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Abstract

:

Conventional and organic farming systems affect soils differently, thereby influencing microbial diversity and composition. Organic farming, which relies on natural processes, biodiversity, and cycles adapted to local conditions, is generally known to improve soil texture and alleviate microbial diversity loss compared with that of conventional farming, which uses synthetic inputs such as chemical fertilisers, pesticides, and herbicides. Although they affect the health and productivity of host plants, the community dynamics of fungi and fungi-like oomycetes (under Chromista) in organic farmland are poorly understood. The present study aimed to determine the differences in the diversity and composition of fungi and oomycetes inhabiting organic and conventional farm soils using culture-based DNA barcoding and culture-independent environmental DNA (eDNA) metabarcoding. Four tomato farms with different farming practices were selected and investigated: mature pure organic (MPO) via non-pesticide and organic fertiliser, mature integrated organic (MIO) via non-pesticide and chemical fertiliser, mature conventional chemical (MCC) via both pesticide and chemical fertiliser, and young conventional chemical (YCC). Culture-based analysis revealed that different genera were dominant on the four farms: Linnemannia in MPO, Mucor in MIO, and Globisporangium in MCC and YCC. eDNA metabarcoding demonstrated that the fungal richness and diversity on the MPO farm were higher than that on other farms. Both conventional farms exhibited simpler fungal and oomycete network structures with lower phylogenetic diversity. Interestingly, a high richness of oomycetes was shown in YCC; in which, Globisporangium, a potential pathogenic group on tomato plants, was abundantly observed. Our findings indicate that organic farming enhances fungal and oomycete diversity, which may provide robust support for maintaining healthy and sustainable agricultural practices. This study contributes to our knowledge on the positive effects of organic farming on crop microbiomes and provides essential information for maintaining biological diversity.
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1. Introduction


Organic farming systems aim to produce agricultural products by using environmentally sustainable practices. Organic farmers avoid using synthetic pesticides and fertilizers and instead rely on natural and organic inputs, such as compost, manure, cover crops, natural pest control methods, and microorganisms. Organic agriculture is certified by independent organizations in many countries, including the United States and European Union, which set standards for organic production and conduct regular inspections.



Organic farming incorporates crop rotations, cover crops, and organic amendments such as compost or manure to improve soil structure and nutrient availability. Compared with conventional farming, organic practices can enhance soil fertility by increasing soil organic matter and carbon levels but reducing soil erosion [1,2,3]. In addition, it supports higher levels of biodiversity than conventional farming, including increased species richness and an abundance of beneficial insects and soil microorganisms [4,5]. These factors can positively impact soil fertility and biodiversity by promoting sustainable land management practices.



The effects of organic farming on soil microbes are complex and can vary depending on various factors such as farming practices, soil type, and climatic conditions. However, many studies have revealed that organic farming can positively affect soil microbial communities [6,7,8,9,10,11,12,13]. Organic farming often involves the use of natural inputs such as compost, manure, and crop residues that provide a range of nutrients and organic matter to the soil. This promotes the activity and growth of diverse microbial populations in the soil. In addition, organic farming practices, such as reduced tillage, cover cropping, and intercropping, can improve soil structure and increase soil organic matter content, creating a favorable environment for soil microbes. Therefore, organic farming practices lead to higher microbial biomass and activity, as well as a greater diversity of microbial communities, compared to conventional farms [6,14,15], and thus can contribute to a healthy and more sustainable soil ecosystem.



Arbuscular mycorrhizal fungi (AMF) are important soil organisms that form symbiotic associations with the roots of most plant species. They enhance plant growth, improve nutrient uptake, and confer resistance against various stressors. Although the relationship between organic management and AMF diversity is complex, organic management can enhance the diversity and abundance of AMF assemblages in different agricultural contexts, such as in sorghum [16], rice cropping [17], and agroforestry system [18], compared with conventional management practices. However, other studies reported no significant differences in AMF diversity between organic and conventional management systems. For example, AMF diversity did not differ significantly between organic and conventional cropping systems in onion [19] and wheat [20] fields.



Pesticides or herbicides can play a positive role by selectively targeting harmful pathogens and pests that damage crops. The impact of pesticides on soil microorganisms depends on a range of factors, including the type of pesticide used, the dosage and frequency of application, and the specific microbial populations present in the soil. However, many pesticides can have direct and indirect adverse effects on microbial biomass, community composition, diversity, and the function of soil microbial communities, including bacteria, fungi, and archaea, by killing beneficial microbes that play a key role in decomposing organic matter and releasing nutrients that plants need to grow and contribute to soil health and fertility [21,22,23]. Fungicides significantly affect soil oomycetes and fungi, and the total number of oomycetes and fungi is considerably lower in fungicide-treated soils than in untreated soils [24,25,26].



This study aimed to determine the diversity and composition of soil-borne fungi and fungi-like oomycetes inhabiting organic and conventional farming using culture-based DNA barcoding and culture-independent eDNA metabarcoding. Fungi and oomycetes strongly affect host plant health and productivity. However, the community dynamics of fungi and oomycetes in organic farmlands used for major food crops are poorly understood. The present study investigated the diversity and composition of fungal and oomycete communities in organic and conventional tomato farms, which could contribute to our knowledge of crop microbiomes and the effects of organic farming on their structure.




2. Materials and Methods


2.1. Sampling and Sites Description


Soil samples were collected in March 2022 from tomato (Lycopersicon esculentum) farms located in agricultural areas of Gunsan and Iksan in Korea. We collected five soil samples from each of four distinct farming practices, maintaining a 1 m distance between samples: a mature pure organic (MPO) farm using non-pesticide and organic fertilizer, a mature integrated organic (MIO) farm using non-pesticide and chemical fertilizers, a mature conventional chemical (MCC) farm using both pesticide and chemical fertilizer, and a young conventional chemical (YCC) farm. For each farm, the replicate samples were combined, resulting in a total of four pooled samples. The MPO, MIO, and MCC farms have continuously produced tomatoes for over ten years, whereas the YCC farm began to produce crops approximately two years ago. Information on the collection sites, climatic conditions, and soil chemical characteristics is summarized in Table 1. The soil properties were analyzed by the Agriculture Technology Promotion Agency in Korea. Information on the climatic conditions was collected from the weather data portal of the Korean Meteorological Administration (accessed on 1 March 2023 at http://data.kma.go.kr).




2.2. Culture-Based DNA-Barcoding


To isolate fungal and oomycetes strains from soil sediment, a simple plating technique at a 1:10 soil dilution was used with potato dextrose agar (PDA; Difco, Detroit, MI, USA) and 5% V8 agar (V8A; 50 mL clarified V8 juice, 10 g CaCO3, 15 g agar, 950 mL deionized water) plates. The plating process was performed in two steps with three replicates for each sample. After incubation of the smear plates for 1–2 days at 25 °C in the dark, hyphal tips were isolated from the outgrowing mycelia and transferred onto new plates. Following colony formation 3–5 days later, newly outgrowing mycelium was isolated once more. The colonies of the isolates on the new plates were classified by their cultural and morphologic characteristics such as shape, colour, surface texture and growth rates. One or two representative isolates with distinct phenotypes were then selected for subsequent analysis. To identify the isolates morphologically, their cultural characteristics were investigated after incubation for 5–7 days, and the microscopic structures were observed under a Zeiss Axio Imager A2 microscope (Carl Zeiss, Oberkochen, Germany). To confirm the morphological identification, genomic DNA was extracted using the MagListo 5M Plant Genomic DNA Extraction Kit (Bioneer, Daejeon, Republic of Korea). The internal transcribed spacer (ITS) rDNA regions were amplified by polymerase chain reaction (PCR) using the primer pairs ITS1/ITS4 [27]. Additionally, the cytochrome c oxidase subunit I (cox1) mtDNA of oomycete strains was amplified using OomCox1-levup/OomCox1-levlo [28]. The DNA amplicons were sequenced by Macrogen Inc. (Seoul, Republic of Korea) and purified using an AccuPrep PCR Purification Kit (Bioneer). The sequences edited using the DNAStar software package 5.05 (DNAStar, Inc., Madison, WI, USA) were BLASTed to search for sequences homologous to the National Center for Biotechnology Information (NCBI) GenBank database. The sequences obtained in the present study were deposited in the NCBI database under accession no. OQ706980–OQ707024 for ITS and OQ718330–OQ718338 for cox1 sequences. Phylogenetic analysis was performed using the ITS rDNA dataset for fungal strains and the cox1 mtDNA for oomycete strains. The datasets were created by aligning the sequences of the strains obtained in the present study and previously published authentic isolates in the NCBI GenBank using the G-INS-i algorithm [29] of MAFFT 7 [30]. Maximum likelihood (ML) and minimum evolution (ME) inferences with the Tamura-Nei model were used to construct phylogenetic trees using MEGA X [31]. Bootstrapping (BS) was performed with 1000 replicates.




2.3. Culture-Independent eDNA Metabarcoding


Total genomic DNA from each soil sample was extracted from 0.2 g of soil using a FastDNA® Spin Kit (MP Biomedicals, Santa Ana, CA, USA) following manufacturer instructions. The internal transcribed spacer 2 (ITS2) rDNA region of fungi and oomycetes was amplified with the primer pair ITS3 (5′-(A)GCATCGATGAAGAACGCAGC-3′)/ITS4 (5′-(B)TCCTCCGCTTATTGATATGC-3′) [27] and ITS3oo (5′-(A)AGTATGYYTGTATCAGTGTC-3′) [32]/ITS4 [27], respectively. The A and B sequences fused to the 5′ primer ends represent the sequencing adapters: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG, respectively. DNA extraction, PCR, and Illumina sequencing were performed and analyzed by Macrogen, Inc.



The amplicons were sequenced on an Illumina MiSeq Platform (Illumina Inc., San Diego, CA, USA) in a 300 bp paired-end format, and amplicon sequence variants (ASVs) were analyzed by Macrogen Inc. The adapter and primer trimming was carried out using Cutadapt (ver. 3.2) [33]. The trimmed reads were processed using DADA2 (ver. 1.18) [34] for read error correction, merging, and denoising to obtain the ASVs sequences. Chimera removal was performed using the consensus method with the remote Bimera Denovo function in DADA2. The reads were grouped into exact ASVs using DADA2. The BLAST+ (ver. 2.9) was performed for each ASV against the UNITE database (ver. 8.2.) [35] to obtain taxonomic information (query coverage > 85%; identity > 85%). The sequences were rarefied to calculate alpha diversity indices. The rarefaction curve and alpha-diversity characteristics of each soil sample, including Good’s coverage, indices of richness (Chao1), and diversity (Shannon and Gini-Simpson), were calculated using Quantitative Insights into Microbial Ecology (QIIME) (ver. 1.9) [36]. Significant differences in read abundance, ASV richness, and diversity across soil samples were assessed using Kruskal–Wallis rank sum tests with a Dunn Post Hoc test and Bonferroni correction. The community compositions in each soil sample are shown in a heatmap using the heatmap package in R (ver. 4.2.3). The relationships between the samples were analyzed by the hierarchical clustering analysis using the Unweighted Pair Group Method with Arithmetic mean (UPGMA) based on the beta (β) diversity estimated in the Vegan package of R. The linear discriminant analysis (LDA) effective size (LEfSe) algorithm [37] was used to determine significantly different classes in fungi and genera in oomycetes from organic and conventional farms. Data containing the relative abundance of classes or genera were imported into LEfSe (ver. 1.0) on the web-based Galaxy, with logarithmic LDA scores >2.0. Box plots were constructed using the ggplot2 package in R [38] of R. The sequence datasets were deposited in the NCBI Sequence Read Archive (SRA) database under accession no. PRJNA949862.





3. Results


3.1. Distribution of Cultureable Fungi and Oomycetes


Fungal genera of Mortierellomycetes, Sordariomycetes, and Mucoromycetes were isolated from the MPO farm, namely Fusarium, Humicola, Linnemannia, Mortierella, Rhizopus, and Trichoderma. Linnemannia and Mortierella, both belonging to Mortierellomycetes were exclusively found from the MPO farm. Mucor, a member of Mucoromycetes, was identified on both the MIO and MCC farms, while Humicola was also isolated from the MCC farm. No fungal isolates were found at the YCC farm. The rDNA ITS phylogenetic tree (Figure 1) shows the fungal distribution across the MPO, MIO, and MCC farm. The strains in the present study formed a well-supported group with the reference sequences of authentic isolates obtained from the BLAST search and exhibited a maximum supporting value of 98–99% in both ME and ML analyses.



Oomycetes were found in the MIO, MCC, and YCC farm. The species Globisporangium oryzicola was discovered from the MIO farm, whereas G. attrantheridium, G. spinosum, and G. ultimum were isolated from the YCC farm. From the MCC farm, only G. ultimum was found. No oomycetes were found in the MPO farm. The cox1 tree (Figure 2) presents a phylogenetic relationship between the oomycete isolates obtained from the present study and their reference isolates from the BLASTn search, with high support values of 96–99% in the ME and ML analyses.




3.2. Fungal Composition and Diversity


A total of 473,451 raw sequences were obtained from ITS3/ITS4 dataset across the soil samples, and the sequences ranged from 14,480 to 30,595 high-quality sequences per soil sample. The sequences were rarefied to 14,480 reads per sample, and the final result consisted of 101 fungal ASVs across the samples. The dominant fungal phyla across all samples were Ascomycota (37.7%), Mortierellomycota (23.74%), and Basidiomycota (17.2%), followed by unclassified fungi (11.17%), Mucoromycota (6.4%), Chytridiomycota (1.74%), Rozellomycota (1.41%), Aphelidiomycota (0.43%), and Blastocladiomycota (0.2%) (Figure 3a). Both organic farms, MPO and MIO, were primarily dominated by Mortierellomycetes (24.55% in MPO and 32.59% in MIO) and Tremellomycetes (13.59% in MPO and 18.85% in MIO). Mortierellomycetes and Tremellomycetes belong to Mortierellomycota and Basidiomycota, respectively. The dominant classes on the mature conventional farm MCC were also Mortierellomycetes (28.37%) but followed Agaricomycetes (26.51%) in Basidiomycota. The relative abundance of Agaricomycetes was higher in the MCC farm, compared to other farms and was not observed in the MPO farm.



The young conventional farm YCC did not exhibit dominance by Mortierellomycetes nor Agaricomycetes. Instead, unidentified fungi (23.76%), Sordariomycetes in Ascomycota (16.23%), and Mucoromycetes in Mucoromycota (15.55%) were abundant (Figure 3b,c). LEfSe analysis showed significant differences in the relative abundances of Tremellomycetes, Agaricomycetes, and Sordariomycetes between organic (MPO and MIO) and conventional farm (MCC and YCC) (Figure 3e). Several genera of Tremellomycetes were found inhabited the MPO farm; Bullera, Cryptococcus, Cutaneotrichosporon, Filobasidium, Hannaella, Papiliotrema, Solicoccozyma, Tausonia, Udeniomyces, and Vishniacozyma. The genera Hannaella, Solicoccozyma, and Tausonia were also present in the MIO farm, with Tausonia being most abundant in the organic farms. No Tremellomycetes was found at the MCC farm. The genus Saitozyma was the only member of Tremellomycetes in the YCC farm. Contrastively, the relative abundances of Agaricomycetes and Sordariomycetes were significantly higher in both conventional farms. Most of their member were observed exclusively in the MCC or YCC farm, except for the genera Fusarium, Coprinellus, and Uncobasidium which were also found in the MIO farm. The dominant taxa Psathyrella of Agaricomycetes and unidentified Chaetomiaceae of Sordariomycetes were abundant only in the MCC and YCC farm.



In total fungal communities, the dominant genus on both organic farms was Mortierella in Mortierellomycota. (Figure 3d). In the MPO farm, Mucor in Mucoromycota, Kappamyces, Gaertneriomyces in Chytridiomycota, and Sakaguchia, Papiliotrema, Filobasidium in Basidiomycota were also abundant; however, these genera were not found in other farms. Botrytis and Orbicula in Ascomycota, and Cystofilobasidium and Wallemia in Basidiomycota abundantly inhabited only the MIO farm.



The composition of fungal genera in conventional farms differed from that in the organic farms. Mortierella was dominant in the MCC farm, but Psathyrella in Basidiomycota and Westerdykella in Ascomycota were also enriched in the MCC farm, whereas these genera were not found in the organic farms. The most abundant genus in the YCC farm was Rhizopus. Besides, Sporormiaceae, Zopfiella, Coniochaetales, and Geotrichum in Ascomycota, and Saitozyma, Waitea, and Coprinellus in Basidiomycota inhabited the YCC farm but were not found in the organic farms. The Good’s coverage index was above 0.99 in all soil samples and rarefaction curves for the ITS3/ITS4 dataset of all soil samples reached the asymptote (Figure 4a), indicating the sequencing reads were sufficient for fungal community analysis. However, ASV richness, Chao1, and Shannon indices were higher in the MPO farm than in the other farms (Figure 4b). Significant differences in richness and diversity were observed across soil samples (p < 0.05).




3.3. Oomycetes Composition and Diversity


High-quality sequences, ranging from 2503 to 16,712 per sample, were obtained from the ITS3oo/ITS4 dataset, yielding a total of 195,050 raw sequences. Sequence data were rarefied to 2503 reads per sample. The final results included 25 oomycete ASVs across all samples. The dominant oomycete genera in all samples were Globisporangium (43.34%) and Pythium (35.56%), followed by unidentified oomycetes (20.48%), Pythiogeton (0.55%), and Phytophthora (0.07%) (Figure 5a). However, Globisporangium was not observed on the MPO farm, which contained only Pythium (42.98%) and unidentified oomycetes (57.02%) (Figure 5b,c). Pythium was also predominant on the MIO farm (88.22%). In contrast, the dominant genus in both conventional farms, MCC and YCC, was Globisporangium (92.74% in MCC and 68.69% in YCC). Moreover, Pythiogeton and Phytophthora were found on the MCC (2.28%) and YCC (0.25%) farms, respectively. These genera were not observed on both organic farms.



LEfSe analysis showed that the relative abundance of Pythium and Globisporangium was significantly different between organic farms (MPO and MIO) and conventional farms (MCC and YCC) (Figure 5d). Good’s coverage indices ranged from 0.99 to 1 for all samples, indicating that the sequencing reads were sufficient for oomycete communities. The rarefaction curves for the ITS3oo/ITS4 dataset of all soil samples reached an asymptote (Figure 4c); however, ASV richness and Chao1 were notably high in the MIO and YCC farms (Figure 4d). The Shannon index was higher in both organic farms than in both conventional farms, and there were significant differences in richness and diversity across the soil samples (p < 0.05).





4. Discussion


Previous studies have demonstrated that organic practices positively affect soil quality by increasing organic matter and carbon levels compared with conventional farming [1,2,3,4,5] and enhance microbial richness and diversity [6,14,15,39]. The tomato farms investigated in this study have different histories and stand ages, as reflected in their soil profiles. The mineral content, organic matter, and carbon levels in the organic farm were clearly different from those in the conventional farm. Soil from the pure organic farm had the highest level of potassium, phosphorus, calcium, carbon, and organic matter. A culture-independent analysis revealed a more diverse fungal community in the pure organic farm than in the other farms. In addition, various fungal strains were isolated from the pure organic farm using culture-based analysis. Therefore, fungal diversity seems to be related to soil conditions, affected by organic farming practices, although further research is needed to establish the correlation between soil properties and fungal community dynamics.



The present study highlights the differences of fungal community composition between the organic and conventional farms. LEfSe detected a significant differential abundance of fungal groups that were significantly enriched in organic or conventional farm. The organic farms, both pure and integrated, were dominated by Tremellomycetes, which are known as jelly fungi. These fungi produce both unicellular yeasts and filamentous fungi during their life cycles and have various lifestyles, such as saprotrophic, fungicolous, and pathogenic. However, they can also encourage host plants to obtain nutrients from the soil [40]. Two dominant genera Hannaella and Tausonia of Tremellomycetes are believed to benefit the host plants and soil environment. Hannaella is frequently found on the phyllosphere of diverse plants [41,42], and generates indol acetic acid [41,43], which stimulate plant growth. Tausonia produces auxin-like compounds which promotes plant growth but inhibits the growth of pathogenic fungi and oomycetes, such as Verticillium dahliae and Pythium aphanideratum [44]. Additionally, Linnemannia, a genus that may potentially promote plant growth and seed production [45], was isolated exclusively from the pure organic farm through culture-based analysis. These genera were not found in the conventional farm, indicating that the organic farming could potentially lead to a positive shift in fungal composition. The mature and young conventional farms were dominated by Agaricomycetes and Sordariomycetes. Agaricomycetes was significantly more abundant in mature conventional farm, but not observed in pure organic farm. This class contains various species, including ectomycorrhizal symbionts, decomposers, and pathogens [46], but their impact on tomato plants remains unknown. On the other hand, Sordariomycetes includes many plant pathogens, among which two Fusarium species, Fusarium oxysporum and F. solani, were found only from the conventional farm and are the most devasting wilt pathogens occurring on tomato that invade the vascular system by colonising the root tissues [47]. Other well-known fungal pathogens of tomato plants, such as Alternaria, Colletotrichum, Sclerotium, Septoria, and Verticillium [47], were not observed in any of the farms.



Three oomycete genera (Globisporangium, Phytophthora, and Pythiogeton) and Pythium aphanidermatum were identified solely in the conventional farm through culture-independent analysis. The genus Globisporangium contained clades E–G, I, and J of Pythium Pringsheim (nom. cons.) sensu lato (s.l.), which have recently been reclassified as Elongisporangium, Globisporangium, Phytopythium (Ovatisporangium), Pilasporangium, and Pythium sensu stricto (s.s.) [48,49]. Most species of Globisporangium are plant pathogens, with G. ultimum causing tomato root rot [50]. The genus Phytophthora is also associated with tomato diseases, including root rot [51] and late blight [52]. Pythium aphanidermatum causes tomato damping-off [53]. Through the culture-based analysis, three plant pathogens G. attrantheridium, G. spinosum, and G. ultimum var. ultimum [54,55,56] were mainly isolated from the conventional farm. The increased dominance of Globisporangium in the conventional farm may be related to pesticide usage, which negatively impacts on microbial composition. The input of pesticides can hinder the growth and development of soil-borne saprophytes and trigger the emergence of new isolates resistant against these chemicals. This outcome demonstrates that employing pesticides can lead to unfavourable environment for beneficial soil-borne saprophytes, while inadvertently facilitating the proliferation and prevalence of the resistant pathogens.



Interestingly, the pure and integrated organic farms exhibited a dominance of Pythium s.s. The abundance of Pythium s.s. was significantly higher in the organic farm compared to conventional farm. Primarily, Pythium s.s. functions as saprophyte and decomposes organic matter that varies with soil characteristics, especially soil pH, which is an essential factor that affects soil-borne Pythium [57,58]. The chemical conditions within organic farm may be interrelated with the prevalence of Pythium. In particular, the pH level was substantially lower, and the organic matter was significantly higher in the pure organic farm than in other farms. This could be a contributing factor to the high diversity of Pythium.



In line with previous studies [2,3], the present study confirmed that the organic matter and carbon levels are higher in the organic farm compared to conventional farm. Moreover, the fungal ASVs richness and diversity were higher in the organic farm, with the highest levels found in the pure organic farm, corroborating previous findings [6,59,60]. However, no specific association was observed for mycorrhizal fungi or plant growth-promoting fungi [61]. Therefore, low-input farming appears to support a balanced plant microbiome, fostering high biodiversity and soil quality, and thus enabling sustainable agriculture. In contrast, conventional chemical farm using both pesticides and chemical fertilisers displayed a significantly higher relative abundance of plant pathogens compared to the organic farm. As observed in previous studies [9,62], pesticides significantly influenced both saprophytic fungi and oomycetes, leading to a substantial reduction in their diversity in pesticide-treated farms relative to untreated ones. Consequently, these findings indicate that low-input farming helps maintain the plant microbiome balance, contributing healthy and sustainable agricultural systems. However, the current study faced a certain limitation, predominantly due to the small sample size that arose from pooling duplicates, necessitating a more reliance on qualitative comparative analysis. For future studies, it would be beneficial to ensure an adequate sample size for each farming system, as this would enhance the reliability and validity of the present findings. Despite this limitation, this study enhances our understanding of the effects of organic and conventional chemical farming practices on microbiome diversity and offers valuable insights for future research aimed at promoting sustainable agriculture.







Author Contributions


Conceptualization, B.N. and Y.-J.C.; investigation, B.N.; visualization, B.N. and H.J.L.; writing—original draft preparation, B.N. and Y.-J.C.; writing—review and editing, H.J.L. and Y.-J.C.; supervision, Y.-J.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2021R1I1A1A01060318).




Data Availability Statement


Dataset generated during the current study are available from the corresponding author on request.




Acknowledgments


The authors would like to acknowledge the financial support of the Basic Science Research Program through the National Research Foundation of Korea (NRF).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reganold, J.P.; Elliott, L.F.; Unger, Y.L. Long-term effects of organic and conventional farming on soil erosion. Nature 1987, 330, 370–372. [Google Scholar] [CrossRef]

	



Hepperly, P.; Seidel, R.; Pimentel, D.; Hanson, J.; Douds, D., Jr. Organic Farming Enhances Soil Carbon and Its Benefits in Soil Carbon Sequestration Policy; Rodale Institute: Kutztown, PA, USA, 2005; ISBN 978-1-4200-4407-2. [Google Scholar]

	



Ghabbour, E.A.; Davies, G.; Misiewicz, T.; Alami, R.A.; Askounis, E.M.; Cuozzo, N.P.; Filice, A.J.; Haskell, J.M.; Moy, A.K.; Roach, A.C.; et al. Chapter One—National Comparison of the Total and Sequestered Organic Matter Contents of Conventional and Organic Farm Soils. In Advances in Agronomy; Sparks, D.L., Ed.; Academic Press: Cambridge, MA, USA, 2017; Volume 146, pp. 1–35. [Google Scholar]

	



Rigby, D.; Cáceres, D. Organic farming and the sustainability of agricultural systems. Agric. Syst. 2001, 68, 21–40. [Google Scholar] [CrossRef]

	



Smith, J.; Wolfe, M.; Woodward, L.; Pearce, B.; Lampkin, N.; Marshall, H. Organic Farming and Biodiversity: A Review of the Literature; Organic Center Wales: Ceredigion, UK, 2011. [Google Scholar]

	



Hartmann, M.; Frey, B.; Mayer, J.; Mäder, P.; Widmer, F. Distinct soil microbial diversity under long-term organic and conventional farming. ISME J. 2015, 9, 1177–1194. [Google Scholar] [CrossRef]

	



Fließbach, A.; Oberholzer, H.-R.; Gunst, L.; Mäder, P. Soil organic matter and biological soil quality indicators after 21 years of organic and conventional farming. Agric. Ecosyst. Environ. 2007, 118, 273–284. [Google Scholar] [CrossRef]

	



Birkhofer, K.; Bezemer, T.M.; Bloem, J.; Bonkowski, M.; Christensen, S.; Dubois, D.; Ekelund, F.; Fließbach, A.; Gunst, L.; Hedlund, K.; et al. Long-term organic farming fosters below and aboveground biota: Implications for soil quality, biological control and productivity. Soil Biol. Biochem. 2008, 40, 2297–2308. [Google Scholar] [CrossRef]

	



Shao, H.; Zhang, Y. Non-target effects on soil microbial parameters of the synthetic pesticide carbendazim with the biopesticides cantharidin and norcantharidin. Sci. Rep. 2017, 7, 5521. [Google Scholar] [CrossRef]

	



Wang, W.; Wang, H.; Feng, Y.; Wang, L.; Xiao, X.; Xi, Y.; Luo, X.; Sun, R.; Ye, X.; Huang, Y.; et al. Consistent responses of the microbial community structure to organic farming along the middle and lower reaches of the Yangtze River. Sci. Rep. 2016, 6, 35046. [Google Scholar] [CrossRef]

	



Liao, J.; Liang, Y.; Huang, D. Organic farming improves soil microbial abundance and diversity under greenhouse condition: A case study in Shanghai (Eastern China). Sustainability 2018, 10, 3825. [Google Scholar] [CrossRef]

	



Lori, M.; Symnaczik, S.; Mäder, P.; De Deyn, G.; Gattinger, A. Organic farming enhances soil microbial abundance and activity—A meta-analysis and meta-regression. PLoS ONE 2017, 12, e0180442. [Google Scholar] [CrossRef]

	



Tu, C.; Ristaino, J.B.; Hu, S. Soil microbial biomass and activity in organic tomato farming systems: Effects of organic inputs and straw mulching. Soil Biol. Biochem. 2006, 38, 247–255. [Google Scholar] [CrossRef]

	



Azarbad, H. Conventional vs. organic agriculture—Which one promotes better yields and microbial resilience in rapidly changing climates? Front. Microbiol. 2022, 13, 903500. [Google Scholar] [CrossRef] [PubMed]

	



Peltoniemi, K.; Velmala, S.; Fritze, H.; Lemola, R.; Pennanen, T. Long-term impacts of organic and conventional farming on the soil microbiome in boreal arable soil. Eur. J. Soil Biol. 2021, 104, 103314. [Google Scholar] [CrossRef]

	



Hijri, M.; Sanders, I.R.; Duponnois, R. Soil microbial diversity associated with the mycorrhizosphere of sorghum grown under different levels of soil phosphorus availability. Biol. Fertil Soils 2002, 36, 146–151. [Google Scholar]

	



Zheng, Y.; Chen, C.; Xu, Z.; Liu, R.; Liu, S. Arbuscular mycorrhizal fungal diversity, external mycelium production and soil aggregate stability in conventional and organic rice cropping systems. Appl. Soil Ecol. 2016, 99, 1–8. [Google Scholar]

	



Stürmer, S.L.; Siqueira, J.O. Species richness and spore abundance of arbuscular mycorrhizal fungi across distinct land uses in Western Brazilian Amazon. Mycorrhiza 2011, 21, 255–267. [Google Scholar] [CrossRef]

	



Knerr, A.J.N.; Wheeler, D.; Schlatter, D.; Sharma-Poudyal, D.; du Toit, L.J.; Paulitz, T.C. Arbuscular mycorrhizal fungal communities in organic and conventional onion crops in the Columbia basin of the pacific northwest United States. Phytobiomes J. 2018, 2, 194–207. [Google Scholar] [CrossRef]

	



Kozjek, K.; Kundel, D.; Kushwaha, S.K.; Olsson, P.A.; Ahrén, D.; Fliessbach, A.; Birkhofer, K.; Hedlund, K. Long-term agricultural management impacts arbuscular mycorrhizal fungi more than short-term experimental drought. Appl. Soil Ecol. 2021, 168, 104140. [Google Scholar] [CrossRef]

	



Wardle, D.A.; Parkinson, D. Effects of three herbicides on soil microbial biomass and activity. Plant Soil 1990, 122, 21–28. [Google Scholar] [CrossRef]

	



Wightwick, A.M.; Salzman, S.A.; Reichman, S.M.; Allinson, G.; Menzies, N.W. Effects of copper fungicide residues on the microbial function of vineyard soils. Environ. Sci. Pollut Res. 2013, 20, 1574–1585. [Google Scholar] [CrossRef]

	



Arora, S.; Sahni, D. Pesticides effect on soil microbial ecology and enzyme activity-An overview. J. Appl. Nat. Sci. 2016, 8, 1126–1132. [Google Scholar] [CrossRef]

	



Sangiorgio, D.; Spinelli, F.; Vandelle, E. The unseen effect of pesticides: The impact on phytobiota structure and functions. Front. agron. 2022, 4. [Google Scholar] [CrossRef]

	



Hage-Ahmed, K.; Rosner, K.; Steinkellner, S. Arbuscular mycorrhizal fungi and their response to pesticides. Pest Manag. Sci. 2019, 75, 583–590. [Google Scholar] [CrossRef]

	



Brimner, T.A.; Boland, G.J. A review of the non-target effects of fungi used to biologically control plant diseases. Agric Ecosyst Environ. 2003, 100, 3–16. [Google Scholar] [CrossRef]

	



White, T.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In PCR Protocols: A Guide to Methods and Applications; Innis, M.A.G.D., Sninsky, J.J., White, T.J., Eds.; Academic Press: New York, NY, USA, 1990; pp. 315–322. [Google Scholar]

	



Robideau, G.P.; De Cock, A.W.; Coffey, M.D.; Voglmayr, H.; Brouwer, H.; Bala, K.; Chitty, D.W.; Desaulniers, N.; Eggertson, Q.A.; Gachon, C.M.; et al. DNA barcoding of oomycetes with cytochrome c oxidase subunit I and internal transcribed spacer. Mol. Ecol. Resour. 2011, 11, 1002–1011. [Google Scholar] [CrossRef] [PubMed]

	



Katoh, K.; Toh, H. Improved accuracy of multiple ncRNA alignment by incorporating structural information into a MAFFT-based framework. BMC Bioinform. 2008, 9, 212. [Google Scholar] [CrossRef] [PubMed]

	



Katoh, K.; Standley, D.M. MAFFT Multiple sequence alignment software version 7: Improvements in performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [Google Scholar] [CrossRef]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef]

	



Riit, T.; Tedersoo, L.; Drenkhan, R.; Runno-Paurson, E.; Kokko, H.; Anslan, S. Oomycete-specific ITS primers for identification and metabarcoding. MycoKeys 2016, 14, 17–30. [Google Scholar] [CrossRef]

	



Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10–12. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



Abarenkov, K.Z.; Allan; Timo, P.; Raivo, P.; Filipp, I.; Henrik, N.R.; Urmas, K. UNITE General FASTA Release for Fungi, Version 04.02.2020; UNITE Community: Tartu, Estonia, 2020.

	



Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336. [Google Scholar] [CrossRef] [PubMed]

	



Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery and explanation. Genome Biol. 2011, 12, R60. [Google Scholar] [CrossRef] [PubMed]

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer Science & Business Media: Berlin, Germany, 2009. [Google Scholar]

	



Verbruggen, E.; Röling, W.F.; Gamper, H.A.; Kowalchuk, G.A.; Verhoef, H.A.; van der Heijden, M.G. Positive effects of organic farming on below-ground mutualists: Large-scale comparison of mycorrhizal fungal communities in agricultural soils. New Phytol. 2010, 186, 968–979. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, J.M.; Espadas-Moreno, J.; Luque-Garcia, J.L.; Casadevall, A. Interaction of Cryptococcus neoformans extracellular vesicles with the cell wall. Eukaryot Cell 2014, 13, 1484–1493. [Google Scholar] [CrossRef] [PubMed]

	



Nutaratat, P.; Srisuk, N.; Arunrattiyakorn, P.; Limtong, S. Plant growth-promoting traits of epiphytic and endophytic yeasts isolated from rice and sugar cane leaves in Thailand. Fungal Biol. 2014, 118, 683–694. [Google Scholar] [CrossRef]

	



Nasanit, R.; Jaibangyang, S.; Tantirungkij, M.; Limtong, S. Yeast diversity and novel yeast D1/D2 sequences from corn phylloplane obtained by a culture-independent approach. Antonie Leeuwenhoek 2016, 109, 1615–1634. [Google Scholar] [CrossRef]

	



Sun, P.-F.; Fang, W.-T.; Shin, L.-Y.; Wei, J.-Y.; Fu, S.-F.; Chou, J.-Y. Indole-3-acetic acid-producing yeasts in the phyllosphere of the carnivorous plant Drosera indica L. PLoS ONE 2014, 9, e114196. [Google Scholar] [CrossRef]

	



Mestre, M.C.; Fontenla, S.; Bruzone, M.C.; Fernández, N.V.; Dames, J. Detection of plant growth enhancing features in psychrotolerant yeasts from Patagonia (Argentina). J. Basic Microbiol. 2016, 56, 1098–1106. [Google Scholar] [CrossRef]

	



Vandepol, N.; Liber, J.; Yocca, A.; Matlock, J.; Edger, P.; Bonito, G. Linnemannia elongata (Mortierellaceae) stimulates Arabidopsis thaliana aerial growth and responses to auxin, ethylene, and reactive oxygen species. PLoS ONE 2022, 17, e0261908. [Google Scholar] [CrossRef]

	



Sánchez-García, M.; Ryberg, M.; Khan, F.K.; Varga, T.; Nagy, L.G.; Hibbett, D.S. Fruiting body form, not nutritional mode, is the major driver of diversification in mushroom-forming fungi. Proc. Natl. Acad. Sci. USA 2020, 117, 32528–32534. [Google Scholar] [CrossRef]

	



Sanoubar, R.; Barbanti, L. Fungal diseases on tomato plant under greenhouse condition. Eur. J. Biol. Res. 2017, 7, 299–308. [Google Scholar]

	



Uzuhashi, S.; Kakishima, M.; Tojo, M. Phylogeny of the genus Pythium and description of new genera. Mycoscience 2010, 51, 337–365. [Google Scholar] [CrossRef]

	



Nguyen, H.D.T.; Dodge, A.; Dadej, K.; Rintoul, T.L.; Ponomareva, E.; Martin, F.N.; de Cock, A.W.A.M.; Lévesque, C.A.; Redhead, S.A.; Spies, C.F.J. Whole genome sequencing and phylogenomic analysis show support for the splitting of genus Pythium. Mycologia 2022, 114, 501–515. [Google Scholar] [CrossRef]

	



Rafin, C.; Tirilly, Y. Characteristics and pathogenicity of Pythium spp. associated with root rot of tomatoes in soilless culture in Brittany, France. Plant Pathol. 1995, 44, 779–785. [Google Scholar] [CrossRef]

	



Lamour, K.H.; Stam, R.; Jupe, J.; Huitema, E. The oomycete broad-host-range pathogen Phytophthora capsici. Mol. Plant Pathol. 2012, 13, 329–337. [Google Scholar] [CrossRef]

	



Nowicki, M.; Foolad, M.R.; Nowakowska, M.; Kozik, E.U. Potato and tomato late blight caused by Phytophthora infestans: An overview of pathology and resistance breeding. Plant. Dis. 2011, 96, 4–17. [Google Scholar] [CrossRef]

	



Elshahawy, I.; Abouelnasr, H.M.; Lashin, S.M.; Darwesh, O.M. First report of Pythium aphanidermatum infecting tomato in Egypt and controlling it using biogenic silver nanoparticles. J. Plant Prot. Res. 2018, 58, 137–151. [Google Scholar] [CrossRef]

	



Allain-Boulé, N.; Lévesque, C.A.; Martinez, C.; Bélanger, R.R.; Tweddell, R.J. Identification of Pythium species associated with cavity-spot lesions on carrots in eastern Quebec. Can. J. Plant. Pathol. 2004, 26, 365–370. [Google Scholar] [CrossRef]

	



Al-Sa’di, A.M.; Drenth, A.; Deadman, M.L.; De Cock, A.W.A.M.; Aitken, E.A.B. Molecular characterization and pathogenicity of Pythium species associated with damping-off in greenhouse cucumber (Cucumis sativus) in Oman. Plant Pathol. 2007, 56, 140–149. [Google Scholar] [CrossRef]

	



Tojo, M.; Hoshino, T.; Luz Herrero, M.; Sletner Klemsdal, S.; Tronsmo, A.M. Occurrence of Pythium ultimum var. ultimum in a greenhouse on Spitsbergen Island, Svalbard. Eur. J. Plant. Pathol. 2001, 107, 761–765. [Google Scholar] [CrossRef]

	



Bolton, A. Effects of temperature and pH of soilless media on root rot of poinsettia caused by Pythium aphanidermatum. Can. J. Plant. Pathol. 1980, 2, 83–85. [Google Scholar] [CrossRef]

	



Krasnow, C.S.; Hausbeck, M.K. Influence of pH and etridiazole on Pythium species. HortTechnology 2017, 27, 367–374. [Google Scholar] [CrossRef]

	



Karlsson, I.; Friberg, H.; Kolseth, A.K.; Steinberg, C.; Persson, P. Organic farming increases richness of fungal taxa in the wheat phyllosphere. Mol. Ecol. 2017, 26, 3424–3436. [Google Scholar] [CrossRef] [PubMed]

	



Xia, Y.; Sahib, M.R.; Amna, A.; Opiyo, S.O.; Zhao, Z.; Gao, Y.G. Culturable endophytic fungal communities associated with plants in organic and conventional farming systems and their effects on plant growth. Sci. Rep. 2019, 9, 1669. [Google Scholar] [CrossRef]

	



Hossain, M.M.; Sultana, F.; Islam, S. Plant Growth-Promoting Fungi (PGPF): Phytostimulation and Induced Systemic Resistance. In Plant-Microbe Interactions in Agro-Ecological Perspectives: Volume 2: Microbial Interactions and Agro-Ecological Impacts; Singh, D.P., Singh, H.B., Prabha, R., Eds.; Springer: Singapore, 2017; pp. 135–191. [Google Scholar]

	



Puglisi, E. Response of microbial organisms (aquatic and terrestrial) to pesticides. EFSA Support 2012, 9, 359E. [Google Scholar] [CrossRef]








[image: Microorganisms 11 01307 g001 550] 





Figure 1. Phylogenetic tree of fungal isolates inferred from the minimum evolution (ME) and maximum likelihood (ML) analyses of the internal transcribed spacer (ITS) rDNA sequences. Bootstrapping values (minimum evolution BS/maximum likelihood BS) higher than 70% were given above or below the branches (1000 replicates). Rhizophydium globosum was used as outgroup. The strains isolated in the present study are shown in bold. The scale bar equals the number of nucleotide substitutions per site. 
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Figure 2. Phylogenetic tree of oomycetes isolates inferred from the minimum evolution (ME) and maximum likelihood (ML) analyses of cytochrome c oxidase subunit I (cox1) sequences. Bootstrapping values (minimum evolution BS/maximum likelihood BS) higher than 70% were given above or below the branches (1000 replicates). Globisporangium undulatum was used as outgroup. The strains isolated in the present study are shown in bold. The scale bar equals the number of nucleotide substitutions per site. 
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Figure 3. (a) Relative abundances of fungal phyla across four tomato farms; (b) Relative abundances of fungal classes on each tomato farm practice; (c) UPGMA distance sample cluster tree and the heatmap for fungal community composition based on class in each tomato farm practice; (d) Relative abundances of top 20 fungal taxa in total fungal communities in each farm; (e) Linear discriminant analysis effect size (LEfSe) analysis of fungal classes with differential abundance between organic and conventional farms. 
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Figure 4. (a) Rarefaction curve resulted from the metabarcoding analysis using ITS2 region sequences for Fungi with 95% confidence interval.; (b) Level of ASV richness, Chao1, Gini-Simpson, and Shannon index for fungal community in each tomato farm practice; (c) Rarefaction curve resulted from the metabarcoding analysis using ITS2 region sequences for oomycetes with 95% confidence interval; (d) Level of ASV richness, Chao1, Gini-Simpson, and Shannon index for oomycetes community in each tomato farm practice. 
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Figure 5. (a) Relative abundances of oomycetes genera across four tomato farms; (b) Relative abundances of oomycetes on each tomato farm practice; (c) UPGMA distance sample cluster tree and the heatmap for oomycetes community composition based on genus in each tomato farm practice; (d) Linear discriminant analysis effect size (LEfSe) analysis of oomycetes genera with differential abundance between organic and conventional farms. 
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Table 1. Information on soil collection sites of tomato farms in Gunsan and Iksan in Jeollabuk-do of Korea, climatic conditions, and soil characteristics.
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Farming Practices

	
MPO

	
MIO

	
MCC

	
YCC






	
Collection site

	
Stand age

	
10 yr

	
10 yr

	
10 yr

	
2 yr




	
Location

	
Gunsan-si

	
Gunsan-si

	
Iksan-si

	
Iksan-si




	
GPS coordinates

	
35°57′59.5″ N 126°46′56.1″ E

	
35°58′03.5″ N 126°46′51.5″ E

	
35°54′27.5″ N 126°58′04.1″ E

	
35°54′25.1″ N 126°58′03.2″ E




	
Climatic conditions

	
MAT 1

	
13.0 °C

	
13.0 °C

	
13.2 °C

	
13.2 °C




	
MAP 2

	
1246 mm

	
1246 mm

	
1157 mm

	
1157 mm




	
Soil characteristics

	
OM 3 [g/kg]

	
84.22

	
59.65

	
35

	
33.62




	
Total N [%]

	
0.55

	
0.38

	
0.22

	
0.21




	
EC 4

	
13.96

	
6.94

	
0.96

	
4.10




	
pHCaCl2

	
5.2

	
7.1

	
8.0

	
7.5




	
K+ [cmol+/kg]

	
5.55

	
2.89

	
1.35

	
1.46




	
Ca2+ [cmol+/kg]

	
15.18

	
12.29

	
8.91

	
8.91




	
Mg2+ [cmol+/kg]

	
5.45

	
6.11

	
2.73

	
3.48




	
Na+ [cmol+/kg]

	
0.87

	
1.31

	
0.81

	
1.95




	
P2O5 [mg/kg]

	
745.07

	
386.92

	
553.63

	
556.01




	
Total C [%]

	
4.89

	
3.46

	
2.03

	
1.95








1 Mean annual temperature; 2 Mean annual precipitation; 3 Organic matter; 4 Electrical conductivity.
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