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Abstract

:

Farmers hoping to manage cropping systems sustainably are turning to cover crops to help mitigate plant pathogens. Plants with biofumigant properties are used to control soil-borne pathogens in agricultural settings, especially in till systems, where the brassicas are incorporated into the soil as green manure or seed meal. The effect of these crops is not well studied in no-till systems; thus, it is hard to know if they are as effective as green manure. Whether or not these cover crops can effect changes during a single growth season has not yet been studied. This study compared the response of the soil microbial community to four different brassica cover crops, two of which are commonly used in vineyards (Sinapis alba L. (white mustard) and Raphanus sativus (L.) Domin (tillage radish)) as well as two brassicas that are native or naturalized to the Okanagan (Capsella bursa-pastoris (L.) Medik. (Shepherd’s purse) and Boechera holboelli (Hornem.) Á. Löve and D. Löve (Holbøll’s rockcress)). Cover crops did not affect fungal species richness, but B. holboelli recover crops were associated with increased evenness among fungal taxa. Both C. bursa-pastoris and S. alba had lower levels of plant parasitic nematodes compared to non-brassica controls. These results were apparent only after a single growing season, which indicates growers could use this approach as needed, minimizing long-term exposure to biofumigants for beneficial soil microbes.
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1. Introduction


Vineyards around the world suffer significant economic loss from the destruction of crop due to soil-borne root diseases [1]. These include diseases caused by fungal pathogens such as Black-foot disease (caused by several fungal species in the genera Campylocarpon, Cylindrocarpon, Cylindrocladiella and Ilyonectria) and Petri disease (Phaeomoniella chlamydospore) as well as plant parasitic nematodes (PPNs) such as root-knot nematode (Meloidogyne spp.) and ring nematode (Mesocriconema xenoplax).



One way of controlling soil-borne fungal disease is through the use of fungicidal cover crops, particularly those in the Brassicaceae. Chemicals produced by these plants, glucosinolates (GSLs), have been found to be effective in the suppression of bacteria [2], fungi [3], nematodes [4], weeds [5] and insect pests [6]. Activation typically occurs with the maceration of plant tissues [7], therefore, treatment of soils with brassicas is commonly carried out in the form of green manure or seed meal applications.



Not all biofumigant cover crops are created equal. There is variation in GSLs among brassica taxa, which results in differential fungal [8,9,10] and nematode toxicity [11,12,13,14,15]. However, there is little guidance for farmers in choosing which brassica would be best for their particular pathogen challenge.



The broad-spectrum nature of GSLs is both good and bad—good in that they should theoretically inhibit all pathogens but bad in that they also affect beneficials. The use of biofumigants can lead to shifts in soil microbial communities [11,16,17,18,19,20,21]. Thus, growers need to be judicious in their use of biofumigant crops—restricting their use over time as to not impinge upon soil microbial functioning [22]. For example, biofumigant crops can have deleterious effects on essential beneficial microbes such as arbuscular mycorrhizal fungi (AMF) and free-living nematodes (FLNs) [23,24]). There is evidence that these crops may negatively affect AMF by inhibiting spore germination [25,26], suppressing the AM symbioses [27,28]. The effects of brassicas on FLNs have mixed results, with some studies reporting an increase in FLNs [29,30], while others reporting no change [13,31]. Understanding how beneficial microbes are affected by brassica crops is largely unexplored, yet is an important aspect of crop management.



If growers can use biofumigant crops strategically, deleterious effects on beneficials may be greatly reduced. By choosing the appropriate brassica taxa and applying it for the minimum amount of time, undesired effects to non-target organisms may be avoided. The aim of this study was to investigate how different species of intact brassica cover crops influence the soil fungal and nematode communities, including both pathogenic and beneficial organisms, in a vineyard setting over the course of a single growing season.




2. Materials and Methods


2.1. Vineyard Location and Site Conditions


The field study took place in Tantalus Vineyards, Kelowna, BC, Canada (latitude 49°50′5″ N, longitude −119°27′33″ W) from May 2020 to September 2020. This region lies within the Okanagan Valley geographical indication for viticulture (http://www.bcvqa.ca/wine-regions-of-bc/ (accessed on 23 June 2021). The field in question had been used as a horse pasture until 2012 and was fallow from 2012 to 2020. Vitis vinifera cv. Pinot noir (ungrafted) were planted with one shovel scoop of compost per vine (Glengrow: https://www.kelowna.ca/city-services/okanagan-compost/compost-we-produce/glengrow (accessed on 20 June 2021) at the beginning of the experiment in early June 2020.




2.2. Cover Crops


Two cultivars commonly used as cover crops were chosen: tillage radish (Raphanus sativus L.) and white mustard (Sinapis alba L.) as well as two cover crops native or naturalized to the Okanagan Valley (Shepherd’s purse (Capsella bursa-pastoris (L.) Medik.) and rockcress (Boechera holboelli (Hornem.) Á. Löve and D. Löve)). S. alba seeds were obtained from Richter’s, Ontario, Canada. R. sativus seeds were obtained from William Dam Seeds, Dundas, Ontario, Canada. C. bursa-pastoris seeds were obtained from Xeriscape Endemic Nursery, West Kelowna, BC, Canada. B. holboelli seeds were obtained from SeedsCo Community Conservation, Kelowna, BC, Canada.




2.3. Establishment of the Experiment


Field plots were prepared in May 2020 by removing all growth in the plots by a finger weeder (approximately 2–4 cm deep) and manual removal of all vegetation apart from control plots, where vegetation was not removed. Vegetation in the interrow remained undisturbed for all treatments. Seeds for each treatment were weighed ahead of time to achieve their respective seeding rates (Table 1). B. holboelli and C. bursa-pastoris were planted by sprinkling the seeds onto the soil while S. alba and R. sativus seeds were planted 2–3 cm deep individually and covered. Treatments were planted in a 5 × 5 randomized block design, with each row representing a block and plots within blocks representing experimental units for a total of 25 experimental units. One cover crop species was planted per plot (n = 5). Each plot contained five evenly spaced grapevines, which were planted 2 weeks after cover crop seeding.




2.4. Plot Maintenance


Plants were watered and fertilized as per vineyard management protocols (4.5 metric tonnes/acre of compost (Glengrow) in spring—no additional fertilizer). Vines were irrigated by drip irrigation every other day for 2 h at 1.89 L per hour. Interrow cover crops were irrigated by microsprinklers for 4 h every 2 weeks. Water came on in May and continued through the season. Plots were hand-weeded as needed, to ensure the treatment species was the dominant undervine cover crop.




2.5. Estimated Biomass of Brassica Cover Crops


To estimate the amount of biomass produced by each of our brassica cover crops, the dry biomass of a randomly chosen single plant from each of the plots (roots included) was measured at the end of the growing season (September 2020). The number of individuals in each of the plots was estimated using a 50 × 50 cm quadrat, then multiplied by the mean dry biomass of the representative individuals by the total number of individuals to obtain a measure of dry biomass/m2. Vegetation biomass was not measured for control plots.




2.6. Soil Sampling


Three soil cores (3 cm × 20 cm deep) were taken from each plot at the end of the growing season (September 2020), combined in one plastic zipper storage bag and homogenized by shaking the bag before subsequent analyses. A subsample was stored in a paper bag and dried at 40 °C for 48 h for deoxyribose nucleic acid (DNA) extraction, soil chemistry and spore extraction. The soil was dried to ensure an equal amount of soil was used for each extraction. The dried soil was stored at −20 °C. The remaining wet soil was stored at 4 °C for nematode extraction. Soil pH was determined by mixing a 1:1 ratio of dried soil (10 g) with reverse osmosis water and measuring using an Orion Star A111 benchtop pH meter (Thermo Fisher Scientific, Waltham, MA, USA). Soil samples from each plot were examined separately.




2.7. Analysis of Effect of Cover Crops on AMF Abundance


To determine the influence of brassica species on AMF abundance in the soil, spore extractions were performed using 20 mg of dried soil from each plot using the protocol described in Gerdemann and Nicolson [32].




2.8. Fungal Community Analysis


DNA was extracted from each dried soil sample (500 mg) using FastDNA Spin Kit for Soil (MP Biomedicals, Irvine, CA, USA) and eluted with 100 µL DNase-free water. DNA quantification was carried out using a Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Extracted DNA was then sent to the Centre for Comparative Genomics and Evolutionary Bioinformatics (Dalhousie University, Halifax, NS, USA) for NextGen sequencing with the MiSeq (Illumina, Inc., San Diego, CA, USA). Amplicon sequencing of the ITS2 (Internal Transcribed Spacer) sub-region was performed for each plot using primers ITS86F 5′-GTGAATCATCGAATCTTTGAA-3′ and ITS4R 5′-TCCTCCGCTTATTGATATGC-3′ to target all fungi [33]. Raw reads were uploaded on NCBI (http://www.ncbi.nlm.nih.gov/bioproject/753154 (accessed on 9 August 2021)).




2.9. Fungal Community Sequencing


Raw sequence data were processed in QIIME2 (version 2020.2, https://qiime2.org). Due to the poor quality of the reverse reads, only forward reads were used for analyses. Of the five control plots, only three plots were successfully sequenced. Sequences were denoised using Divisive Amplicon Denoising Algorithm (DADA2 pipeline) [34] with the specifications: fragment length 6 to 279. Truncation length was determined by where the quality score starts to drop below 25. Features were identified for taxa comparison by using the QIIME2 q2-feature-classifier plugin and the naïve Bayes classifier trained on the UNITE database for QIIME reference sequences for fungi (version 8.2, dynamic) [35]. Alpha and beta diversity analyses were performed in QIIME2 using the core-metrics-phylogenetics plugin with a sampling depth of 2355 that retained 42.60% of all features in 100% of samples. Alpha diversity metrics used included Shannon diversity index (SDI), Faith’s phylogenetic diversity index (FPD), Pielou’s evenness and Observed Operational Taxonomic Units (OTU) (species richness). Beta diversity compared differences in OTUs in each plot based on cover crop treatment and metrics included Weighted UniFrac [36], Unweighted UniFrac [37] and Bray Curtis [38] dissimilarities.




2.10. Nematode Extraction and Counting


All soil nematodes were extracted from 100 cm3 of wet soil within 1 month of sampling using a modified wet sieving and sucrose flotation technique [39]. Nematodes extracted from each sample were counted using a gridded counting dish under an Olympus CK 2 inverted light microscope at 40× magnification (Olympus, Tokyo, Japan). To determine the individual abundances of PPNs and FLNs as well as the ratio of PPNs to FLNs, PPNs and FLNs were separately counted in one transect of the counting plate representing 1/12 of the total sample. PPNs were distinguished by the presence of a distinct stylet while all other nematodes were considered FLNs.




2.11. Statistical Analysis


2.11.1. Fungal Community


Correlation testing to relate mean diversity per cover crop (SDI, FPD, evenness and richness) with estimated mean brassica biomass per cover crop was carried out in QIIME2 using the alpha diversity metrics generated with core-metrics–phylogenetics and the qiime diversity alpha-correlation command [40].



Differences in alpha diversity among cover crop treatments were tested using one-way analysis of variance (ANOVA) with cover crop treatment as a fixed factor and block as a random factor (stats package version 4.0.5) [41] (R statistical software (version 1.4.1106)). Post hoc comparisons of means were performed using Tukey–Kramer post hoc test with p set at 0.05 (stats package version 2.0.5) [41]. Planned contrasts were conducted using the contrasts function (stats package version 4.0.5) [41] and the aov function from the car package (version 3.0-10) [42] to compare the control to all brassica treatments and to compare native brassica treatments to non-native brassica treatments. Planned contrasts were conducted for fungal species evenness, SDI, FPD and observed OTUs. Differences in beta diversity of OTUs among cover crop treatments was analyzed in QIIME2 using beta-group-significance (permutational analysis of variance (PERMANOVA), permutations = 999) [43].



Differential abundance of features among cover crop treatments was carried out using analysis of composition of microbiomes (ANCOM) in QIIME2. Before analysis, features were filtered to those that had a minimum frequency of 10 and appeared in a minimum of two samples. ANCOM was run on all features based on differences between treatments.



Taxonomic data for the Phylum, Class and Species levels (levels 2, 3 and 7) were exported from QIIME2 for further analysis in R. PERMANOVA using adonis2 (vegan package version 2.5-7) [44] was run at each of these taxonomic levels to determine differences in composition among cover crop treatments. A square root transformation was performed on the data before running the analysis to minimize the influence of the most abundant groups. A PERMANOVA was also run on all the phylotypes within each of the classes. If any significance was found, it was followed by a pairwise analysis using the vegan package add-on pairwise.adonis (Martinez Arbizu). All PERMANOVA tests used 999 permutations and Bray for calculating pairwise distances.




2.11.2. Nematode Community


A one-way ANOVA was run in R studio (stats package version 4.0.5) [41] with cover crop treatment as a fixed factor and block as a random factor to determine if brassica treatment had an effect on the nematode population. Brassica species were compared with total nematode abundance, estimated abundance of PPN and estimated abundance of FLNs in the soil. To meet the assumption of normality, FLN values were log transformed before final analysis. To determine if brassicas had an effect on the nematode population when compared to the control, or if native brassica treatments differed compared to non-native brassica treatments, a planned contrast was conducted using the contrasts function (stats package version 4.0.5) [41] and the aov function from the car package (version 3.0-10) [42]. These planned contrasts were conducted on total nematode abundance, PPN abundance and FLN abundance.



To determine how the treatment species influenced the nematode community composition in terms of PPN to FLN ratio (a binary outcome), a mixed effect logistic regression model was carried out in R (package lme4 version 1.1-26) [45] using block as a random factor and cover crop species as a fixed effect. This model was then run through ANOVA from the car package (version 3.0-10) [42]. This model was selected to show which treatments were more or less likely to alter the relative abundance of PPNs to FLNs compared to the control.



Correlation testing to relate each nematode measurement (total, PPNs, FLNs and PPN/FLN ratio) with estimated brassica biomass was carried out in R studio using the cor_test function from the rstatix package (version 0.7.0) [46]. Estimated biomass did not meet the normality assumption, so a non-parametric Spearman correlation was conducted with a confidence level of 0.95 [40].






3. Results


3.1. Cover Crop Establishment


At the time of harvest in September 2020, tillage radish had the highest estimated biomass per individual (54.9 g ± 10.4 g), followed by white mustard (19.5 g ± 6.9 g), then rockcress (1.1 g ± 0.2 g) and Shepherd’s purse (0.8 g ± 0.2 g) (Table S1). At the time of harvest, white mustard and Shepherd’s purse were at senescence, but Shepherd’s purse had started senescing in August 2020. Tillage radish was green and seeding, and rockcress was green and at maturity.




3.2. Effect of Brassica Cover Crops on Soil Fungal Diversity and Community Composition


Of the 127,143 sequences examined, 21.03% could not be identified past the phylum/class level. There was no significant difference in soil fungal community composition among cover crop treatments (Figure 1). The most abundant class in our communities was Sordariomycetes (44.50% of total reads), which contains a range of fungi including some plant pathogens [47]. Sordariomycetes was primarily represented by the family Nectriaceae (43.54% of Sordariomycetes), which is known to contain some plant pathogens as well as several species used as biocontrol agents [47]. These reads were not identified past the family level. Next most common was in the family Lasiosphaeriaceae (29.97% of Sordariomycetes), which are saprobes [48]. The genus Coniochaeta was also found in abundance (13.37% of Sordariomycetes). Species of this genus are known to be pathogens of woody hosts, including grapevines [49]. There are also some species in this genus that are known to be beneficial in that they are inhibitory to plant pathogenic fungi [49].



The next most abundant class found in our soil was Dothideomycetes (16.85% of total reads), which is mainly composed of saprobes but contains some plant pathogens [50]. Dothideomycetes was primarily represented by the genus Curvularia (89.58% of Dothideomycetes) (94% of which was species Curvularia ryleyi, Y.P. Tan and R.G. Shivas). C. ryleyi is known to be a pathogen of the genus Saproblus.



The class Agaricomycetes (12.26% of total reads) was the next most abundant and was primarily represented by the order Agaricales (30.65% of Agaricomycetes) and the family Cantharellaceae (8.47% of Agaricomycetes). The order Agaricales mainly contains saprobes but also ectomycorrhizal fungi and plant pathogens [51]. The reads found in our study were not identified further than the order Agaricales so it cannot be conferred what the main role in the community is. Other classes detected compromised less than 2% of total reads. There were no taxa whose abundance differed significantly among treatments (ANCOM).



Among the brassica plants, rockcress treatments had higher evenness than control plots evenness (Tukey–Kramer; p = 0.054) (Figure 2). We detected a trend for differences in fungal community evenness and Shannon Diversity Index (SDI) between brassica cover crops and the control (Table S2), but not between native and non-native brassica treatments (Table S3), or among different cover crop treatments (Table S4).



One-way analysis of variance (ANOVA) indicated that there was no statistical difference among cover crop treatments in terms of SDI, species richness, or Faith’s Phylogenetic Diversity (FPD) (Table S5). Across all treatments, average evenness was 0.79 ± 0.03 (Figure 2), average SDI was 5.84 ± 0.29 (Figure S1), average species richness was 173 ± 32 (Figure S2) and average FPD was 46.95 ± 8.01 (Figure S3). There was no correlation between estimated brassica biomass and any of the fungal diversity metrics (Table S5).



ANOVA comparing all four brassica treatments did not indicate differences in AMF spore count in the soil among treatments. Planned contrasts also did not indicate any differences between brassica treatments and the control (p = 0.955) with respect to AMF spore abundance. Similarly, there were no differences in AMF spore abundance between native and cultivated brassica species (p = 0.958).




3.3. Do Intact Brassica Cover Crops Affect Soil Nematode Abundance and Community Composition?


Taken as a whole, we could not detect significant differences in abundance of nematodes among brassica cover crop treatments (p = 0.392). Abundance ranged from 780 nematodes per 100 mL soil to 1932 nematodes per 100 mL soil, with a mean of 1542 ± 625 nematodes per 100 mL soil. Similarly, there were no differences in total nematode abundance between the cultivated and native brassica species.



Cover crops did significantly affect the ratio of PPN to FLN (p = 0.008) (Figure 3). Shepherd’s purse (p = 0.036) and white mustard (p = 0.009) had a significantly lower PPN:FLN ratio to when compared to the control (Figure 3). In comparison to the control, Shepherd’s purse lowered the odds of finding a PPN by 46% and the white mustard treatment lowered the odds by 52%.





4. Discussion


4.1. Brassica Cover Crops Effect on Soil Fungal Diversity


Our cover crop treatments significantly affected the evenness of soil fungal communities. In particular, the rockcress treatment had higher evenness compared to control. This suggests that rockcress was able to mediate competition among microbes by reducing dominance of strong competitors. In soils with high pathogen load, this may have a dramatic effect on soil suppressiveness. This is supported by the fact that Shannon Diversity Index (SDI) was lowest in controls, suggesting that brassicas reduce dominance among soil fungi. The low diversity of control soils was surprising, as they had much higher plant diversity [52,53]. This report is the first to document that brassica green manure or seed meal changes to soil fungal communities may result from changes to evenness, rather than richness. In this way, brassicas may engender increased microbial activity, in the absence of compositional changes [54,55,56].




4.2. Brassica Effects on AMF


Glomeromycota read abundance was not significantly different between treatments (Figure 3) and there was no significant difference in AMF spore count in the soil between treatments. This was unexpected as the hypothesis was that AMF spores would be less abundant in brassica treatments as Brassica sp. are considered non-mycorrhizal and sometimes known to inhibit germination of AMF spores [25,26,57]. In a field study by Pellerin et al. (2007), they found no evidence of a negative effect of the incorporation of brassica residues on the colonization of crop roots by AMF [58]. Another study by Tong et al. (2014) looked at the interactions between a brassica crop and a mycorrhizal crop when grown together [59]. They found the presence of a mycorrhizal crop with the brassica stimulated the GSL production/activation through constant invasion/contact with AMF. It is possible that growing the brassica crops in the presence of the mycorrhizal grapevine negated any negative biofumigant effects the brassica would have on AMF if grown alone. The AMF spore count alone does not reflect changes to the relationship between the grapevines and AMF. Future studies should look at AMF colonization in the grapevine roots.




4.3. Brassica Effects on Nematodes


When comparing the relative abundance of PPNs and FLNs, both Shepherd’s purse and white mustard had significantly lower PPN:FLN ratio than the control. Multiple studies have shown nematode communities react differently depending on GSL profiles produced by different crops [11,12,60,61,62]. The PPNs present in this field may be particularly susceptible to the GSLs that are secreted by Shepherd’s purse and white mustard, while some of the FLNs present may be stimulated by it. A reason that rockcress may be less efficient in reducing PPN populations relative to FLNs is that the rockcress plant is relatively small compared to the other brassicas and it has a shallow root system. Many PPNs of interest live deep in the soil profile, which may be unaffected by rockcress root presence and exudates [63]. The host status of these brassica species for the plant parasitic nematode species in the soil needs additional study.



Total nematode abundance as well as FLN abundance were found to be positively correlated with estimated brassica biomass while PPN abundance was not. This suggests the brassica biomass was affecting the FLN population more than the PPN population. A study by Lu et al. (2016) found a positive correlation between plant biomass (mixed brassica and non-brassica) with nematode abundance [64], but many other studies comparing total nematode population to non-brassica plant biomass have not found a correlation [65,66,67].





5. Conclusions


In our study, brassica cover treatments had measurable effects on both soil fungal and nematode communities after only one field growing season. Such changes were not at the expense of either beneficial fungus (AMF) nor free living nematodes (FLNs). Our study found that even naturally occurring, common vineyard crops (Shepherd’s purse) can provide additional benefits than they are currently used for. Further studies should include challenging crops with pathogens to see if observed changes result in lower disease incidence. Additionally, further studies that include looking at any functional changes that may be occurring in soil community would be beneficial as there may be changes that occur in the community on a functional level that are not reflected in the community analysis. For now, these results suggest a promising and nature-based alternative to tillage, allowing for short-term manipulation of soil microbial communities.
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Figure 1. Relative abundance of soil fungi (10 most abundant classes) grown with different cover crop treatments. C, undisturbed control; RC, rockcress; SP, Shepherd’s purse; TR, tillage radish; WM, white mustard. Values were obtained in QIIME2. PERMANOVA; F = 1.320; p = 0.237; R2 = 0.227. Dispersion; p = 0.918. 
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Figure 2. Pielou’s evenness index for soil fungal communities associated with different cover crop treatments. C, undisturbed control; RC, rockcress; SP, Shepherd’s purse; TR, tillage radish; WM, white mustard (n = 3 for control, n = 5 for all other treatments). Hollow red circles represent individual replicates, solid red dots and black lines represent mean and standard error. Group means sharing the same letter are not significantly different. 
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Figure 3. Effect of cover crop treatment on parasitic (PPN) to free-living (FLN) nematode ratio. C, undisturbed control; RC, rockcress; SP, Shepherd’s purse; TR, tillage radish; WM, white mustard (n = 5). Data obtained using a mixed effect logistic regression model with plot number as a random factor. Hollow red circles represent individual replicates, solid red dots and black lines represent mean and standard error. ANOVA; χ2 = 13.87; df = 4; p = 0.008. Group means sharing the same letter are not significantly different. 
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Table 1. Seeding rates for each brassica species used in the field experiment. Calculations based on recommendations from seed suppliers.
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	Brassica Species
	Seeding Rate





	Rockcress
	1 g m−2



	Shepherd’s purse
	1 g m−2



	Tillage radish
	0.7 g m−2



	White mustard
	1.1 g m−2
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