Supplementary Materials). Many of Bacillales bacteria can degrade a wide variety of organic compounds and inhabit in organics- and mineral-rich environments [10,47]. In particular, members of the genus Bacillus have the ability to prohibit the growth of fungi through the production of two lipopeptides: iturinA and surfactin [48]. Differences in microbial composition between EF1 and EF2 could not be observed based on principal coordinate analysis (PCoA) with unweighted and weighted UniFrac (Figure S3 in Supplementary Materials), suggesting that the major microbial constituents are not influenced by fertilizer type. A previous study also reported the minor differences of core microbial community compositions between OF and CF systems for cereal cultivation [17].



Through comparing abundances of individual phylotypes between EF1 and EF2, we were able to identify 34 phylotypes with abundances differentiable between fields with different fertilization application (Welch’s t-test—p < 0.05; > 0.2% difference between abundance; Figure 3). During green onion cultivation, 13 phylotypes associated with Firmicutes, Bacteroidetes, Gammaproteobacteria, and Actinobacteria were statistically more abundant in EF1 (Figure 3). Among these phylotypes, members of the Firmicutes were more abundant in EF1 (8 out of 12 phylotypes). The EF1-associated Firmicutes phylotypes are closely related to known plant growth promoting bacteria (PGPB), such as B. niacini (phylotype no. 1, 100% similarity) [49] and Paenibacillus spp. (phylotype no. 6, 100% similarity) [50] (Table S2 in Supplementary Materials). In addition, we found a potential aflatoxin-degrading Bacillus-related phylotype (B. shackletonii, phylotype no. 3, 100% similarity [51]). Fungal toxin such as aflatoxin is produced by Aspergillus spp., which is frequently found in soil [52]. The fungal contamination from soil causes decaying vegetation in a food storage system; therefore, optimal soil management practices such as the microbial degradation of the toxin is considered the primary prevention from fungal infestation and toxin contamination [53]. Therefore, B. shackletonii (no. 3) may contribute to controlling hazardous fungal growth in the system.



Based on a canonical correlation analysis of the abundances of each phylotype and physico-chemical factors (Figure 4), we found that soil humus content, pH, and NH4+ are positively correlated with several Bacillales populations predominant in EF1; i.e., B. niacini (no. 1), B. shackletonii (no. 3), P. cineris (no. 6), and Ammoniphilus oxalivorans (no. 8 and no. 9). The simultaneous increase of Bacillales abundance, soil organic carbon, and pH was also previously observed in soils with organic manure application [36,54,55]. As discussed above, green tuff likely affects the plant growth yield by controlling soil pH and NH4+. Thus, we suspect that the organic matter from fertilizer and green tuff supplementation may stimulate the growth of PGPB and the degradation of fungal toxin [49,50,51]. Microbial community compositions of seed compost (OC1 and OC2) at genus level indicated that both organic fertilizers contain several Bacillales organisms (Table S3 in Supplementary Materials). Most of the Bacillales organisms predominated in EF1 were not detected in OC1 and OC2, while some of those were found in EF2 (e.g., B. niacin (no. 1), B. megaterium (no. 2), and B. shackletonii (no. 3)), indicating that Bacillales spp. have different niches for nutrition condition and microbial interaction in OF and CF system (Figure 4). Therefore, the growth of the predominant Bacillales organisms including possible PGPB and fungal toxin degrading bacteria in EF1 might be stimulated by physico-chemical characteristics in green tuff with organic fertilizers. Overall, green tuff-enhanced organic fertilization increased not only the yield of green onion, but also the abundance of potentially beneficial Bacillales organisms.





4. Conclusions


High throughput 16S rRNA gene sequence analyses revealed that green tuff material, in addition to fertilizer compost, may enhance the growth of Bacillales-type microorganisms, which may play important roles in plant growth promotion and fungal toxin degradation. The increase of green onion growth with lower nitrogen availability may be due to the activity of these Bacillales populations. Uncovering the metabolic and ecological impact of microbial populations stimulated by green tuff-enhanced organic fertilizer through future RNA-based studies will be helpful for elucidating the benefit of OF and optimizing its management.
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Figure 1. Information of experimental fields and soil sampling. 
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Figure 2. Alpha diversity indices of (A) observed phylotypes and (B) phylogenetic diversity. Red asterisks indicate statistical difference between Experimental Fields (EF) 1 and EF2 based on Welch’s t-test (p < 0.05). 
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Figure 3. Extended error bar plot with significantly different phylotype abundances (p < 0.05) between experimental fields (EF) 1 and EF2. 
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Figure 4. Canonical correlation analysis (CCA) plots based on representative phylotypes 1–12 belonging to order Bacillales and soil chemical parameters during green onion cultivation for 313 days. Solid circles and dashed circles indicate higher abundance rates in EF1 and EF2, respectively. Total variation is 0.22375 and explanatory variables account for 12.7%. Permutation test of all axes showed F = 1.4 and p = 0.022. Explained fitted variation (cumulative %) of Axis 1 and Axis 2 are 35.44% and 60.65%, respectively. 
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Table 1. Yields of green onion at experimental fields during cultivation experiments.
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	Day 131

(kg-wet/m2)
	Day 189

(kg-wet/m2)
	Day 261

(kg-wet/m2)
	Average Yields

(kg-wet/m2)





	EF a 1
	6.45 ± 0.94 b,*
	4.69 ± 0.60
	4.73 ± 0.74
	5.29 ± 1.12



	EF2
	5.70 ± 0.41
	4.56 ± 0.85
	4.42 ± 0.95
	4.89 ± 0.93







a Experimental Field (EF); b Standard deviation; * Significant differences between EF1 and EF2 based on Welch’s t-test (p < 0.05).
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Table 2. Chemical parameters of pH, ammonia, and nitrate at experimental fields.
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Chemical Parameters

	
EF a Name

	
Sampling Days




	
1

	
13

	
93

	
191

	
261

	
313






	
pH (-)

	
EF1

	
5.7 ± 0.1 b

	
6.4 ± 0.5

	
5.6 ± 0.1 *

	
6.0 ± 0.2

	
5.9 ± 0.2 *

	
5.5 ± 0.2




	
EF2

	
6.4 ± 0.2

	
5.3 ± 0.2

	
5.9 ± 0.2

	
5.6 ± 0.2

	
5.3 ± 0.2




	
NH4+-N (mg/100 g-dry)

	
EF1

	
9.7 ± 2.3

	
37.8 ± 15.2

	
1.5 ± 1.3

	
2.4 ± 1.1

	
7.1 ± 3.5

	
0.9 ± 1.7




	
EF2

	
63.8 ± 11.7 *

	
5.1 ± 4.3

	
5.8 ± 2.3 *

	
6.3 ± 2.5

	
5.9 ± 0.2 *




	
NO3−-N (mg/100 g-dry)

	
EF1

	
19.5 ± 6.0

	
13.1 ± 10.1

	
40.1 ± 23.1

	
12.0 ± 8.6

	
10.6 ± 15.1

	
13.3 ± 13.0




	
EF2

	
29.0 ± 8.2 *

	
78.4 ± 19.9 *

	
35.6 ± 21.6

	
26.3 ± 27.7

	
11.1 ± 4.1








a Experimental Field (EF); b Standard deviation; * Significant differences between EF1 and EF2 based on Welch’s t-test (p < 0.05).
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