
 

 

Article 

Changes on bacterial and fungal soil communities in long-term 

organic cropping systems 

Jessica Cuartero 1*, Onurcan Özbolat2, Virginia Sánchez-Navarro3, Marcos Egea-Cortines2, Raúl Zornoza3, Loredana 

Canfora4, Luigi Orrù5, Jose Antonio Pascual1, Juana-María Vivo6 and Margarita Ros1 

1 Centro de Edafología y Biología Aplicada del Segura (CSIC). Campus Universitario de Espinardo, 30100 

Murcia, Spain; jcuartero@cebas.csic.es 
2 Instituto de Biotecnología Vegetal, Universidad Politécnica de Cartagena, Plaza del Hospital s/n, 30202 Car-

tagena, Spain; onurcan.ozbolat@edu.upct.es 
3 Department of Agricultural Science, Universidad Politécnica de Cartagena, Paseo Alfonso XIII 48, 30203 

Cartagena, Spain; virginia.sanchez@upct.es 
4 Council for Agricultural Research and Economics (CREA) Research centre for Agriculture & Environment 

(AA) Via della Navicella 2-4, 00184 Roma (Italy); loredana.canfora@crea.gov.it 

5  Council for Agricultural Research and Economics (CREA) Research centre for Genomics and Bioinformatics; 

 luigi.orru@crea.gov.it 
6 Department of Statistics and Operations Research, University of Murcia, CMN & IMIB-Arrixaca, 30100 

Murcia, Spain; jmvivomo@um.es 

* Correspondence: jcuartero@cebas.csic.es 

Abstract: Microbial communities play a key role in sustainable agriculture. However, we still need 

more information, to understand the complex response of the microbial community to long-term 

organic farming, which aims to reduce synthetic fertilizer and pesticide use in order to produce 

sustainably and improve soil quality. We have assessed the long-term effect of two organic crop-

ping systems and a conventional system on the microbial soil community structure using 

high-throughput sequencing analysis. We analyzed the link between these communities and 

changes in soil properties and crop yield. Results showed that the crop yield was similar among the 

three cropping systems. Soil properties, such as total organic carbon, nitrogen, ammonium, mag-

nesium and boron, influenced changes in the bacterial community structure. A linear discriminant 

analysis effect size (LEfSe) showed different bacteria and fungi as key microorganism of each of the 

three different cropping systems, in addition, our results reflected that fungal community were 

more sensitive than bacteria to cropping system. This research provides an insight about changes 

occurred in soils, especially in microbial communities considering the effect of that changes in crop 

yield which were remained stable among the different cropping systems.  
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1. Introduction 

Currently, one third of agricultural soils worldwide are moderately or highly 

degraded, affecting production [1]. Chemical fertilizers, pesticides and herbicides have 

been commonly used to maintain soil fertility and crop production in conventional 

farming [2], and this has generated an increase in greenhouse gas emissions and soil 

degradation and a decrease in soil biodiversity [3,4]. In this context, organic farming is of 

growing interest. Organic farming includes the use of organic fertilizers, such as compost, 

manure, green manure and bone mean, and places emphasis on techniques like rotation 

with companion plants or intercropping and pest and disease control by natural methods, 

avoiding systhetic chemical compounds [5]. Some studies have reportes that organic crop 

production is between 10-30% lower than in conventional farming, with differences 
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depending on the crop species, growing conditions and management practices [6]. 

Nonetheless, in recent years, new studies have highlighted that long-term organic 

management can contribute to crop yields similar to those found in conventional farming, 

once the system has been stabilized after initial years with a remarkable reduction in crop 

yields [7,8]. This change is mostly related to higher soil quality and microbial diversity 

and activity [8]. Conflicting results show however that little is known about the relative 

variability of organic systems compared to conventional ones. In the European Union, 

almost 180 million hectares are dedicated to agriculture, of which around 13 million were 

dedicated to organic farming in 2018. Spain is the EU country with the largest area 

devoted to organic farming [9], with more than 2.2 million hectares accounting for 16.7% 

of the total farmed land in the country.  

Soil microorganisms play an important role in ecosystem processes such as carbon 

cycling, decomposition, nutrient cycling, and soil aggregate formation [10], although 

determining this relationship is very complex [11]. Understanding how these 

microorganisms respond to organic matter, inorganic fertilizers and soil management can 

thus be indicative of soil health for crop production [12,13]. Some studies have reported 

that after long-term organic farming, microbial diversity, soil sustainability and 

beneficial microorganisms involved in plant health were higher than in conventional 

farming [14–16]. However, contrary results have also been found. E.g., Bell et al. [17] and 

Krishnaraj and Sabale [18] found that organic cropping systems showed no significant 

differences, or even lower microbial diversity, compared to conventional cropping. It is 

therefore of great interest to explore how soil microbial communities change across 

different farming types. Approaches like the high-throughput analysis of bacterial and 

fungal communities can show taxonomic shifts shaping patterns of ecological 

interactions that regulate the structure, function, and resilience of soil microbial 

communities under organic farming compared to conventional farming.  

The aim of this paper was to investigate the effect of three different long-term 

cropping systems: a conventional system (Conv) and two organic systems [organic 

cultivation with manure compost and compost Tea (Org_C) and organic cultivation with 

manure (Org_M)] on soil bacterial and fungal communities, studied through 

high‐throughput sequencing analysis focusing  on relationship between these 

communities and physico-chemical soil properties and crop production. We 

hypothesized that a) organic systems would not have significant differences on crop 

production to the conventional system, since once an organic system is stabilized, soil 

functionality is improved, contributing to high nutrient availability and soil health; b) 

both organic systems (Org_C and Org_M) would promote changes on microbial 

structure and abundance compared with conventional system and c) that changes 

promoted by cropping system can be either beneficial or detrimental to plants, thus 

influencing soil stability and quality. 



 

 

2. Materials and Methods 

2.1. Experiment description and sampling 

The study site was located in the Campo de Cartagena, an agrarian region of 

southeastern Spain. The soil was a Haplic Calcisol (Loamic, Hypercalcic) IUSS [19]. The 

area has a mean annual temperature of 17.5ºC, a mean annual precipitation of 280 mm 

and an annual potential evapotranspiration of 1300 mm. The site has been under vege-

table cultivation since the early 1990s, using drip fertigation, rotation and multiple crop-

ping. Three cropping systems were selected for this study: (1) a conventional system us-

ing a yearly addition of sheep manure as organic amendment, inorganic fertilizer for 

fertigation and pesticides (Conv); (2) an organic system using a yearly addition of com-

post, amino acids to provide N and compost tea to provide organic compounds and nu-

trients for fertigation, no pesticides and cover crops of Avena sativa and Vicia sativa be-

tween cropping seasons (Org_C); (3) an organic system using a yearly addition of sheep 

manure, amino acids as fertigation to provide N and no pesticides (Org_M). The three 

cropping systems are described in detail in Table 1. 

Table 1. Management characteristics of the three cropping systems. 

Cultivation system 
Conv 

 

Org_C 

 

Org_M 

 

Geographical 

coordinates 
37° 48' 18.5" N; 0° 51' 49.2" W 37° 51' 39.3" N, 0° 54' 03.3" W  37° 49' 30.2" N, 0° 52' 28.4" W 

Crop 

2017-2018 season 
Brassica oleracea var. sabellica 

Harvest Manual on 20-25 February 2018. Crop residues were incorporated in the soil  

Crops grown in 

previous years 

Apium graveolens / Cucumils melo (2016/2017) 

Lactuca sativa / Brassica oleracea var. Italica (2015/2016) 

Apium graveolens / Cucumils melo (2014/2015) 

Brassica oleracea var. Italica / Capsicum annum (2013/2014) 

Foeniculum vulgare/ Cucurbita moschata (2012/2013) 

 

Organic amendments 

(amount per year) 

15,000 kg ha-1 sheep manure;  

 

 

 10,000 kg ha-1 sheep compost; 

compost tea* 

15,000 kg ha-1 sheep  

 

Fertilizers 

(amount per year) 

15 kg ha-1 ENTEC solub 21 (ammonium 

sulfate with inhibition of nitrification); 

10 L ha-1 phosphoric acid; 15 kg ha-1 

calcium nitrate; 10L ha-1 nitric acid 

10 L ha-1 EcoZen NPK 2-2-7 (aminoacids); 10 L ha-1 Sunfol veg 

agri 12% (aminoacids) 

Pesticides 

Linuron; Indoxacarb 30%; 

Cypermethrin;Lambda cihalotrin 10%; 

Imidacloprid 20%; Spinosad; 

Azadirachtin 3.2%; Emamectin 0.85%; 

Clortalonil 50%; Difenoconazol 25%; 

Azoxystrobin 2.5%; Propamocarb 52%; 

Ciflufenamid 

No application of chemical pesticides 

Conv, Conventional system; Org_C, Organic cultivation with sheep manure compost and compost tea; Org_M, Organic 

cultivation with sheep manure. *The compost tea was made on each farm by steeping mature compost in water for 24h. 

 The characteristics of the sheep manure, compost and tea compost are shown in 

Table S1. The amount of compost added annually in the Org_C treatment before each 

crop cycle was lower than the amount of manure added before each cycle in the Conv or 

Org_M treatments; because soluble organic compounds were continuously added dur-

ing the crop cycle by fertigation with the compost tea in Org_C, the organic matter was 

not added all at once but rather over an extended period of time (Table 1). 

Five different plots (~1 ha) were selected for each cropping system. One composite 

sample derived from ten subsamples (0-10 cm depth) was collected with an auger from 



 

 

each plot in February 2018 after the harvest of a leaf cabbage crop (Brassica olearacea var. 

sabellica).  

Soil samples were separated into two aliquots. One was kept at ambient tempera-

ture for physicochemical analyses and the other was stored in a cool box with ice for bi-

ological analysis. Samples were taken to the lab immediately. The soil was air-dried for 

one week for physicochemical analyses and sieved at < 2mm. The soil for biological 

analysis was sieved at < 2mm and stored at -20ºC. Soil cores were taken using steel cyl-

inders to determine soil bulk density [20]. 

2.2. Soil properties and crop yield 

Actual field soil moisture content (FMa) was gravimetrically determined according 

to De Angelis [21]. The cation exchange capacity (CEC) and exchangeable Ca2+, Mg2+, 

K+, Na+ were determined using BaCl2 as exchangeable cation following the ISO interna-

tional standard method 13536, ISO [22]. The soil water content at wilting point (SWW) 

and soil water content at field capacity (SWFC) were calculated by the retention curve 

method [23], in which moist samples were dried by raising the air pressure in an extrac-

tor with a porous ceramic plate [24]. The soil pH and electrical conductivity (EC) were 

measured in deionized water (1:5 w/v). The total organic carbon (TOC), inorganic carbon 

(IC) and total nitrogen (TN) were determined by an elemental CHNS-O analyzer 

(EA-1108, Carlo Erba); the CaCO3 content was calculated from IC. The particulate or-

ganic carbon (POC), defined as a fresh or decomposing organic material, was measured 

according to Cambardella and Elliot [25]; in long-term experiments, POC can be used as 

an early indicator of soil organic matter (SOM), corresponding to the functional pool of 

organic matter stabilized by specific mechanisms [26]. Soil NH4+ was extracted with 2M 

KCl in a 1:10 soil:extractant ratio and calorimetrically measured [27,28]. Soil NO3- was 

extracted with deionized water in a 1:10 soil:extractant ratio and measured by ion chro-

matography (Metrohm 861). Available P (P) was measured using the Olsen method [29]. 

Available Fe, (Fe) available Mn (Mn), available Cu (Cu) and available Zn (Zn ) were ex-

tracted by chelation using DTPA (1:2 w/v) [30,31]. Available B (B) was extracted with 

deionized water (1:5 w/v) at 50ºC [32]. Available nutrients were measured using ICP-MS 

(Agilent 7500CE). Total pesticides were determined by the QuEChERS method [33], ac-

cording to which, 5 g of a homogenized sample was extracted with 10mL acetonitrile 

containing 1% acetic acid. Pesticides were analyzed through Liquid Chromatography 

Triple Quadrupole Mass Spectrometry (LC-MS/MS; TQS MS linked to a Waters Acquity 

UPLC system) and Gas Chromatography Triple Quadrupole Mass Spectrometry 

(GC-MS/MS; Agilent 7890B GC coupled to an Agilent 7010B MS system).  

The leaf cabbage yield (kg ha-1) was calculated based on the weight of all marketa-

ble plants (suitable for sale according to size) in each plot.  

2.3. DNA extraction, PCR and sequencing 

Soil DNA was extracted from 1 g of soil (wet weight) using the DNeasy Power Soil 

Kit (Qiagen). The quantity and quality of DNA extracts were quantified using a Qubit 

3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, USA) and a NanoDrop 2000 

fluorospectrometer (Thermo Fisher Scientific, Waltham, MA, USA). 

The bacterial community was determined through the Next-Generation-Sequencing 

of bacterial 16S hypervariable regions using the Ion Torrent™ Personal Genome Ma‐

chine™ (PGM) System. Bacterial 16S regions were amplified using an Ion 16S™ Meta‐

genomics Kit (Thermo Fisher Scientific) with two different degenerate primer sets to 

amplify regions V2-4-8 and V3-6, V7-9. Amplified 16S amplicons were then processed 

using an Ion Xpress™ Plus Fragment Library Kit in combination with an Ion Xpress™ 

Barcode Adapter 1-96 Kit (Thermo Fisher Scientific). All purification processes between 

incubation and the amplification reactions of library preparation were processed using 

DynaMag™-2 magnetic racks (Thermo Fisher Scientific) and an AMPure XP Purification 

Kit (Beckman Coulter). Library preparation and barcoding were followed by determina-



 

 

tion of size and concentration of the final libraries using an Agilent 2100 Bioanalyzer 

system and the Agilent High Sensitivity DNA kit. Sequencing templates were prepared 

using an Ion One Touch 2 System and an Ion PGM™ Hi-Q™ View OT2 Kit (Thermo 

Fisher Scientific). The sequencing reaction was performed using Ion Torrent PGM with 

an Ion PGMTM Hi-QTM View Sequencing Kit (Thermo Fisher Scientific). 

Fungal libraries were prepared using a protocol based on the method proposed by 

Smith and Peay [34] with some modifications. Sequencing libraries were produced by 

PCR amplification using the primer pairs ITS1f-ITS2 tailed with the Illumina adapters. 

The reverse primers were barcoded using the 12-base Golay barcodes [35]. DNA extrac-

tion had a minimum concentration of 10ng/µl with a least 200ng provided. The PCR 

amplifications were conducted in a final volume of 30 µl containing 3 µl of buffer 10X, 

0.7 µl of each primer (10 mM), 0.9 µl of 50 mM MgSO4, 0.6 µl of 10mM dNTP, 2 µl of 

template DNA (10ng/mL), 21,98 µl of PCR-grade water and 0.12 µl of Invitrogen Plati-

num Taq DNA polymerase High Fidelity (Cat N° 11304-011) using the following condi-

tions: 3 min initial denaturation at 95 ºC, followed by 35 cycles of denaturation at 95 ºC 

for 45 s, annealing at 50 ºC for 1 min, extension at 72 ºC for 1 min, and a final extension 

at 72 ºC for 10 min. PCR products were cleaned up from primers using Agencourt AM-

Pure XP beads (Beckman Coulter) following the manufacturer’s instructions. The PCR 

products were checked on a Bioanalyzer DNA 1000 kit to verify the size. Amplicons 

were quantified with Qubit using the dsDNA HS Assay kit. Amplicon libraries were 

sequenced on the Illumina MiSeq machine together with a 10% PhiX control library to 

generate 300 bp paired end reads.  

2.4. Sequencing data processing 

For bacterial raw sequences, barcodes and primers were trimmed according to the 

BaseCaller application. Sequences were denoised with ACACIA [36], and low quality 

sequences were discarded using the Quantitative Insights into Microbial Ecology 

(QIIME) pipeline [37] from the Microbiome Helper Virtual Box [38]. Briefly, bacterial 

sequences with a Q <25 were removed and the retained sequences were then assigned to 

Operational Taxonomic Units (OTUs) based on 97% similarity with the SILVA reference 

database after filtering chimeras using VSEARCH [39] with the ribosomal database pro-

ject (RDP database) [40]. Low confidence OTUs was removed. To correct the sampling 

effect, the number of sequences was established at 19.840. 

Fungal raw reads were trimmed for adapters and low quality reads with the 

Trimmomatic v 0.38 program [41], setting the quality cutoff to 20 in 24bp sliding win-

dows. Trimmed reads were assembled using the paired-end read merger (PEAR) pro-

gram v 0.9.10 [42]. Chimeras were removed using VSEARCH from the QIIME pipeline 

using the UCHIME reference dataset. OTUs were assigned based on 97% similarity using 

the open reference OTU picking protocol implemented in the QIIME toolkit. Taxonomy 

was assigned using the UNITE database [43]. Low abundance OTUs (OTUs with less 

than 3 reads) were removed.  

The sequences were uploaded to the European Nucleotide Archive (ENA) with the 

study accession code PRJEB38121. 

2.5. Fungal pathogen detection by qPCR 

Real-time PCR was performed to quantify the number of ITS copies in the soil DNA 

using a 7500 Fast Real-Time PCR system (Applied Biosystems). The reaction mixtures (15 

μL) contained a final concentration of 1× TaqMan Universal Master Mix II, no UNG 

(Applied Biosystems), 0.3 μm of each primer, 0.1 μm of TaqMan probe, 0.1 mg mL−1 of 

bovine serum albumin (BSA), 3 μL of DNA template and nuclease-free water. The PCR 

program consisted of an initial denaturation step at 95 ºC for 10 min, followed by 40 cy-

cles at 95 ºC for 10 s and at 60 ºC for 40 s, and a final step at 50 ºC for 2 min. Three re-

al-time PCRs were carried out for each DNA sample. The amplification results were an-

alyzed with 7500 Fast Real-time PCR software v.2.0 (Applied Biosystems). Fungal path-



 

 

ogen detection and quantification was performed using the Vegalert qPCR quantitative 

kits for curcubits [Alternaria spp. (ALT), Rhizoctonia solani (RSO), and Fusarium oxysporum 

(FOX)] (Microgaia Biotech S.L, Murcia, Spain). 

2.6. Statistical analysis 

The normality and homogeneity of variance assumptions were evaluated using 

Shapiro-Wilk and Levene’s tests. For mean comparison between cropping systems, 

one-way analysis of variance (ANOVA) was performed, followed by Tukey’s honestly 

significant difference (HSD) post-hoc test if the effects were significant. Where conditions 

for homoscedasticity were not met, we used Welch’s test followed by the ‘pairwise.t.test’ 

function with P adjusted by the Bonferroni-Holm method for multiple comparisons [44]. 

Non-parametric Kruskal-Wallis tests were used when normality assumptions were not 

fulfilled. When such test statistics were significant, Kruskal–Wallis multiple comparison 

Z-value tests were performed using the ‘dunnTest’ function with P adjusted by the Ben-

jamini-Hochberg method in the FSA package [45]. Principal Component Analysis (PCA) 

was conducted as an unsupervised learning dimension reduction technique to visualize 

the cohesion and separation of the three cultivation systems. From the outcomes reported 

by the FactoMineR package [46], a PCA biplot was generated using the factoextra pack-

age [47] to assess the contribution of each parameter to the component loading. 

For both bacterial and fungal communities, the rarefaction curves and the Chao1 

and Shannon diversity indexes were calculated using the R packages iNEXT [48] and 

vegan [49]. The effects of the cultivation systems on such indexes were evaluated by 

one-way ANOVA. Significant differences were tested by Tukey's HSD test. Violin plots 

were generated to show the distributional shape of each index across all soil samples 

grouped according to the cropping system.   

Similarity Percentages (SIMPER) analysis was conducted using the ‘simper’ function 

of the vegan package to identify the parameters that most contributed to pairwise dif-

ferences between cropping systems at the phylum level. PERMANOVA was conducted 

to test the differences among the cropping systems if the homogeneity of variance as-

sumption was met, and Analysis of Similarities (ANOSIM) was carried out if not.  

A Linear Discriminant Analysis (LDA) Effect Size (LEfSe) (Galaxy community hub) 

under the default parameters was implemented to identify differentially abundant 

groups among the three cropping systems [50,51]. 

In order to visualize and to test whether the microbial community structures (OTUs) 

of the three cropping systems were distinct, Principal Coordinate Analysis (PCoA) and 

Permutational Multivariate Analysis of Variance (PERMANOVA) were conducted based 

on the Bray-Curtis distance, using the ‘betadisper’ and ’adonis’ functions in the vegan 

package with 999 permutations. The soil microbial community composition was ordi-

nated applying Non-Metric Multidimensional Scaling (NMDS) with the Bray-Curtis dis-

similarity matrices using the ‘metaMDS’ function in the vegan package. During the 

NMDS analysis, the relationships between soil properties and soil microbial community 

were assessed by the ‘envfit’ function available in the vegan package.  

3. Results 

3.1. Effects of different cropping systems on soil physico-chemical properties, soil pathogens and 

crop yield 

Univariate analysis showed that Org_M had a significantly higher pH (8.70) than 

Conv (8.39), with no significant differences with Org_C (8.47) (Table 2). The TOC, TN and 

NH4+ contents were significantly higher in Org_C than in the other two systems, while the 

NO3- content was significantly higher in Conv than in Org_C. POC showed significantly 

higher values in Org_M than in Org_C. Fe, Mn and B showed significantly higher values 

in Org_C and Conv than in Org_M. Mg was significantly higher in Org_C than in Org_M, 

and K was significantly higher in Org_C than in Conv (Table 2). The Conv system 

showed the significantly highest amount of total pesticides (TP).  



 

 

Table 2. Effects of the three cropping systems on soil properties. 

Soil properties 
Cropping system 

Anova 
Kruskal-W

allis Conv Org_C Org_M 

pH 8.39±0.17 b 8.47±0.14 ab 8.70±0.10 a * - 

EC (dS m-1) 0.54±0.15 0.52±0.13 0.38±0.04 - ns 

TOC (g kg-1) 11.49±0.28 ab 15.64±3.37 a 9.01±3.49 b ** - 

TN (g kg-1) 1.13±0.19 b 1.59±0.34 a 0.93±0.24 b  ** - 

POC (g kg-1) 2.67±0.72 ab 2.20±0.55 b 4.03±1.40 a * - 

NH4+ (mg kg-1) 0.10±0.23 b 1.33±0.15 b 0.00±0.00 a - ** 

NO3 - (mg kg-1) 53.04±28.27 a 11.86±7.10 ab 27.00±13.57 b - * 

Bulk density (kg dm-3) 1.24±0.06 1.27±0.07 1.34±0.09 ns - 

SWW (cm3 cm-3) 0.12±0.01 0.12±0.02 0.12±0.03 ns - 

SWFC (cm3 cm-3) 0.22±0.01 0.25±0.03 0.22±0.02 ns - 

CEC (cmol kg-1) 14.82±0.86 17.47±4.13 12.76±2.20 - ns 

CaCO3 (%) 44.65±2.71 45.54±7.57 47.03±1.92 - ns 

FMA (cm3 cm3-1) 0.17±0.03 0.20±0.06 0.19±0.03 - ns 

Ca (cmol kg-1) 8.44±0.83 10.03±2.40 7.19±1.49 - ns 

Mg (cmol kg-1) 3.54±0.11 ab 4.39±1.09 a 3.13±0.54 b * - 

K (cmol kg-1) 0.62±0.15 b 0.85±0.17 a 0.78±0.06 ab * - 

Na ( cmol kg-1)  2.12±0.32 2.19±0.86 1.64±0.23 ns - 

P (mg kg-1) 20.15±5.24 14.65±7.71 14.33±7.48 ns - 

Cu (mg kg-1) 2.17±0.74 3.17±0.81 2.19±0.75 ns - 

Zn (mg kg-1) 4.75±2.99 5.46±1.65 4.48±0.91 ns - 

Fe (mg kg-1) 6.19±2.91 a 6.97±2.69 b 2.99±1.24 a - * 

Mn (mg kg-1) 9.47±1.03 a 7.91±2.37 a 4.66±0.36 b *** - 

B (mg kg-1) 1.68±0.11 a 1.94±0.28 a 1.31±0.17 b ** - 

 

TP (ng g-1) 

 

232.00±146.54 a 

 

13.36±9.11 b 

 

6.08±5.21 b 

 

- 

 

** 

 

ALT  

(log copy ITS g-1 soil) 

 

4.24±0.32 a  

 

4.33±0.49 a 

 

2.05±1.88 b 

 

- 

 

** 

RSO  

(log copy ITS g-1 soil) 
0.67±1.51 2.72±1.61 2.02±1.86 - ns 

FOX  

(log copy ITS g-1 soil) 
3.08±1.73 a 3.30±0.44 a 0.63±1.41 ab - * 

      

EC, Electrical Conductivity; TOC, Total Organic Carbon; TN, Total Nitrogen; POC, Particulate Organic Carbon; SWW, 

Soil Wilting Point; SWFC, Field capacity; CEC, Cation Exchange Capacity; FMA, Actual field soil moisture; Available (Ca, 

Mg, K, Na, P, Cu, Zn, Fe, Mn, B); TP, Total Pesticides; ALT, Alternaria spp.; RSO, Rhizoctonia solani; FOX, Fusarium 

oxysporum. Conv, Conventional system; Org_C, Organic cultivation with sheep manure compost and compost tea; 

Org_M, Organic cultivation with sheep manure. Values (mean±standard deviation n=5) followed by different lower let-

ters correspond to significant differences between cultivation systems (Tukey’s test or pairwise t-test by groups); (ns) 

non-significant differences between cultivation systems. (-) the test does not proceed; significant levels: *** p < 0.001; **, p< 

0.01; *, p < 0.05. 

The abundance of Alternaria spp. (ALT) was significantly lowest in Org_M, while 

Fusarium oxysporum (FOX) was significantly lower in Org_M than in Conv and Org_C; 

there were no significant differences in Rhizoctonia Solani (RSO) among cropping systems 

(Table 2).  

The biplot obtained reflected differences among the three cropping systems (Figure 

1). Org_C was associated with TOC, TN, B, Mg and NH4+, contrary to Org_M negatively 

correlated with pH (Figure 1). The Conv system was positively correlated with total pes-

ticide content.  



 

 

 
 

Figure 1. Principal Component Analysis (PCA) of the soil properties. The two first principal com-

ponents are shown on the x- and y- axes, respectively. PCA scores represent soil samples coloured 

indicating the corresponding cultivation system. Ellipses plotted represent 70% confidence inter-

vals around the bary centres for samples classified by each cultivation system. TOC, Total Organic 

Carbon; TN, Total Nitrogen; POC, Particulate Organic Carbon; Mg, Exchangeable Mg; Fe, Bioa-

vailable Fe; Mn, Bioavailable Mn; B, Bioavailable B; TP, Total Pesticides; ALT, Alternaria spp.; FOX, 

Fusarium oxisporum; Conv, Conventional system; Org_M, Organic cultivation system with sheep 

manure; Org_C, Organic cultivation system with sheep manure compost and compost tea. (n=5, 

per cropping system). 

No significant differences were found for cabbage yield among the three cropping 

systems (Figure 2).  

 

Figure 2. Crop yield (kg ha-1) in the three cropping systems. Error bars represent mean±SD (n=5). 

No significant differences were found among the three cultivation systems (Kruskal-Wallis test, P > 

0.05). Conv, Conventional system; Org_M, Organic cultivation system with sheep manure; Org_C, 

Organic cultivation system with sheep manure compost and compost tea. 

3.2. Effects of different cropping systems on soil microbial diversity 



 

 

A total of 592,250 16S sequences (clustered into 18,533 OTUs) for bacteria and 

1,186,964 ITS sequences (clustered into 611 OTUs) for fungi were obtained from all soil 

samples. Rarefaction curves showed (a coverage value of 0.84-0.88 for bacteria and 0.99 

for fungi Figure S1. Different microbial indices were calculated for microbial community 

(Figure 3; Table S2). The Chao1 index showed no significant differences in the bacterial 

and fungal communities among the three cropping systems (Figure 3; Table S2). The 

Shannon index showed no differences for the bacterial community, but did show signif-

icant differences for fungi, which had significantly higher values in Conv and Org_M 

than in Org_C (Figure 3; Table S2). 

 
 

(A) (B) 

  
(C) (D) 

 

Figure 3. Violin plots displaying of diversity indexes in the three cultivation systems. The distributional features of the 

data are depicted by the kernel density trace overlaid the descriptive statistics (median and whisker range from 25% to 

75%) represented by a boxplot. Chao1 for bacterial (A) and fungal community (B), and Shannon index for bacterial (C) 

and fungal community (D). Conv, Conventional system; Org_M, Organic cultivation system with sheep manure; Org_C, 

Organic cultivation system with sheep manure compost and compost tea. (n=5, per cropping system). 

PCoAs of the bacterial (Figure 4A) and fungal (Figure 4B) microbial communities 

showed significant differences among the different cropping systems, that differences 



 

 

were confirmed by PERMANOVA (PERMANOVA: F = 1.792, P= 0.006; F = 7.649, P = 

0.001 respectively).  

 
(A) 

 
(B) 

Figure 4. Principal Coordinate Analysis (PCoA) of the (A) bacterial (B) fungal community structure between the three 

cropping systems. Different colours and shapes represent the different points of the group, Conv in red colour and circle 

shape, Org_C in green colour and triangle shape and Org_M in blue colour and cross shape. PCoA display group cen-

troids and dispersions. Conv, Conventional system; Org_C, Organic cultivation with manure compost and tea compost; 

Org_M, Organic cultivation with manure. (n=5, per cropping system). 



 

 

3.3 Effects of different cropping systems on bacterial and fungal community composition 

The main bacterial and fungal taxa found in the different cropping systems are 

shown in Figure 5, 6 and 7. The most dominant phyla under the different cropping sys-

tems were Proteobacteria (42% in average), Actinobacteria (16%), Bacteriodetes (12%) 

and Acidobacteria (7%) (Figure 5A; Table S3). No significant differences were found 

among the three cropping systems using Bray-Curtis dissimilarity at phylum level 

(PERMANOVA: F = 0.821; P = 0.562). SIMPER pairwise comparisons showed that the 

Proteobacteria, Gemmatimonadetes, Bacteriodetes and Actinobacteria accounted for 75% 

of the overall dissimilarities between Conv and Org_M or Org_C. 

 

 

 

 

Figure 5. Relative abundance (>1%) of (A) bacterial (B) fungal phylum of the three cropping sys-

tems. Bar values are mean n=5. Conv, Conventional system; Org_C, Organic cultivation with ma-

nure compost and tea compost; Org_M, Organic cultivation with manure. 

The most abundant fungal phylum was Basidiomycota (27% on average), followed 

by Olpidiomycota (25%), Ascomycota (15%), Glomeromycota (15%) and Mortierellomy-

cota (13%) (Figure 5B; Table S4). Significant differences were found between the three 

cropping systems (PERMANOVA: F = 4.83, P = 0.003). The highest relative abundance of 



 

 

Basidomycota and Glomeromycota was observed in Org_M, while Olpidiomycota 

showed the highest abundance in Org_C. The highest abundance for Ascomycota and 

Mortierellomycota was found for the Conv system, followed by Org_M and Org_C (Ta-

ble S4). SIMPER showed that Glomeromycota, Basidiomycota and Ascomycota ac-

counted for 73% of the dissimilarities between Conv and Org_M, while Olpidiomycota, 

Basidiomycota and Ascomycota accounted for 74% of dissimilarities between Conv and 

Org_C.  

LEfSe was conducted to identify the taxa that display significant differences among 

the three cropping systems. For bacteria, the Conv system had fifteen differential taxa 

while Org_C had seven and Org_M had eleven (Figure 6A and 7A). At the genus level, 

Nesterenkonia (Actinobacteria), Galbibacter and Gramella (Bacteroidetes), Limnobacter, 

Pseudoalteromonas and Pantoe (Proteobacteria) were the most differential taxa in the Conv 

system. The genomic features in the organic systems identified the genera Aciditerrimonas 

and Isoptericola (Actinobacteria), Nibribacter (Bacteroidete), Haliangium (Proteobacteria) 

and Terrimicrobium (Verrucomicrobia) as important taxonomic contributors for Org_M, 

and the genera Dinghuibacter and Turibacter (Bacteroidete), Piscibacillus and Planifilium 

(Firmicutes) and Roseibacillus (Verrucomicrobia) as important taxonomic contributors for 

Org_C (Figure 6A and 7A). For fungi, the Conv system showed two differential taxa; 

among the organic systems, Org_C showed two differential taxa and Org_M seventeen 

(Figure 6B and 7B). The genus Sporobolomyces (Basidomycota) was the only genomic 

feature in the Conv system. For the organic systems, we found the genera Wallemiales 

(Basidiomycota), Funneliformis (Glomerales), Melanoleuca (Basidiomycota), Alternaria and 

Paraphaeosphaera (Ascomycota) in Org_M, and the genus Candida (Ascomycota) in Org_C.  
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(B) 

Figure 6. Taxonomic cladogram obtained from the LEfSe of (A) 16S rDNA and (B) ITS. Taxa of microorganisms are highlighted by 

colored circles and shaded areas (Conv, Org_C and Org_M are shown in red, green and blue respectively). Each circle represents a 

taxa and each circle´s diameter reflects the abundance of that taxa in the community. Conv, Conventional system; Org_C, Organic 

cultivation with manure compost and tea compost; Org_M, Organic cultivation with manure. (n=5, per cropping system) 
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Figure 7. Linear Discriminant Analysis Effect Size (LEfSe) analysis showing (A) bacterial (B) fungal 

microbiota changes between the three cropping systems.. Conv, Conventional system; Org_M, 

Organic cultivation with manure; Org_C: Organic cultivation with manure compost and tea com-

post. (n=5, per cropping system). 

3.4. The relationship between the microbial community and soil properties  

A nonmetric multidimensional scaling (NMDS) was assayed for establishing the 

relationship of bacterial and fungal communities with the significant soil parameters. For 

bacteria, TOC, TN, NH4+, Mg and, B were the soil properties that showed a significant 

effect on bacterial community composition (Table S5). For fungi, however, no significant 

correlation was found (Table S6). 

A Spearman correlation analysis between soil properties and bacterial and fungal 

genera showed a significant correlation between Nesterenkonia and total pesticide (0.68**); 

Gramella and total pesticide (0.52*);  Pseudoalteromonas and Pantoe with total pesticide 

(0.56*); Sporobolomyces and total pesticide (0.80); Planifilium, Dinghuibacter, Turicibacter, 

Piscibacillus, Melanoleuca, Filobasidium and Candida showed a high correlation with NH4+ 

(0.60*, 0.66**, 0.59*, 0.74**, -0.77**, -0.76** and 0.70** respectively); Aciditerrimonas, Rosei-

bacillus and Nibribacter showed high correlation with TOC (0.82***, 0.74**, -0.65** respec-

tively) and Aciditerrimonas with total nitrogen (0.64**); Terrimicrobium with NH4* (-0.58*); 

Wallemia with both pathogens Alternaria spp (-0.77**) and Fusarium oxysporum (-0.56**) 

and with NH4* (-0.66*). 

4. Discussion 

Organic and conventional farming are nowadays defined based on differences re-

garding fertilization, plant cultivation and soil management. Our three cropping systems 

have the same soil type and climate, are located in close proximity and have undergone 

the same crop rotation. Therefore, it is likely that the differences observed in soil proper-

ties and microbial community are probably due to crop systems. Results highlight that 

once organic systems are stabilized over time, production can be as high as that of con-

ventional systems if the soil and crops are effectively managed and nutrient availability is 

ensured [52,53].  



 

 

Differences among the cropping systems related to soil properties indicated that 

Conv system showed higher NO3- levels, probably due to intensive chemical fertilizer 

and pesticide use, and the addition of nitric acid in fertigation [54,55]. To the contrary, 

Org_C was characterized by higher soil nutrient availability and organic carbon due to 

the long-term incorporation of compost, a stable organic matter with a low decomposi-

tion rate compared to manure. Compost treatments increase the long-term stabilization 

of organic matter in the soil and hinder nutrient leaching by rapid mineralization, mak-

ing nutrients more available for plant uptake [56]. The highest pH showed by Org_M can 

be explained by the buffering capacity from bicarbonates and organic acids in the ma-

nure, with no addition of nitric acid as used in Conv to decrease pH [57]. The higher or-

ganic carbon content in Org_C with higher stabilization may have contributed to the 

slightly lower pH owing to the greater presence of organic acids [58,59]. The addition of 

compost instead of manure may therefore provide positive effects in basic soils, contrib-

uting to a decrease in pH and making nutrients more available.  

It is interesting to highlight that soil parameters such as TOC and some nutrients like 

TN, Mg and B were associated with changes in soil bacterial community, although this 

association was not observed in the fungal community. Similar results were observed by 

Yang et al. [60] and Zhang et al. [61] who found a link between the bacterial community 

and soil chemical properties. Organic carbon is considered necessary to alter microbial 

community regardless other factors [62] and is well known that compost enhance carbon 

and nitrogen in soils for microbial communities [63]. Also, Vera et al. [64] observed that 

the B content in the soil was a determinant property explaining changes in the bacterial 

community in an agricultural soil. According to Vera et al [65] organic matter had the key 

influence on potential microbial action with high B doses and our findings could support 

that influence, since some key microorganisms from soil organic cropping system had a 

high correlation with boron. Although the bacterial community structure changed in 

response to the different cropping systems, this was not associated with significant vari-

ations in alpha diversity [66]. It was contrary to lower values expected in conventional 

systems due to the adverse effects of agrochemicals [67–69]. Moreover, a significant 

higher fungal diversity was observed in Conv system probably due to the increase in 

nutrient availability observed by Geisseler and Scow [70] and Leff et al. [71], and the 

breakage of fungal hyphae by tillage [72]. 

Legacy effects of cropping systems occur in specific microbial groups and cannot be 

resolved by determining the diversity of the entire microbial community, as shifts in 

some groups might be compensated for shifts in others [73]. Most importantly, our re-

sults showed that there are effects of different cropping systems on the soil microbial 

community structure. Indeed, the impact of the cropping system is considered to be 

stronger than any potential spatiotemporal variations [74]. The effect of the different 

cropping systems was not reflected in the dominant bacterial phyla, contrary to that ob-

served by Lupatini, et al. [73] or Moreno-Espíndola et al [75]. Hartman et al. [74] observed 

that differences in the bacterial community between organically farmed and conven-

tionally managed soils under integrated fertilization were smaller. Contrary to the bac-

terial community, the fungal microbial composition did change significantly among the 

three cropping systems. The conventional system showed a greater abundance of As-

comycota considered to be a key player in the decomposition of soil organic matter and 

dominates the active fungal community through its involvement in root exudation, as-

similation and soil organic matter degradation [76,77] and, Mortierellomycota that can be 

saprophytic on the residual limbs of plants and animals and decompose their remains 

[78]. 

Basidiomycota and Glomeromycota accounting the greatest dissimilarity in Org_M 

compared with conventional cropping system and previous studies showed Basidio-

mycota, which are the main decomposer of plant litter [79] was increase in soils with 

manure since it provide an appropriate environment for Basidiomycota [80] However, 

chemical fertilizer can cause the loss of that environment and hinder the development of 

this phyla [80]. High abundance of Glomeromycota in Org_M can form arbuscular my-



 

 

corrhiza with plants and absorb nutrients directly, particularly P uptake of plant roots 

[81], promoting plant growth, and enhances plant resistance to various pathogens [82], so 

it could be possible that its high abundance is related to the lower abundance of both 

pathogens Fusarium oxysporum and Alternaria spp. and the nearly non-existant abundance 

of Olpidyomicota (Olpidium). Contrarily, Olpidyomicota was more abundant in Org_C, 

in which no Glomeromycota was found. However, the possible infection of plants by 

these pathogens in subsequent crops could depend on the amount of pathogens neces-

sary to cause disease and the environmental factors [83]. Carini et al. [84] discovered that 

up to 50% of the microbial nucleic acid sequences in environmental samples could cor-

respond to dead and inactive biomass. So, quantification by RNA would therefore pro-

vide a more meaningful assessment of cellular viability and plant infection [83]. 

The presence of several differentially abundant taxa among cropping systems pro-

vides information on soil microbiota responses to different agricultural management 

practices [85]. According to LEfSe analysis, the long-term application of pesticides in 

Conv system favored the greater existence of microorganisms associated with the pesti-

cides, such as Nesterenkonia, Galbibacter, Gramella, Limnobacter, Pseudoalteromonas, Pantoe 

and Sporobolomyces. Agrochemicals have the potential to inhibit or eliminate certain 

groups of microbes and select members adapted to or able to grow under conventional 

farming practices [86]. Pantoea comprises many versatile species with different functions 

like the degradation of herbicides and other toxic compounds, and some isolates are an-

tibiotic producers [87]. Some Pseudoalteromonas strains can produce bioactive compounds 

[88], and Sporobolomyces is a yeast capable of pesticide degradation [61]. Under Org_C, 

Turicibacter, Dinghiubacter, Planifilium, Roseibacillus, Piscibacillus and Candida were more 

abundant. High levels of ammonium in this organic framing treatments could favor the 

presence of these genera. Org_M-related genera were Aciditerrimonas, Isoptericola, 

Nibribacter, Haliangium, Terrimicrobium, Funneliformis, Wallemia, Melanoleuca and 

Filobasidium. Aciditerrimonas is related to ferrous-ferric redox [89] and showed a correla-

tion with TOC and NH4+. Haliangium is a genus in which some species are producers of 

haliangicins, known antifungal compounds [90], or Wallemiales, which have been ob-

served in organic cultivations in other studies [91] and have shown a strong negative 

correlation with Alternaria spp and Fusarium Oxysporum. This suggests that an increase in 

this genus could favor a decrease in some phytopathogens [92], as we observed in this 

cropping system. 

5. Conclusions 

This work showed that properly long-term organic systems can contribute to keep 

high and stable crops. Where, bacterial and fungal communities changed under those 

organic cropping systems compared to conventional system. Analyses showed that 

fungal communities were more sensitive to cropping systems than bacteria due to 

changes from phylum level, while, bacteria changed in other more specific taxonomy 

level. Also, LEfSe analysis revealed some key microorganisms associated to different 

cropping which could had a special function in soils since in Conv system the key mi-

croorganisms were principally associated with pesticides and in organic systems mi-

croorganisms have a direct beneficial effect on plant. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure   

S1: title, Table S1: title, Video S1: title. 

Author Contributions: Conceptualization, M.R., JA.P., JM.V. and J.C.; methodology, J.C., JM.V., 

M.R., O.O., M.EC., L.O. and L.C.; validation, M.R., JA.P. and JM.V.; formal analysis, J.C. and J.M.; 

investigation, R.Z. M.R. and J.P.; resources, V.SN. and O.O.; data curation, J.C. and M.R; writ-

ing—original draft preparation, J.C.; writing—review and editing, M.R., JA.P., JM.V. and J.C.;  

data  visualization, J.C.; supervision, JM.V., M.R. and JA.P.; project administration, M.R.; funding 

acquisition, M.R., JA.P. and R.Z. All authors have read and agreed to the published version of the 

manuscript. 

Funding: This research was funded by European Union (Program H2020, grant number 728003”).  



 

 

Acknowledgments: Raúl Zornoza acknowledges the financial support he has received from the 

Spanish Ministry of Science, Innovation and Universities through the “Ramón y Cajal” Program 

[RYC-2015-18758]. Thanks to Ansley Evans for her English corrections. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1.  Food, F.A.O. Trends and challenges. Rome. 

2.  Shen, W.; Lin, X.; Shi, W.; Min, J.; Gao, N.; Zhang, H.; Yin, R.; He, X. Higher rates of nitrogen fertilization decrease soil 

enzyme activities, microbial functional diversity and nitrification capacity in a Chinese polytunnel greenhouse vegetable 

land. Plant Soil 2010, 337, 137–150. 

3.  Rockström, J.; Steffen, W.; Noone, K.; Persson, Å.; Chapin, F.S.; Lambin, E.F.; Lenton, T.M.; Scheffer, M.; Folke, C.; 

Schellnhuber, H.J. A safe operating space for humanity. Nature 2009, 461, 472–475. 

4.  Godfray, H.C.J.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, S.; Thomas, S.M.; 

Toulmin, C. Food security: the challenge of feeding 9 billion people. Science (80-. ). 2010, 327, 812–818. 

5.  Gomiero, T.; Pimentel, D.; Paoletti, M.G. Environmental impact of different agricultural management practices: 

conventional vs. organic agriculture. CRC. Crit. Rev. Plant Sci. 2011, 30, 95–124. 

6.  De Ponti, T.; Rijk, B.; Van Ittersum, M.K. The crop yield gap between organic and conventional agriculture. Agric. Syst. 2012, 

108, 1–9. 

7.  Bonanomi, G.; De Filippis, F.; Zotti, M.; Idbella, M.; Cesarano, G.; Al-Rowaily, S.; Abd-ElGawad, A. Repeated applications 

of organic amendments promote beneficial microbiota, improve soil fertility and increase crop yield. Appl. Soil Ecol. 2020, 

156, 103714. 

8.  Luo, G.; Li, L.; Friman, V.-P.; Guo, J.; Guo, S.; Shen, Q.; Ling, N. Organic amendments increase crop yields by improving 

microbe-mediated soil functioning of agroecosystems: A meta-analysis. Soil Biol. Biochem. 2018, 124, 105–115. 

9.  Statistics, E.E.P. Available online: http://ec. europa. eu/eurostat/statistics-explained/index. php. 

10.  Dangi, S.R.; Bañuelos, G.; Buyer, J.S.; Hanson, B.; Gerik, J. Microbial community biomass and structure in saline and 

non-saline soils associated with salt-and boron-tolerant poplar clones grown for the phytoremediation of selenium. Int. J. 

Phytoremediation 2018, 20, 129–137. 

11.  Nannipieri, P.; Ascher, J.; Ceccherini, M.T.; Landi, L.; Pietramellara, G.; Renella, G. Microbial diversity and soil functions. 

Eur. J. Soil Sci. 2017, 68, 12–26. 

12.  Yin, C.; Jones, K.L.; Peterson, D.E.; Garrett, K.A.; Hulbert, S.H.; Paulitz, T.C. Members of soil bacterial communities 

sensitive to tillage and crop rotation. Soil Biol. Biochem. 2010, 42, 2111–2118. 

13.  Sharma, S.K.; Ramesh, A.; Sharma, M.P.; Joshi, O.P.; Govaerts, B.; Steenwerth, K.L.; Karlen, D.L. Microbial community 

structure and diversity as indicators for evaluating soil quality. In Biodiversity, biofuels, agroforestry and conservation 

agriculture; Springer, 2010; pp. 317–358. 

14.  Chaudhry, V.; Rehman, A.; Mishra, A.; Chauhan, P.S.; Nautiyal, C.S. Changes in bacterial community structure of 

agricultural land due to long-term organic and chemical amendments. Microb. Ecol. 2012, 64, 450–460. 

15.  Reilly, K.; Cullen, E.; Lola‐Luz, T.; Stone, D.; Valverde, J.; Gaffney, M.; Brunton, N.; Grant, J.; Griffiths, B.S. Effect of organic, 

conventional and mixed cultivation practices on soil microbial community structure and nematode abundance in a 

cultivated onion crop. J. Sci. Food Agric. 2013, 93, 3700–3709. 

16.  Gonthier, D.J.; Ennis, K.K.; Farinas, S.; Hsieh, H.-Y.; Iverson, A.L.; Batáry, P.; Rudolphi, J.; Tscharntke, T.; Cardinale, B.J.; 

Perfecto, I. Biodiversity conservation in agriculture requires a multi-scale approach. Proc. R. Soc. B Biol. Sci. 2014, 281, 

20141358. 

17.  Bell, L.W.; Sparling, B.; Tenuta, M.; Entz, M.H. Soil profile carbon and nutrient stocks under long-term conventional and 

organic crop and alfalfa-crop rotations and re-established grassland. Agric. Ecosyst. Environ. 2012, 158, 156–163. 



 

 

18.  Krishnaraj, P.U.; Sabale, S.N. Effect of organic and inorganic fertilization on soil bacterial diversity associated with sole 

crop (Pigeon pea) and crop rotation (Green gram-Sorghum). J. Pharmacogn. Phytochem. 2019, 8, 577–581. 

19.  WRB, I.U. of S.S.W.G. World reference base for soil resources 2014 (update 2015), international soil classification system for 

naming soils and creating legends for soil maps. World Soil Resour. Reports, FAO, Rome 2015. 

20.  ISO, H.R.N. Soil Quality—Determination of Dry Bulk Density. Croat. Stand. Inst. Zagreb. Croat. 2017. 

21.  De Angelis, M. The beginning of history: Value struggles and global capital; Pluto Press, 2007; ISBN 0745320368. 

22.  ISO. Soil Quality: Determination of the Potential Cation Exchange Capacity and Exchangeable Cations Using Barium Chloride 

Solution Buffered at PH; ISO, 1995; 

23.  Van Genuchten, M.T. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils 1. Soil Sci. Soc. 

Am. J. 1980, 44, 892–898. 

24.  UGT UGT Products. Soil science. UGT, Müncheberg, Germany. Available online: http://www.ugt-online.de/en/ 

products/soil-science/. 

25.  Cambardella, C.A.; Elliott, E.T. Particulate soil organic-matter changes across a grassland cultivation sequence. Soil Sci. Soc. 

Am. J. 1992, 56, 777–783. 

26.  Chen, H.; Hou, R.; Gong, Y.; Li, H.; Fan, M.; Kuzyakov, Y. Effects of 11 years of conservation tillage on soil organic matter 

fractions in wheat monoculture in Loess Plateau of China. Soil Tillage Res. 2009, 106, 85–94. 

27.  Keeney, D.R.; Nelson, D.W. Nitrogen—inorganic forms. Methods Soil Anal. Part 2 Chem. Microbiol. Prop. 1983, 9, 643–698. 

28.  Kandeler, E.; Gerber, H. Short-term assay of soil urease activity using colorimetric determination of ammonium. Biol. Fertil. 

Soils 1988, 6, 68–72. 

29.  Olsen, S.R. Estimation of available phosphorus in soils by extraction with sodium bicarbonate; US Department of Agriculture, 1954; 

30.  Kabata-Pendias, A. Trace elements in soils and plants; CRC press, 2000; ISBN 1420039903. 

31.  Reichman, S.M. The Responses of Plants to Metal Toxicity: A Review Forusing on Copper, Manganese & Zinc; Australian Minerals 

& Energy Environment Foundation Melbourne, 2002; ISBN 187620513X. 

32.  Porta Casanellas, J.; López Acevedo Requerin, M.; Rodríguez Ochoa, R. Técnicas y experimentos en Edafología.; 

Romanyá/Valls, 1986; ISBN 846004341X. 

33.  Anastassiades, M.; Lehotay, S.J.; Štajnbaher, D.; Schenck, F.J. Fast and easy multiresidue method employing acetonitrile 

extraction/partitioning and “dispersive solid-phase extraction” for the determination of pesticide residues in produce. J. 

AOAC Int. 2003, 86, 412–431. 

34.  Smith, D.P.; Peay, K.G. Sequence depth, not PCR replication, improves ecological inference from next generation DNA 

sequencing. PLoS One 2014, 9. 

35.  Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.M.; Betley, J.; Fraser, L.; Bauer, 

M. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 2012, 6, 

1621–1624. 

36.  Bragg, L.; Stone, G.; Imelfort, M.; Hugenholtz, P.; Tyson, G.W. Fast, accurate error-correction of amplicon pyrosequences 

using Acacia. Nat. Methods 2012, 9, 425. 

37.  Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.; Goodrich, 

J.K.; Gordon, J.I. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335. 

38.  Comeau, A.M.; Douglas, G.M.; Langille, M.G.I. Microbiome helper: a custom and streamlined workflow for microbiome 

research. MSystems 2017, 2. 

39.  Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: a versatile open source tool for metagenomics. PeerJ 2016, 

4, e2584. 

40.  Cole, J.R.; Wang, Q.; Fish, J.A.; Chai, B.; McGarrell, D.M.; Sun, Y.; Brown, C.T.; Porras-Alfaro, A.; Kuske, C.R.; Tiedje, J.M. 

Ribosomal Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids Res. 2014, 42, D633–D642. 



 

 

41.  Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 

2114–2120. 

42.  Zhang, J.; Kobert, K.; Flouri, T.; Stamatakis, A. PEAR: a fast and accurate Illumina Paired-End reAd mergeR. Bioinformatics 

2014, 30, 614–620. 

43.  Kõljalg, U.; Nilsson, R.H.; Abarenkov, K.; Tedersoo, L.; Taylor, A.F.S.; Bahram, M.; Bates, S.T.; Bruns, T.D.; 

Bengtsson‐Palme, J.; Callaghan, T.M. Towards a unified paradigm for sequence‐based identification of fungi. Mol. Ecol. 

2013, 22, 5271–5277. 

44.  Team, R.C. R: a language and environment for statistical computing (version 3.5. 3)[software] 2019. 

45.  Ogle, D.H. FSA: fisheries stock analysis. R Packag. version 0.8.30 2020, 17, 636. 

46.  Lê, S.; Josse, J.; Husson, F. FactoMineR: an R package for multivariate analysis. J. Stat. Softw. 2008, 25, 1–18. 

47.  Kassambara, A.; Mundt, F. Factoextra: extract and visualize the results of multivariate data analyses. R Packag. version 1.0.7 

2020, 1, 2017. 

48.  Hsieh, T.C.; Ma, K.H.; Chao, A. iNEXT: an R package for rarefaction and extrapolation of species diversity (H ill numbers). 

Methods Ecol. Evol. 2016, 7, 1451–1456. 

49.  Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; O’hara, R.B.; Simpson, G.L.; Solymos, P.; Stevens, M.H.H.; Wagner, H. 

Vegan: community ecology package. R package version 1.17-4. URL http//CRAN. R-project. org/package= vegan 2010. 

50.  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. 

51.  Afgan, E.; Baker, D.; Batut, B.; Van Den Beek, M.; Bouvier, D.; Čech, M.; Chilton, J.; Clements, D.; Coraor, N.; Grüning, B.A. 

The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 

2018, 46, W537–W544. 

52.  Jannoura, R.; Joergensen, R.G.; Bruns, C. Organic fertilizer effects on growth, crop yield, and soil microbial biomass indices 

in sole and intercropped peas and oats under organic farming conditions. Eur. J. Agron. 2014, 52, 259–270. 

53.  Cai, A.; Xu, M.; Wang, B.; Zhang, W.; Liang, G.; Hou, E.; Luo, Y. Manure acts as a better fertilizer for increasing crop yields 

than synthetic fertilizer does by improving soil fertility. Soil Tillage Res. 2019, 189, 168–175. 

54.  Li, J.; Cooper, J.M.; Li, Y.; Yang, X.; Zhao, B. Soil microbial community structure and function are significantly affected by 

long-term organic and mineral fertilization regimes in the North China Plain. Appl. Soil Ecol. 2015, 96, 75–87. 

55.  Gu, S.; Gruau, G.; Dupas, R.; Rumpel, C.; Creme, A.; Fovet, O.; Gascuel-Odoux, C.; Jeanneau, L.; Humbert, G.; Petitjean, P. 

Release of dissolved phosphorus from riparian wetlands: Evidence for complex interactions among hydroclimate 

variability, topography and soil properties. Sci. Total Environ. 2017, 598, 421–431. 

56.  Ros, M.; Hernandez, M.T.; Garcı́a, C. Soil microbial activity after restoration of a semiarid soil by organic amendments. Soil 

Biol. Biochem. 2003, 35, 463–469. 

57.  Ge, G.; Li, Z.; Fan, F.; Chu, G.; Hou, Z.; Liang, Y. Soil biological activity and their seasonal variations in response to 

long-term application of organic and inorganic fertilizers. Plant Soil 2010, 326, 31. 

58.  Irshad, M.; Eneji, A.E.; Hussain, Z.; Ashraf, M. Chemical characterization of fresh and composted livestock manures. J. soil 

Sci. plant Nutr. 2013, 13, 115–121. 

59.  Adeleke, R.; Nwangburuka, C.; Oboirien, B. Origins, roles and fate of organic acids in soils: A review. South African J. Bot. 

2017, 108, 393–406. 

60.  Yang, H.; Meng, Y.; Feng, J.; Li, Y.; Zhai, S.; Liu, J. Direct and indirect effects of long‐term ditch‐buried straw return on soil 

bacterial community in a rice–wheat rotation system. L. Degrad. Dev. 2020, 31, 851–867. 

61.  Zhang, Y.; Li, Q.; Chen, Y.; Dai, Q.; Hu, J. Dynamic change in enzyme activity and bacterial community with long-term rice 

cultivation in mudflats. Curr. Microbiol. 2019, 76, 361–369. 

62.  Drenovsky, R.E.; Vo, D.; Graham, K.J.; Scow, K.M. Soil water content and organic carbon availability are major 



 

 

determinants of soil microbial community composition. Microb. Ecol. 2004, 48, 424–430. 

63.  Liu, X.; Rashti, M.R.; Dougall, A.; Esfandbod, M.; Van Zwieten, L.; Chen, C. Subsoil application of compost improved 

sugarcane yield through enhanced supply and cycling of soil labile organic carbon and nitrogen in an acidic soil at tropical 

Australia. Soil Tillage Res. 2018, 180, 73–81. 

64.  Vera, A.; Moreno, J.L.; García, C.; Morais, D.; Bastida, F. Boron in soil: The impacts on the biomass, composition and 

activity of the soil microbial community. Sci. Total Environ. 2019, 685, 564–573. 

65.  Vera, A.; Moreno, J.L.; Siles, J.A.; López-Mondejar, R.; Zhou, Y.; Li, Y.; García, C.; Nicolás, E.; Bastida, F. Interactive impacts 

of boron and organic amendments in plant-soil microbial relationships. J. Hazard. Mater. 2021, 408, 124939. 

66.  Buckley, D.H.; Schmidt, T.M. The structure of microbial communities in soil and the lasting impact of cultivation. Microb. 

Ecol. 2001, 42, 11–21. 

67.  Bengtsson, J.; Ahnström, J.; WEIBULL, A. The effects of organic agriculture on biodiversity and abundance: a meta‐analysis. 

J. Appl. Ecol. 2005, 42, 261–269. 

68.  Jackson, C.R.; Vallaire, S.C. Microbial activity and decomposition of fine particulate organic matter in a Louisiana cypress 

swamp. J. north Am. Benthol. Soc. 2007, 26, 743–753. 

69.  Kremen, C.; Miles, A. Ecosystem services in biologically diversified versus conventional farming systems: benefits, 

externalities, and trade-offs. Ecol. Soc. 2012, 17. 

70.  Geisseler, D.; Scow, K.M. Long-term effects of mineral fertilizers on soil microorganisms–A review. Soil Biol. Biochem. 2014, 

75, 54–63. 

71.  Leff, J.W.; Jones, S.E.; Prober, S.M.; Barberán, A.; Borer, E.T.; Firn, J.L.; Harpole, W.S.; Hobbie, S.E.; Hofmockel, K.S.; Knops, 

J.M.H. Consistent responses of soil microbial communities to elevated nutrient inputs in grasslands across the globe. Proc. 

Natl. Acad. Sci. 2015, 112, 10967–10972. 

72.  Allison, V.J.; Miller, R.M.; Jastrow, J.D.; Matamala, R.; Zak, D.R. Changes in soil microbial community structure in a 

tallgrass prairie chronosequence. Soil Sci. Soc. Am. J. 2005, 69, 1412–1421. 

73.  Lupatini, M.; Korthals, G.W.; de Hollander, M.; Janssens, T.K.S.; Kuramae, E.E. Soil microbiome is more heterogeneous in 

organic than in conventional farming system. Front. Microbiol. 2017, 7, 2064. 

74.  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. 

75.  Moreno-Espíndola, I.P.; Ferrara-Guerrero, M.J.; Luna-Guido, M.L.; Ramírez-Villanueva, D.A.; León-Lorenzana, D.; Arit, S.; 

Gómez-Acata, S.; González-Terreros, E.; Ramírez-Barajas, B.; Navarro-Noya, Y.E. The Bacterial Community Structure and 

Microbial Activity in a Traditional Organic Milpa Farming System Under Different Soil Moisture Conditions. Front. 

Microbiol. 2018, 9, 2737. 

76.  Voříšková, J.; Baldrian, P. Fungal community on decomposing leaf litter undergoes rapid successional changes. ISME J. 

2013, 7, 477–486. 

77.  Hugoni, M.; Luis, P.; Guyonnet, J.; el Zahar Haichar, F. Plant host habitat and root exudates shape fungal diversity. 

Mycorrhiza 2018, 28, 451–463. 

78.  Ekman, S.; Jørgensen, P.M. Towards a molecular phylogeny for the lichen family Pannariaceae (Lecanorales, Ascomycota). 

Can. J. Bot. 2002, 80, 625–634. 

79.  Rayner, A.D.M.; Boddy, L. Fungal decomposition of wood. Its biology and ecology.; John Wiley & Sons Ltd., 1988; ISBN 

0471103101. 

80.  Tang, H.; Li, C.; Xiao, X.; Shi, L.; Cheng, K.; Wen, L.; Li, W. Effects of short-term manure nitrogen input on soil microbial 

community structure and diversity in a double-cropping paddy field of southern China. Sci. Rep. 2020, 10, 1–9. 

81.  Smith, S.E.; Read, D.J. Mycorrhizal symbiosis; Academic press, 2010; ISBN 0080559344. 

82.  Zhu, H.; Liu, X.; Feng, Z.; Yao, Q. Promoting Crop Growth With Symbiotic Microbes in Agro-Ecosystems in Climate 



 

 

Change Era. In New and Future Developments in Microbial Biotechnology and Bioengineering; Elsevier, 2019; pp. 31–41. 

83.  Santísima-Trinidad, A.B.L.; del Mar Montiel-Rozas, M.; Diéz-Rojo, M.Á.; Pascual, J.A.; Ros, M. Impact of foliar fungicides 

on target and non-target soil microbial communities in cucumber crops. Ecotoxicol. Environ. Saf. 2018, 166, 78–85. 

84.  Carini, P.; Marsden, P.J.; Leff, J.W.; Morgan, E.E.; Strickland, M.S.; Fierer, N. Relic DNA is abundant in soil and obscures 

estimates of soil microbial diversity. Nat. Microbiol. 2016, 2, 1–6. 

85.  Lian, T.; Ma, Q.; Shi, Q.; Cai, Z.; Zhang, Y.; Cheng, Y.; Nian, H. High aluminum stress drives different rhizosphere soil 

enzyme activities and bacterial community structure between aluminum-tolerant and aluminum-sensitive soybean 

genotypes. Plant Soil 2019, 440, 409–425. 

86.  Stagnari, F.; Perpetuini, G.; Tofalo, R.; Campanelli, G.; Leteo, F.; Della Vella, U.; Schirone, M.; Suzzi, G.; Pisante, M. 

Long-term impact of farm management and crops on soil microorganisms assessed by combined DGGE and PLFA 

analyses. Front. Microbiol. 2014, 5, 644. 

87.  Walterson, A.M.; Stavrinides, J. Pantoea: insights into a highly versatile and diverse genus within the Enterobacteriaceae. 

FEMS Microbiol. Rev. 2015, 39, 968–984. 

88.  Offret, C.; Desriac, F.; Le Chevalier, P.; Mounier, J.; Jégou, C.; Fleury, Y. Spotlight on antimicrobial metabolites from the 

marine bacteria Pseudoalteromonas: chemodiversity and ecological significance. Mar. Drugs 2016, 14, 129. 

89.  Rosenberg, E.; DeLong, E.F.; Lory, S.; Stackebrandt, E.; Thompson, F. The Prokaryotes: Actinobacteria; Springer, 2014; ISBN 

364230138X. 

90.  Kundim, B.A.; Itou, Y.; Sakagami, Y.; Fudou, R.; Iizuka, T.; Yamanaka, S.; Ojika, M. New haliangicin isomers, potent 

antifungal metabolites produced by a marine myxobacterium. J. Antibiot. (Tokyo). 2003, 56, 630–638. 

91.  Bonanomi, G.; De Filippis, F.; Cesarano, G.; La Storia, A.; Ercolini, D.; Scala, F. Organic farming induces changes in soil 

microbiota that affect agro-ecosystem functions. Soil Biol. Biochem. 2016, 103, 327–336. 

92.  Guo, Y.; Zhao, S.; Liu, Q.; Wang, H.; Wang, Y. Premliminary investigation of RNase activity and antifungal activity of {\sl 

Wallemia sebi}. Wei sheng wu xue tong bao 2006, 33, 30–33. 

 

 


