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Abstract: Although winter cover crops (WCCs) have demonstrated positive effects on soil proper-

ties, relatively little is known about the responses of the soil and plant microbiomes to the introduc-

tion of WCCs and their associated management. Our objective was to evaluate the effects of WCC 

suppression methods on the rhizosphere microbiome of oats under field conditions. Rhizospheric 

soil was extracted to quantify the abundances of amoA gene of ammonia-oxidizing bacteria and ar-

chaea, and nitrite reductase genes (nirK and nirS), and to determine potential nitrification activity. 

The bacterial 16S rRNA V4 region and fungal ITS regions were sequenced with the Illumina MiSeq 

system. Overall, our results indicated that the composition of the bacterial and fungal communities 

of the rhizosphere were sensitive to the WCC suppression methods. Some bacterial genera, includ-

ing fungal antagonists and chitin degraders, and two fungi associated with plant potential patho-

gens, were favored by both suppression methods, yet both methods negatively affected other gen-

era associated with plant growth promotion characteristics. Our work contributes to a more com-

plete understanding of the interactions between WCC management practices, soil properties, and 

microbial communities in the rhizosphere, which is essential for choosing management strategies 

that maintain soil health and promote environmental sustainability. 
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1. Introduction 

Crop rotations deploying no-till (NT) systems emerged in response to soil degrada-

tion problems caused by agricultural intensification [1]. Winter cover crops (WCCs) are 

introduced to complement the effects of NT during the fallow season due to the multiple 

ecosystem services they can provide, such as accumulation of soil organic matter, water 

quality regulation, suppression of weed growth, pest control, enhancement of soil micro-

bial abundance, activity, and diversity [2–5]. 

WCC growth is terminated by either mechanical (e.g., rolling) or chemical methods 

before the planting of the main crop. Rolling with a roller-crimper implies rolling over the 

cover crop and crushing the plant stems at a specific growth stage near maturity, prevent-

ing regrowth, and depositing the residue uniformly on the soil surface [6]. Rolling re-

places the use of herbicides and, consequently, decreases the environmental impact com-

pared to traditional chemical suppression [7]. The most widely used suppression method, 

chemical control with glyphosate (N-[phosphonomethyl]glycine) is deployed annually on 

about 1.4 billion hectares worldwide [8]. In recent years, numerous environmental and 

public health problems have been linked to the widespread use of glyphosate [9]. 

These suppression methods can affect the plant metabolism, resulting in variations 

in root exudation, modifying interactions between plants and microorganisms. Due to its 
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systemic action, glyphosate enters the plants through the cuticles of leaves and rapidly 

translocate to the rest of the plant tissues [10]. Residues of glyphosate that accumulate in 

root tissues can ultimately end up in the rhizosphere [11,12]. In recent greenhouse exper-

iment, Allegrini et al. [13] observed a greater abundance of Betaproteobacteria and the 

genus Mesorhizobium in the rhizosphere of oats (Avena sativa L.) treated with glyphosate, 

while mechanical cutting favored the Verrucomicrobia phylum and the Gaiella genus. In 

turn, Schlatter et al. [14] reported that glyphosate has little impact on fungal diversity in 

wheat (Triticum aestivum L.) grown under greenhouse conditions, however, glyphosate 

may change interactions among fungi competing for senescent roots. More recently, Lu-

pwayi et al. [15] reported that 7 years of glyphosate applications had little effect on bacte-

rial communities in the rhizosphere of durum wheat (Triticum turgidum var. durum Desf.) 

cultivated in field plots. In their study, the herbicide treatment reduced the relative abun-

dance of Alphaproteobacteria and the Opitutus genus (Verrucomicrobia) [15]. On the 

other hand, it has been reported that mechanical suppression increases the release of or-

ganic compounds in the rhizodeposits, probably as a mechanism of tolerance to defolia-

tion stress [16]. Guo et al. [17] found that annual clipping of forbs (Ambrosia trifida, Solanum 

carolinense, and Euphorbia dentate) and grasses (Tridens flavus, Sporobolus compositus, and 

Sorghum halepense) increased the abundance of genes associated with denitrification, with 

a consequent decrease of soil nitrate (NO3−) content. Furthermore, the relative abundance 

of some important microbial taxa, including Actinobacteria, Bacteroidetes, Zygomycota, 

and Ascomycota, were significantly reduced [17]. 

Various studies have shown that WCCs influence N losses through nitrous oxide 

(N2O) emissions or nitrate leaching from the soil [18,19], but there have only been a few 

reported effects of WCC suppression methods on the microorganisms involved in the bi-

ogeochemical cycle of soil N [13,20,21]. In a greenhouse study, Allegrini et al. [13] ob-

served that the abundance of ammonia-oxidizing bacteria (AOB) and archaea (AOA) de-

creased in the rhizosphere of oats suppressed with glyphosate compared to mechanical 

suppression (plant tissue cut resembling mowing). Recently, Allegrini et al. [20] also re-

ported lower abundance of archaeal amoA in the the rhizosphere of glyphosate-desiccated 

oats compared to mowed plants. After one growing season of a WCC mixture in a field 

setting, Romdhane et al., [21] evaluated the effect of chemical vs. mechanical suppression 

on microbial diversity and abundances, with special focus on N-cycling guilds in bulk 

soil. The authors found that CC management affected the abundance of denitrifiers in soil, 

while no effect was observed on the total bacterial abundance and soil nutrients when 

cover crops were terminated using rolling and glyphosate termination. 

Therefore, based on previous literature, we hypothesized the method of suppression 

of WCC affects the plant root environment, resulting in changes in the rhizospheric mi-

crobiome of senescent plants in the field. Our goal was to evaluate the rolling (mechanical 

with a roller crimper) and chemical (with glyphosate) WCC suppression methods on the 

rhizosphere microbial community of oats under field conditions using Illumina sequenc-

ing of bacterial 16S rRNA gene and fungal ITS amplicons, quantifying amoA-, nirK-, and 

nirS-carrying microbial groups, and determining potential nitrification activity in the rhi-

zosphere and ancillary properties of the bulk soil. Results from this integrated approach 

will provide critical information to identify WCC management strategies that are more 

sustainable. 
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2. Materials and Methods 

2.1. Study Site and Experimental Design 

The research trial was established in 2018 at the Napostá Experimental Field (Uni-

versidad Nacional del Sur and MDA-PBA agreement, Figure 1), located in Bahía Blanca, 

Argentina (38°25′39″ S, 62°17′41″ W). The mean annual rainfall was 654 mm for the aver-

age 1959–2014 period, with two-thirds of the rainfall concentrated in the autumn and 

spring. There is a dry season in late winter and a semi-dry season in mid-summer (January 

and February). In this study, the precipitation values for 2018 and 2019 were 580 and 506 

mm, respectively. The dominant soil is a Petrocalcic Paleustoll (Ap-A2-AC-2Ck-3Ckm) 

according to the USDA Soil Taxonomy classification [22]. Before introducing WCC, these 

plots had an average topsoil pH of 6.7 (1:2.5 soil: water), 4.24% soil organic matter deter-

mined by dry combustion with an automatic analyzer (LECO, St. Joseph, MI, USA), 8 mg 

kg−1 available P [23], 14.4 mg kg−1 of NH4+, and 10.6 mg kg−1 of NO3− as available N forms. 

 

Figure 1. Location of the experimental site in Bahía Blanca, Buenos Aires Province, Argentina. 

The study was conducted for two consecutive years, in 2018–2019. An area of 15 × 15 

m was delimited in soil with no WCC history. Sixteen plots (2.25 × 1.56 m) were estab-

lished and the suppression methods (R: rolling; DQ, chemical suppression; SS, no sup-

pression) were arranged in a randomized complete block design with four replicates and 

two plots per block of each treatment. The plots were manually sowed in rows spaced 15.6 

cm apart with oats (Avena sativa L. var. Cristal INTA), with a planting density of 250 plants 

m−2 on June 3 (2018) and on May 13 (2019). Urea nitrogen (N) fertilizer (46% N) was surface 

applied in all plots at planting (40 kg N ha−1). 

Oat growth was suppressed at the Z3.1 stage [24], which corresponded to 144 and 

164 days after planting in 2018 and 2019, respectively. Suppression occurred either me-

chanically by rolling (R) the WCC with a roller-crimper, or chemically (DQ), with a com-

mercial formulation of glyphosate (N-[phosphonomethyl]glycine as active ingredient, a.i.) 

using a knapsack sprayer with an extendible double nozzle with flat fan nozzle. The 

ESKOBA FULL II (Red Surcos S. A., 662 g a.i. L−1, monopotassium salt) and CREDIT FULL 

(Nufarm S. A., 700 g a.i. L−1, mixture of salts) commercial formulations of glyphosate were 

used in 2018 and 2019, respectively. The working solution was prepared immediately be-

fore application, by dissolving 15 mL of the herbicide in 1 L of distilled water following 
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the recommendations on the label for applications with knapsack equipment. A polyeth-

ylene shield was used to avoid spray drift to adjacent plots. The roller-crimper was con-

structed following the design of Ashford and Reeves [25], using a drum roller 0.5 m wide 

and weighing 120 kg with straight blunt metal blades (80 mm height), which crushed and 

crimped cover crop stems without cutting them (Figure 2). 

 

Figure 2. Roller-crimper. 

2.2. Soil Physicochemical Analysis 

Bulk soil samples were collected from each experimental unit at a depth of 0–10 cm 

using a manual auger, both before suppression (SS) as well as two weeks after treatments 

were applied (R and DQ). Soil samples were then air dried, sieved (<2 mm), and sent to 

the Laboratory of Analytical Services of Soils, Plants, and Environment (CERZOS-CO-

NICET, Universidad Nacional del Sur, Bahia Blanca, Argentina) to determine the contents 

of available N forms (NH4+ and NO3−) by semi-micro Kjeldahl methodology, and available 

phosphorus (Pa) by Bray I [23]. The gravimetric water content (H, % (w/w)) was deter-

mined after oven-drying 10 g soil (100 °C, 48 h) per sample. 

2.3. Rhizospheric Soil Sampling 

Oat plants with their intact root systems and attached soil were randomly collected 

from each experimental unit by careful excavation (40 cm each side) before (SS) the date 

of application of suppression methods and 13 days after suppression (R and DQ). The 

roots were carefully shaken to discard bulk soil, while the soil attached to the roots was 

collected using a sterile brush [26]. The rhizospheric soil obtained was kept in sterile plas-

tic bags at −80 °C for DNA extraction and molecular analysis, and a subsample was stored 

at 4 °C for physiological analyses. 

2.4. Determination of Potential Nitrification Activity (PNA) and Aerobic Heterotrophic Bacteria 

The potential nitrification activity assay was performed as described by Hart et al. 

[27], with slight modifications described by Allegrini et al. [20]. The PNA was calculated 

with the formula proposed by Drury et al. [28], reporting results inµg N-NO2− g−1 dw soil 

h−1. 

Culturable aerobic heterotrophic bacteria (AHB) were counted by the plate count 

method [29]. One gram of rhizospheric soil was suspended in 9 mL sterile 0.85% NaCl 

containing glass breads (0.2 mm). Soil suspension was shaken for 30 min at 180 rpm and 

25 °C to disperse bacteria, serially decimal diluted in 9 mL sterile saline and 100 μL of the 

10−4 dilution were plated in triplicate on 0.1% Tryptic Soy Agar (TSA, Laboratorios Brita-

nia, Buenos Aires, Argentina). Plates were incubated at 25 °C for 6 days. Plates containing 

between 30 and 300 colonies were counted. The number of cultivable AHB obtained was 

expressed as log10 colony forming units (CFU) g−1 soil. 

2.5. Rhizospheric Soil DNA Extraction and Quantification 

Rhizospheric soil DNA extraction was performed using DNeasy PowerSoil Kit (Qi-

agen, Hilden, Germany), following the manufacturer’s instructions. The extracted DNA 
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was quantitated with QuantiFluor® dsDNA kit in a Quantus fluorometer (Promega®, 

Madison, WI, USA). The quality of the DNA was checked by agarose gel electrophoresis 

and measuring the 260:230 and 260:280 nm absorbance ratios (DS-11 FX spectrophotome-

ter, DeNovix Inc., Wilmington, DE, USA). 

2.5.1. Quantification by Real-Time PCR of nitrifying and denitrifying prokaryotes and to-

tal Bacteria and Archaea 

Quantitative PCR was used to quantitate the abundance of 16S rRNA gene of Bacteria 

and Archaea, amoA gene of AOA and AOB, and nitrite reductase genes (nirS and nirK), as 

indicators of the abundances of these microbial groups. The primers used for molecular 

analyses are indicated in Supplementary Table S1 [30–36]. Copy numbers were not con-

verted to cell numbers to avoid introducing biases. The PCR mixture and amplification 

programs for 16S rRNA gene of Bacteria and Archaea, amoA of AOA and AOB were per-

formed according to Allegrini et al. [13]. 

The PCR reaction mixture for amplifying the nirS gene contained 7.5 μL PCR iTaq 

Universal SYBR Green Supermix (2×; Bio-Rad Laboratories, Hercules, CA), 0.75 μL of each 

primer (10 μM stocks, Invitrogen, Waltham, MA, USA), 5 μL sterilized bi-distilled water, 

and 1 μL of template DNA (∼1–10 ng μL−1). The following amplification program was 

used: preincubation at 95 °C for 5 min followed by 40 cycles at 95 °C for 15 s, 60 °C for 20 

s, 72 °C for 45 s (amplification), and a melting curve analysis (65–95 °C). 

The PCR reaction mixture for amplifying the nirK gene contained 7.5 μL of PCR iTaq 

Universal SYBR Green Supermix (2×; Bio-Rad Laboratories, Hercules, CA), 0.45 μL of each 

primer (10 μM stocks, Invitrogen, Waltham, MA, USA), 5.6 μL sterilized bi-distilled water, 

and 1 μL of template DNA (∼1–10 ng μL−1). The following amplification program was 

used: preincubation at 95 °C for 5 min followed by 40 cycles at 95 °C for 20 s, 55 °C for 30 

s, 72 °C for 45 s (amplification), and a melting curve analysis (65–95 °C). 

Standard curves were prepared with decimal dilutions of the respective genes am-

plified by PCR and cloned in plasmids to serve as references for copy numbers calcula-

tions. Equations and efficiency of qPCR standard curves for AOB, AOA, nitrite reductase 

genes (nirS and nirK), Bacteria, and Archaea are indicated in Supplementary Table S2. 

All amplifications were conducted in an ABI 7500 Real−Time System and data pro-

cessed with 7500 Software v2.0.3 (Applied Biosystems, Foster City, CA, USA). 

2.5.2. Metabarcoding of ITS and Bacterial 16S rRNA Gene 

The bacterial V4 region of 16S rRNA gene and the fungal internal transcribed spacer 

(ITS) region were sequenced with Illumina MiSeq (Illumina, Inc., San Diego, CA, USA) 

using paired-end sequencing, resulting in reads 250 nt in length. The primer sets used for 

amplification were 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGAC-

TACVSGGGTATCTAAT-3′) for the bacterial 16S rRNA gene and 7F (5′-

GTGARTCATCGAATCTTTG-3′) and 4R (5′-TCCTCCGCTTATTGATATGC) for the fun-

gal ITS region, using the Fluidigm™ protocol at the DNA Service Laboratory, Roy J. 

Carver Biotechnology Center, University of Illinois at Urbana-Champaign, USA. FASTQ 

files were generated and demultiplexed by the sequencing service with the bcl2fastq v2.20 

Conversion Software (Illumina, San Diego, CA, USA). 

2.5.3. Bioinformatics Analysis 

The resulting FASTQ files were processed in QIIME2 [37] using the recommended 

pipelines for paired-end reads based on DADA2 denoising algorithm. Briefly, primers 

were removed using p-trim-left argument within dada2 denoised-paired script. The trimming 

argument within dada2 denoised-paired script was set on 283 bp for forward reads and 251 

bp for reverse reads for Bacteria and 288 bp for forward reads and 266 bp for reverse reads 

for Fungi (median Q values > 27 reported by Interactive Quality Plot tool of QIIME2), with 

a default value of 2 for the expected number of errors. The amplicon sequence variants 
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(ASVs) obtained after removal of primers, trimming, filtering, denoising, and chimera re-

moval steps, were classified with the Ribosomal Database Project (RDP) naïve Bayesian 

classifier version 2.11 [38]. 

The ASVs table was rarefied (rarefy function) according to the sample containing the 

lowest number of bacterial (IVSSR_2; 22,538 reads) and fungi (IVSSR_2; 26,785 reads) 

reads used in vegan package 2.5–6 [39] and the rarefaction curves were obtained (rarecurve 

function). Alpha-diversity metrics including Shannon diversity index (H′), reciprocal of 

Simpson index (1/λ), observed richness (S′ = number of ASVs), Chao-1 index (estimated 

richness), and Shannon equitability index (EH) were calculated using rarefied data of ASVs 

table. To calculate beta-diversity metrics for each taxon, the representative sequences of 

the resulting ASV were aligned using MAFFT v. 7 [40] and the aligned sequences were 

analyzed with phangorn v2.5.5 package [41] to calculate the distance matrix and a neigh-

bor-joining tree. This phylogenetic tree and the ASV table were loaded in GUniFrac pack-

age v1.1 [42] to obtain the generalized UniFrac distances. All analyses were run with R 

Statistical Software v3.6.1 [43]. 

2.6. Statistical Analysis 

Linear mixed models were fit to each set of soil and microbial parameters, e.g., avail-

able phosphorus (Pa), ammonium (NH4+), nitrate (NO3−), qPCR (log10 copy number μg−1 

DNA), CFU, PNA, and alpha-diversity metrics using PROC GLIMMIX of SAS software 

version 9.4 [44] (SAS Institute, Cary, NC, USA). The suppression method was considered 

a fixed effect and year, block, and their interactions with the treatment were considered 

random terms in the analyses of variance. Water content was used as a covariate in most 

of these analyses except for Pa, NH4+ and NO3− whose determination include a moisture 

correction. When appropriate, least-square means were separated using the lines option 

of the lsmeans statement, setting the probability of Type I error at (α) 0.05. 

For multivariate analysis of beta diversity, the UniFrac distances were used as input 

in vegan package v2.5–6 [39] through non-metric multidimensional scaling (NMDS, 

metaMDS function). Additionally, amplicon sequencing data were analyzed using the 

compositional approach [45,46]. Starting from the initial table of ASVs resulting from the 

RDP classification platform, which contained 15,868 ASVs of Bacteria and 2193 ASVs of 

Fungi, a series of ASV filtering and selection steps were carried out. First, ASV reads be-

longing to the same genera were added, resulting in 1079 and 369 total genera of Bacteria 

and Fungi, respectively. This set was further reduced as only genera with average relative 

abundances >0.1% were kept [45], rendering 189 and 109 genera of Bacteria and Fungi, 

respectively. These genera with their reads were then subjected to further analysis in the 

JMP® predictor screening platform as a preliminary identification tstep to select the genera 

responding to treatments, through a bootstrap forest partitioning method [44,47,48]. Over-

all, 27 Bacteria and 27 Fungi were selected, each contributing at least 1% to the variability 

of the model algorithms. The resulting ASV table was processed with the package zCom-

positions [49] in R [43], in order to replace zero values, prior to the centered log-ratio 

transformation [50], as recommended for compositional data [46]. 

Principal Component Analyses (PCA) were used as a data reduction technique on 

the top contributing genera for each taxon to further remove redundancy. FACTOR pro-

cedure in SAS software version 9.4 [44] with the default specification of priors = 1 sum-

marized the abundances of each genus into a set of uncorrelated composited variables, or 

Principal Components (PCs). PCs with eigenvalues ≥1 that also explained at least 5% of 

the variability in the data set were used as independent variables for further analysis. 

Genera with a significant correlation with each PC (PC loading value > |0.45|) were con-

sidered microbial indicators and used in the description of the PC [48]. Linear models 

were fit to each PC using the GLIMMIX procedure of SAS, with the suppression method 

as fixed effects, while the year, block, and their interactions with the treatment were con-

sidered random terms in the analyses of variance. Least-square means were separated 
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using the lines option of the lsmeans statement, with the probability of Type I error (α) set 

at 0.05. 

A nonparametric multivariate analysis of variance (NPMANOVA with adonis func-

tion in the vegan package; [51]) was deployed using a generalized UniFrac distance and 

1000 permutations to compare distances between suppression methods. When appropri-

ate pairwise PERMANOVA were conducted with false discovery rate (FDR) p-value ad-

justment method in RVAideMemoire package v 0.9–80 [52] (pairwise.perm.manova function 

without corrections, 1000 permutations). 

Software SigmaPlot version 10.0 was used to plot the statistically significant relation-

ships detected between PCs and treatments for genera whose loading was >|0.45|.  

Pearson correlation analysis was deployed with the CORR procedure of SAS, to eval-

uate the relationships among the statistically indicative PCs extracted for Bacteria and 

Fungi and the abundance of genes linked to the nitrogen cycle (AOA, AOB, nirS, and 

nirK), with ancillary soil properties. 

3. Results 

3.1. Bulk Soil Chemical Properties 

Table 1 shows the mean treatment values and their standard errors, together with the 

results of the mean separation procedures for the soil nutrients in response to suppression 

methods. The contents of NH4+, NO3− and available P did not differ statistically between 

the suppression methods (Table 1). 

Table 1. Treatment mean values (mean), standard errors of the mean (SEM), number of observations 

(n), as well as probability values (p-value), and degrees of freedom (df) associated with the ANOVA 

of available phosphorus (Pa), ammonium (NH4+) and nitrate (NO3−). 

  Pa  NH4+ NO3− 

 n Mean SEM Mean SEM Mean SEM 

Suppression method 1         

DQ 8 11.89 1.64 29.96 19.15 5.98 1.16 

R 8 9.60 1.64 31.43 19.15 6.01 1.16 

SS 8 12.65 1.80 27.03 19.22 3.33 1.49 

 df p-value 

Suppression method 2 0.218 0.539 0.451 
1 Suppression methods: DQ, chemical suppression; R, rolling; SS, no suppression. 

3.2. Potential Nitrification Activity 

The results of the analysis of variance of the PNA in the rhizospheric soil indicated 

no statistically significant differences (p = 0.598) between DQ, R, and SS (4.42, 3.75 and 3.47 

µg N-NO2− g−1 dw soil h−1, respectively). 

3.3. Aerobic Heterotrophic Bacteria Counts and Quantitative PCR of Indicator Genes 

In this study, the number of cultivable AHB in the rhizospheric soil of oats was sim-

ilar (p = 0.598) among DQ, R, and SS (4.42, 3.75 and 3.74 log10 CFU g−1 soil, respectively). 

Table 2 summarizes the estimated treatment means, standard errors of the mean 

(SEM), and the probability values (p-values) of the abundances of indicator genes. Statis-

tical analysis for Bacteria, Archaea, AOA, AOB, nirK, and nirS showed no significant effect 

of the suppression method (Table 2). 
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Table 2. Treatment mean values (mean), standard errors of the mean (SEM), number of observations 

(n), as well as probability values (p-value), and degrees of freedom (df) associated with the ANOVA 

of copy number of indicator genes (log10 transformed) from different microbial groups in the rhizo-

sphere of oats. 

  Bacteria Archaea AOA AOB nirS nirK 
 n Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

Suppression method 1              

DQ 8 8.58 0.15 6.74 0.05 5.72 0.08 5.71 0.39 6.71 0.61 6.52 0.48 

R 8 8.58 0.14 6.68 0.05 5.82 0.07 5.64 0.38 6.32 0.60 6.64 0.48 

SS 12 8.56 0.14 6.75 0.04 5.73 0.06 5.65 0.38 6.64 0.59 6.55 0.48 

 df p-value 

Suppression method 2 0.947 0.510 0.627 0.906 0.406 0.665 
1 Suppression methods: DQ, chemical suppression; R, rolling; SS, no suppression. 

3.4. Metagenomics Sequencing of DNA from the Rhizosphere of Oats 

Metabarcoding analysis comprised 1,663,735 bacterial and 1,809,975 fungal se-

quences. After filtering, denoising, and removing chimeric sequences, the bacterial se-

quences were clustered into 15,868 ASVs, whereas the fungal sequences were clustered 

into 2193 ASVs. Rarefaction curves are included as Supplementary Figures S1 and S2 for 

Bacteria and Fungi, respectively. 

3.4.1. Alpha and Beta Diversity 

The alpha-diversity measurements of estimated richness (Chao-1), observed richness 

(S′), reciprocal of Simpson index (1/λ), Shannon index (H′), and Shannon equitability in-

dex (EH) for Bacteria and Fungi revealed no statistical effect of the suppression method 

(Table 3). 

No significant effect of the suppression method was detected in multivariate statisti-

cal analysis through PERMANOVA to investigate the beta diversity of Bacteria and Fungi 

(F. model = 1.38, p = 0.186 and F. model = 0.994, p = 0.407, respectively). These results were 

visualized in NMDS analyses based on generalized UniFrac distance, confirming no sep-

aration between suppression methods (Figure S3a,b). 

Table 3. Treatment mean values (mean), standard errors of the mean (SEM), number of observa-

tions (n), as well as probability values (p-value), and degrees of freedom (df) associated with the 

ANOVA of the alpha-diversity metrics of Chao-1 index (estimated richness); S′, observed richness 

(observed ASVs); 1/λ, reciprocal of Simpson index; H′, Shannon index; and EH, Shannon equitabil-

ity index. 

Taxa Treatments  Chao-1 S′ 1/λ H′ EH 

  n Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

Bacteria Suppression method            

 DQ 8 1157 97.23 1152 94.71 594.18 47.17 6.68 0.08 0.950 0.002 

 R 8 1314 97.23 1304 94.71 663.93 47.17 6.81 0.08 0.951 0.002 

 SS 12 1233 79.39 1223 77.33 549.18 43.29 6.68 0.07 0.946 0.002 

  df p-value 

 Suppression method 2 0.530 0.535 0.074 0.444 0.224 

Fungi Suppression method            

 DQ 8 173.88 41.38 173.88 41.38 44.85 10.71 4.36 0.10 0.853 0.04 

 R 8 195.13 41.38 195.13 41.38 39.06 10.71 4.36 0.10 0.834 0.04 

 SS 12 160.19 41.21 160.19 41.21 35.14 10.50 4.22 0.10 0.842 0.04 

  df p-value 

 Suppression method 2 0.333 0.333 0.181 0.573 0.740 
1 Suppression methods: DQ, chemical suppression; R, rolling; SS, no suppression. 
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3.4.2. The Composition of Communities of Bacteria and Fungi in the Oats Rhizosphere 

Bacteria  

The PCA on top bacterial indicators resulted in a group of seven uncorrelated PCs 

with eigenvalue >1 that, together, explained 71% of the variability in the data set (Table 

S3). PC1 presented positive loadings for Curvibacter, Duganella, Erythrobacter, Flavilitoribac-

ter, Longimicrobium, Massilia, Novosphingobium, Parviterribacter, and Phenylobacterium, and 

negative loadings for Brevifollis, Chitinispirillum, Lacunisphaera, and Nocardioides. PC2 con-

tained a contrast between two groups of bacteria, those with positive loadings: Abditibac-

terium, Massilia, and Sediminibacterium; and those with negative loadings: Azoarcus, Gp17, 

Litorilinea, Parviterribacter, and Thermanaerothrix. PC3 had positive loadings for Gemi-

nisphaera, Gemmata, and Methylobacterium, and negative loadings for Stella. The PC4 eigen-

vector had positive loadings for Azoarcus while including a negative loading for Brevifollis. 

PC5 showed a positive loading for Longimicrobium and negative loadings for Kineosporia 

and Thermanaerothrix. The PC6 eigenvectors included positive loadings for Brevundimonas. 

Notably, PC7 no had genus with PC loadings > |0.45|. 

Linear mixed model ANOVAs were deployed to test the effect of the suppression 

method on the bacterial communities of the oats rhizosphere, using the seven PCs as in-

dependent variables. The suppression method effects were significant for PC1 (p = 0.027) 

and PC3 (p = 0.019), while no statistically significant effects were detected for PC2, PC4, 

PC5, PC6, or PC7. Figure 3a shows a graph of the PC1 means for each suppression method 

with their respective standard error bars, together with the means separation results (Ta-

ble 4). The contribution of each bacterial genus to these results is shown in Figure 3b. 

Compared to the SS treatment, the group of bacteria with positive loadings significantly 

decreased with DQ and R treatment, while the opposite behavior was observed for those 

responsive genera with negative loadings (Figure 3b). Figure 4a shows a graph of the PC3 

means for each suppression method with their respective standard error bars, accompa-

nying the means separation results (Table 4). The contribution of each bacterial genus to 

these results is shown in Figure 4b. Compared to R, the group of bacteria with positive 

loadings significantly decreased in the rhizosphere of chemically terminated oats (DQ), 

and the opposite response was observed for those indicators with negative loadings (Fig-

ure 4b). 

Table 4. Mean values and probability values (p-values) associated with the analysis of variance 

(ANOVA) results for the effects of the suppression method on each group of principal components 

(PCs) calculated for Bacteria datasets comprised of indicator ASVs. 

 Bacteria 
 PC1 PC2 PC3 PC4 PC5 PC6 PC7 

Suppression method 1        

DQ −0,68 B −0.30 −0.53 B −0.36 0.34 −0.37 0.49 

R −0,70 B −0.02 0.69 A −0.06 −0.55 0.47 −0.27 

SS 0,90 A −0.01 −0.11 B 0.27 0.07 −0.07 −0.15 

p-value 0.027 0.679 0.019 0.332 0.123 0.240 0.243 
1 Suppression methods: DQ, chemical suppression; R, rolling; SS, no suppression. Treatment mean 

values followed by the same capital letter were not statistically different (α = 0.05). 
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Fungi 

The PCA on top fungal genera returned a set of eight uncorrelated PCs with eigen-

values >1 that, together, explained 73% of the variability in the data set (Table S4). PC1 

presented positive loadings for Alternaria, Davidiella, and Podospora, and negative loadings 

for Dokmaia, Haematonectria, Phialophora, and Spizellomyces. PC2 was a contrast between 

two groups of microbes, those with positive loadings: Auricularia, Corynascus, Phialoceph-

ala, Pseudallescheria, and Exophiala; while the group with negative loadings included 

Edenia, Elaphocordyceps, Myrmecridium, and Phoma. PC3 had positive loadings for Dokmaia, 

Lecythophora, and Rhizopycnis, and negative loadings for Corynascus and Mycena. The PC4 

eigenvector included positive loadings for Microdochium while including a negative load-

ing for Phaeosphaeria and Powellomyces. PC5 showed a positive loading for Phialocephala 

and negative loadings for Edenia and Sclerostagonospora. PC6 comprised two genera with 

positive loadings: Exophiala and Tricladium. The PC7 and PC8 eigenvectors included neg-

ative loadings for Myrmecridium and Periconia, respectively. 

Linear mixed model ANOVAs assessing the effects of suppression methods on each 

of the PCs representing the fungal community (Table 5) indicate a statistically significant 

effect of suppression method only for PC1 (p < 0.001). Figure 5a shows a graph of the 

fungal PC1 means for each suppression method with their respective standard error bars, 

accompanying the means comparison results (Table 5). The contribution of each indicator 

to these results is shown in Figure 5b. Thus, PC1 means statistically decreased within the 

R and DQ compared to SS. Therefore, fungal indicators with positive loadings on PC1 

increased in abundance under SS, while those with negative loadings increased with R 

and DQ (Figure 5b). 

Table 5. Mean values and probability values (p-values) associated with the analysis of variance 

(ANOVA) results for the effects of the suppression method on each group of principal components 

(PCs) calculated for fungi datasets comprised of indicator ASVs. 

 Fungi 
 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 

Suppression method 1         

DQ  −0.11 B −0.59 −0.44 0.53 −0.44 −0.06 −0.27 −0.59 

R −0.93 C 0.12 −0.07 −0.04 0.33 0.42 0.40 0.12 

SS 0.69 A 0.18 0.59 −0.41 0.16 −0.24 −0.23 0.18 

p-value 0.001 0.409 0.415 0.368 0.139 0.281 0.686 0.409 
1 Suppression methods: DQ, chemical suppression; R, rolling; SS, no suppression. Treatment mean 

values followed by the same capital letter were not statistically different (α = 0.05). 

 
(a) (b) 
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Figure 3. Visual representation of the combined results of the principal component analyses (PCAs) 

and their mean separation procedure showing the genera with loadings >|0.45| according to Sup-

plementary Table S3 for PC1: (a) Mean values of the PC1 scores for each suppression method with 

their standard errors (as error bars). Different capital letters indicate significant differences between 

suppression methods (p < 0.05); (b) Contribution of each indicator genera to the PC1 mean value  

(Table 4) for each suppression method (DQ, red circles: chemical suppression; R, green circles: roll-

ing, and SS, blue triangles: no suppression) multiplied by the loading of the specific genera within 

the PC (Tables S3), named M×L. 

 
(a) (b) 

Figure 4. Visual representation of the combined results of the principal component analyses (PCAs) 

and their mean separation procedure showing the genera with loadings >|0.45| according to Sup-

plementary Table S3 for PC3: (a) Mean values of the PC3 scores for each suppression method with 

their standard errors (as error bars). Different capital letters indicate significant differences between 

suppression methods (p < 0.05); (b) Contribution of each indicator genera to the PC3 mean value  

(Table 4) for each suppression method (DQ, red circles: chemical suppression; R, green circles: roll-

ing, and SS, blue triangles: no suppression) multiplied by the loading of the specific genera within 

the PC (Tables S3), named M×L. 

 
(a) (b) 

Figure 5. Visual representation of the combined results of the principal component analyses (PCAs) 

and their mean separation procedure showing the genera with loadings >|0.45| according to Sup-

plementary Table S4 for PC1: (a) Mean values of the PC1 scores for each suppression method with 

their standard errors (as error bars). Different capital letters indicate significant differences between 

suppression method (p < 0.05); (b) Contribution of each indicator genera to the PC1 mean value  

(Table 5) for each suppression method (DQ, red circles: chemical suppression; R, green circles: roll-

ing, and SS, blue triangles: no suppression) multiplied by the loading of the specific genera within 

the PC (Tables S4), named M×L. 
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3.5. Pearson’s Correlation among Variables 

Supplementary Table S5 shows the matrix of Pearson’s correlation coefficients 

among NO3−, NH4+, and Pa and the PCs responsive to treatments for each taxon; Bacteria 

PC1 and PC3 (BPC1 and BPC3), and Fungi PC1 (FPC1). We found one strong (|0.6–0.8|) 

and four moderate (|0.4–0.6|) associations of statistical significance (p < 0.05). Thus, Bac-

terial PC1 showed a moderate positive correlation with FPC1 scores (r = 0.53, p = 0.004) 

and negative correlation with NO3— (r = −0.41, p = 0.047). BPC3 did not have any significant 

correlation. FPC1 was moderately and negatively correlated with NH4+ (r = −0.41, p = 0.045) 

and NO3− (r = −0.40, p = 0.012). Among the soil properties examined, NH4+ showed a mod-

erate positive correlation with NO3− (r = 0.68, p = 0.0003). 

Supplementary Table S6 shows the matrix of Pearson’s correlation coefficients 

among NO3−, NH4+, and Pa and the abundance of nitrogen cycle genes (AOA, AOB, nirS, 

and nirK). Four of the eleven statistically significant correlation coefficients found in the 

analyses (bolded, Table S6) fell within the “moderate” (|0.4–0.6|) association range, 

whereas three and six correlations were within the “strong” (|0.6–0.8|) and “very strong” 

(>|0.8|) association ranges, respectively. AOB was very strongly and positively correlated 

with the nirK gene (r = 0.91, p < 0.0001) and NH4+ (r = 0.86, p < 0.0001), and moderately 

associated with NO3− (r = 0.41, p = 0.046), while showing a negative strong correlation to 

the nirS gene (r = −0.75, p <0.0001). AOA was moderately and positively correlated with 

NO3− (r = 0.50, p = 0.013). The NirS gene showed a strong negative correlation with the nirK 

gene (r = −0.84, p < 0.0001), NH4+ (r = −0.78, p < 0.0001), and a moderate negative association 

to NO3− (r = −0.51, p = 0.011). The NirK gene displayed very strong and moderate positive 

correlations with NH4+ (r = 0.90, p < 0.0001) and NO3− (r = 0.53, p = 0.007), respectively. 

4. Discussion 

4.1. The Abundance of Different Microbial Groups 

Culturable bacteria represent less than 1% of total bacterial populations, which, how-

ever, can very quickly respond to root exudates [53]. In this study, the aerobic hetero-

trophic bacteria count showed no significant differences among suppression methods. 

This may be due to the climatic variability, spatial heterogeneity of soil nutrients, soil 

moisture, and complexity of soil microbial communities that make the detection of treat-

ment effects difficult when working under field conditions [54–56]. In contrast, Imparato 

et al. [57] reported that foliar application of glyphosate doubled culturable bacteria abun-

dance in the rhizosphere of barley (Hordeum vulgare L.) compared to cut or untreated treat-

ments. However, this experiment was carried out in a different grass species, grown for 

25 days in a greenhouse, so their results are not strictly comparable with ours. In addition, 

there are several studies that have shown that the impact of root exudates on the rhizo-

sphere microbiome depends on plant species, genotype, age, and root morphology [58–

60]. 

Total bacterial and archaeal abundances were not affected by suppression methods. 

In agreement with our results, Romdhane et al. [21] did not observe changes in the abun-

dance of bacteria and archaea in soil after CC suppression by different methods, either 

chemically (glyphosate + 2,4−dichlorophenoxyacetic acid), mechanically (rolling), or nat-

urally by frost (winter-kill) in a field study with mixture CC. 

The correlation between genes involved in nitrification and denitrification was sig-

nificant. Strong negative associations were found among AOB, nirK, and nirS. However, 

no significant impacts of suppression methods were found on the estimated abundance 

of nitrifiers and denitrifiers in the oats rhizosphere. The lack of significant differences in 

the abundance of AOB was consistent with the results obtained by sequencing at the ge-

nus level. Here also, Romdhane et al. [21] reported that CC suppression methods did not 

affect the abundance of AOA and AOB, while the number of copies of nitrite reductase 

genes (nirK and nirS) decreased in glyphosate-terminated CC compared to rolling and 

frost treatments. In agreement with our results, Jenkins et al. [61] did not observe any 
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differences in the abundance of the amoA gene of AOB and AOA resulting from treatment 

with glyphosate in non-glyphosate-resistant (DeKalb DKC65-18) and glyphosate-resistant 

(DeKalb DKC65-17) corn (Zea mays L.) under reduced tillage. Meanwhile, Zhang et al. [62] 

observed that the mowing of grasses (Stipa krylovii, Agropyron cristattum, and Cleistogenes 

squarrosa) did not affect the abundances of amoA, nirS, nirK, and nosZ genes in soil. In 

contrast, Allegrini et al. [20] observed that the abundance of amoA gene of AOA in the 

rhizosphere of oats as WCC was higher with mechanical suppression compared to chem-

ical suppression, although this study was done under greenhouse conditions. 

Similar to Romdhane et al. [21], we found positive and significant correlations be-

tween the abundance of AOB, AOA, and nirK genes and the available N forms (NH4+ and 

NO3−). 

In this study, potential nitrification activity showed no significant differences among 

the suppression methods. In contrast, Liang et al. [63] reported that flail mowing (cut and 

chopped) compared to spraying (glyphosate), significantly increased nitrification poten-

tial by ~36% in bulk soil, 12 weeks after legume cover crop termination. However, this 

experiment was carried out in legume WCC over one growing season, so their results are 

not strictly comparable with ours. 

4.2. Bacterial Community Composition 

Two groups of bacteria were identified as indicators for suppression method (PC1, 

Figure 3b). The BPC1 was moderately and negatively associated with soil NO3−. Thus, 

genera with negative loadings on PC1 were associated positively with soil NO3−, and the 

opposite occurs for genera with positive loadings on PC1. The group with positive load-

ings, which responded negatively to chemical suppression and rolling, comprises nine 

genera: Duganella, Massilia, Erythrobacter, Novosphingobium, Curvibacter, and Phenylobacte-

rium (Proteobacteria), Flavilitoribacter (Bacteroidetes), Longimicrobium (Gemmatimona-

detes), and Parviterribacter (Actinobacteria). Some species in the genus Curvibacter are de-

nitrifiers [64] that reduce NO3− to NO2−, and further to gaseous forms of N, which is a me-

tabolism that is widespread among members of the Proteobacteria phylum, and could 

partially explain the existing correlation between soil NO3− content and PC1. 

The genera Duganella and Massilia, representative of the Oxalobacteraceae family, are 

heterotrophic and non-spore-forming Gram-negative bacteria, commonly found in water, 

soil, and associated plants [65]. Duganella has been isolated from the rhizosphere of sug-

arcane (Saccharum officinarum L.) and has plant-growth-promoting capabilities, such as the 

production of extracellular-polysaccharides [66]. Yin et al. [67] identified Duganella in the 

rhizosphere of wheat infested with Rhizoctonia solani AG-8, where it could act as a biocon-

trol agent [68]. Massilia has been found in the rhizosphere of many plant species, such as 

sugarcane [69], wheat [70], or corn [71]. In addition, this genus exhibited mechanisms of 

phytopathogen control, including the production of siderophores and extracellular lytic 

enzymes [72]. 

The Erythrobacter and Novosphingobium genera belong to the Erythrobacteraceae fam-

ily, whose members show different application properties as bioremediation of a variety 

of xenobiotics, production of carotenoids, cytotoxic compounds, among others [73]. Eryth-

robacter has been isolated from the rhizosphere of Suaeda japonica [74] and Kandelia candel 

[75]. Bacteria of the genus Erythrobacter presented genes with plant growth promoting 

traits (as biosynthesis of antibiotics, siderophores production, root colonization, and tol-

erance to harsh environments) [76]. Novosphingobium was isolated from the rhizosphere 

soil of grasses as maize [77] and rice (Oryza sativa L.) [78]. This genus also has the potential 

to act as plant-growth promoting rhizobacteria (PGPR), producing IAA, acetoin, and si-

derophores. 

The genus Phenylobacterium (Alphaaproteobacteria) has been identified in wheat rhi-

zosphere [15]. This bacterium was associated with phenolic compounds degradation in 

contaminated soil with polycyclic aromatic hydrocarbons (PAHs) [79]. Flavilitoribacter be-

longs to the order Saprospirales, which has been identified in the rhizosphere of corn and 
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switchgrass (Panicum virgatum L.) [80]. Members of the phylum Gemmatimonadetes have 

a cosmopolitan distribution in terrestrial systems, although they are generally found in 

low frequency in soil microbial communities, with relative abundances ranging from 0.2 

to 6.5% [81]. Longimicrobium, an oligotrophic bacterium, is the only genus in the family 

Longimicrobiaceae, and was isolated from soil [82]. Parviterribacter genera are strictly aer-

obic rods isolated from soil [83]. This genus was favored in contaminated soil with atra-

zine [84]. 

The group of four indicator genera favored by the chemical suppression and rolling 

methods (PC1, Figure 3b) were: Brevifollis and Lacunisphaera (Verrucomicrobia), Chi-

tinispirillum (Fibrobacteres), and Nocardioides (Actinobacteria). Representatives of the Ver-

rucomicrobia phylum are ubiquitous in soil, accounting for 1 to 10% of the bacterial 16S 

rRNA present in the soil [85]. Verrucomicrobial community structure and abundance are 

sensitive to changes in soil moisture and fertility, they respond negatively to high soil 

fertility and low moisture [86,87]. Brevifollis is a Gram-negative, obligately aerobic, 

chemoorganotrophic bacterium, isolated from an artificial consortium of Chlorella vulgaris 

(green algae) and bacteria originating from soil [88]. Lacunisphaera has been identified in 

the corn rhizosphere and showed positive correlations with soil NO3− [89]. The Opituta-

ceae family, to which Lacunisphaera belongs, exhibited antagonistic activity against soil-

borne pathogens in the cotton rhizosphere [90]. 

Fibrobacteres members are specialists in cellulose degradation, although Chitinispiril-

lum utilizes chitin as the sole growth substrate [91]. This phylum has been identified in 

the wheat rhizosphere and showed positive correlations with soil NO3− and wheat yield 

[92]. Nocardioides has been detected in the rhizospheric soil after the continuous cropping 

of barley [93]. Piutti et al. [94] reported that a strain of the genus Nocardioides, isolated 

from atrazine-treated bulk- and maize rhizosphere soil, can degrade atrazine. This genus 

also could act as biocontrol agent [95]. 

Indicators with a positive response to the rolling method were Gemmata, Gemi-

nisphaera, and Methylobacterium (PC3, Figure 4b). The Planctomycetes phylum is ubiqui-

tously distributed in a wide range of aquatic and terrestrial environments and its diversity 

is sensitive to soil management history [96]. The only representative of this phylum was 

Gemmata, a genus recently identified in the rhizosphere of corn [97]. Gemmata species have 

the capacity to carry out heterotrophic nitrification and anaerobic ammonia oxidation 

(anammox) [98]. Kim et al. [47] reported that this genus decreased in abundance in soil 

upon introducing cover crops (Secale cereale L. and Vicia villosa Roth.) to corn monoculture. 

Methylobacterium is a strictly aerobic bacteria belonging to the phylum Proteobacteria, able 

to grow using compounds containing only one carbon [99]. Members of this genus occupy 

different habitats, including soil, rhizosphere, water, grains, leaves, nodules, and air [100]. 

Methylobacterium has been associated with plant growth promotion, biocontrol activity, 

and bioremediation [101]. 

Stella is a representative of the phylum Proteobacteria (Alphaproteobacteria) identi-

fied as an indicator in the group that responds positively to the DQ and SS methods. It is 

a Gram-negative bacterium belonging to the Stellacea family, recently proposed by Hördt 

et al. [102]. Stella was isolated from the soil and associated with organic matter decompo-

sition processes, which improves soil fertility and crop productivity [103]. 

4.3. Fungal Community Composition 

Two groups of fungi were identified as indicators for suppression method (PC1, Fig-

ure 5b). The FPC1 was moderately and negatively associated with soil NH4+ and NO3−. 

Thus, genera with negative loadings on PC1 were positively associated with soil NH4+ and 

NO3− and the opposite occurs for genera with positive loadings on PC1. The group with 

negative loadings on PC1, that responded positively to chemical suppression and rolling, 

comprises 4 genera: Dokmaia, Haematonectria, and Phialophora (Ascomycota), and Spizello-

myces (Chytridiomycota). 
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Representatives of the phylum Ascomycota are diverse and have been detected in 

different ecosystems such as forests, agricultural lands, and commercial forests [104], and 

represent the main soil fungal decomposers [105]. Dokmaia and Phialophora were identified 

in the rhizosphere of Pisum sativum L. [106] and grasses [14,107] and live as saprotrophs 

in soil, where they usually are non-pathogenic for plants. In agreement with our results, 

Schlatter et al., [14] found that the application of glyphosate in wheat favored the Phialo-

phora genus in the rhizosphere of this specie. Newsham et al. [108] reported a positive 

growth response of Vulpia ciliata to inoculation with Phialophora graminicola under con-

trolled conditions. Haematonectria (an anamorph of Fusarium spp) was found in alfalfa 

(Medicago sativa L.) rhizosphere and identified as a plant pathogen [109]. Dean et al. [110] 

reported that Haematonectria was affected by management systems, being more common 

in conventional soybean (Glycine max L. Merr.) than in organic soybean. 

The Chytridiomycota phylum comprises zoosporic fungi that occur in soil as sapro-

phytes growing on organic material [111]. Spizellomyces have been identified in soybean 

rhizosphere as a plant pathogen infecting soybean during farm cultivation [112]. Schlatter 

et al. [113] reported that glyphosate, by compromising the plant defense system, promotes 

the colonization of root pathogens, and can result in a “green bridge” between weeds and 

crop hosts. 

The group of 3 indicator genera that decreased in abundance with chemical suppres-

sion and rolling belong to the Ascomycota phylum. Podospora has been associated with N-

fertilized soils [47], which could partially explain the correlation among FPC1 and availa-

ble forms of N (NH4+ and NO3−). Alternaria, Davidiella, and Podospora were identified in 

wheat rhizosphere and negatively correlated with plant density [114]. Additionally, spe-

cies of Davidiella and Podospora may reduce wheat yield [114]. The genus Alternaria is 

widely distributed in soil and organic matter, with a majority of species acting as plant 

pathogens, saprophytes, and endophytes [115]. A previous study found that Alternaria 

decreased in abundance in the wheat rhizosphere with glyphosate treatment, indicating 

that the herbicide can be toxic to some plant pathogens [14]. Podospora, a saprotrophic 

fungus, has genes potentially involved in lignin degradation and efficient cellulose break-

down [116]. 

5. Conclusions 

The results of this study show that functional genes, aerobic heterotrophic bacteria 

count, potential nitrification activity, and soil properties were not responsive to the oats 

suppression methods. Genus-level indicators with high-taxonomic resolution instead 

showed clear differences between suppression methods. Some bacterial genera, including 

fungal antagonists and chitin degraders, and two fungi associated with plant potential 

pathogens, were favored by both suppression methods, yet both methods negatively af-

fected other genera associated with plant growth promotion characteristics. 

Therefore, the decaying roots of the suppressed winter cover crop in soil, particularly 

through chemical desiccation, may act as a “green bridge,” transmitting pathogens to the 

next crop in the rotation and affecting the ability of plant-growth promoting rhizobacteria 

to suppress these pathogens. Longer-term studies would be necessary to achieve a better 

understanding of the effects of these management practices on soil properties and the di-

versity of rhizospheric microbial communities. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/agronomy12102246/s1. Table S1: Primer used for qPCR. Table S2: 

Equations and efficiency of qPCR standard curves for samples processed in 2018 and 2019. The re-

sults for ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), nitrite reductase 

genes (nirS and nirK), Bacteria, and Archaea are indicated. Table S3: Principal component analysis 

of bacteria genera showing the eigenvector, the eigenvalue, and the cumulative proportion the of 

the dataset variability explained by each of the seven principal components (PCs) extracted. Genera 

with loadings >|0.45| are bolded. Table S4: Principal component analysis of fungal genera showing 
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the eigenvector, the eigenvalue, and the cumulative proportion the of the dataset variability ex-

plained by each of the eight principal components (PCs) extracted. Genera with loadings >|0.45| 

are bolded. Table S5. Matrix of Pearson’s correlation coefficients among microbial indicator groups 

for each taxon responsive to treatments (Bacteria PC1 and PC3, Fungi PC1) and soil properties of 

nitrate (NO3−), ammonium (NH4+), and available P (Pa). Table S6. Matrix of Pearson’s correlation 

coefficients among the abundance of nitrogen cycle genes (AOA, AOB, nirS, and nirK) and soil prop-

erties of nitrate (NO3−), ammonium (NH4+), and available P (Pa). Figure S1: Rarefaction curves of the 

different bacterial samples analyzed through barcoded amplicon-sequencing. Figure S2: Rarefaction 

curves of the different fungal samples analyzed through barcoded amplicon-sequencing. Figure S3: 

Non-metric multidimensional scaling of Bacteria (Stress = 0.08) (A) and Fungi (Stress = 0.105) (B) 

using generalized UniFrac distance. 
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