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Increased Resilience of Peas Toward Root Rot Pathogens Can Be Predicted by the Nematode Metabolic Footprint
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Legumes are important drivers of soil fertility, however, their frequent use in rotations fosters long-lived soil-borne pathogens that can seriously compromise legume root health and nitrogen fixation. To overcome this, the current study aims at improving the general soil suppressiveness toward pests and diseases by agroecosystem management that can be predicted by nematode-based bioindicators. Two long-term organically managed agroecosystems comparing plow and shallow non-inversion tillage were analyzed for free-living nematode communities. Soils out of these agroecosystems were evaluated further in a greenhouse assay for their ability to suppress pea root rot caused by Didymella pinodella, Fusarium avenaceum, and F. redolens. There was a general trend for higher levels of pea root rot disease severity following inoculations with single pathogens, however, this effect was heterogeneous among experiments and tillage systems. This was mainly due to an already very high resident population of D. pinodella in soil and the presence of seed-borne F. oxysporum determined by their high incidence in pea roots irrespective of the soil and inoculated pathogens. Additional inoculation with D. pinodella, for example, resulted in only 8.5% biomass reduction compared to the non-inoculated control, in both tillage systems. Similar biomass losses were recorded in non-inversion tilled soils inoculated with F. redolens. When analyzed across inoculation treatments, the pea root rot disease severity was only slightly reduced in non-inversion tilled soils when compared to the plough systems (11% in Exp 1 and, 9% in Exp 2), however in both experiments non-inversion tillage resulted in greater pea biomass (33 and 19% in Exp1 and 2, respectively). Furthermore, the metabolic, enrichment, and bacterivore carbon footprints of nematodes were 88, 81, and 97% higher, respectively, in the non-inversion tilled soils compared to the plough. The metabolic carbon footprint of nematodes correlated negatively with pea root rot disease severity (rho = −0.71, p = 0.047). Hence, non-inversion tillage was effective in controlling pea root rot. The use of nematode metabolic footprints for predicting soil health should be extended for various agroecosystems aiming for its general use in evaluating effects of agroecosystem management through researchers and potentially farm management advisors.
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INTRODUCTION

The development of more sustainable agro-ecosystems is indispensably linked with higher cropping frequencies of legumes. Their capability to fix nitrogen as well as their great use in animal nutrition allows for increased nutrient cycling on the farm level and decreased dependency on external fertilizer and pesticides (Finckh et al., 2015; Böhm et al., 2020). However, long-lived soil-borne pathogens can seriously compromise legume root health, and by this nitrogen fixation, limiting their frequent use in crop rotations (Le May et al., 2014; Baćanović-Šišić et al., 2018; Šišić et al., 2018b). Among the more than 20 different species involved in legume root rot (Baćanović-Šišić et al., 2018), Didymella pinodella, Fusarium avenaceum, and F. redolens are the most important pathogens of peas (Pisum sativum L.) and faba beans (Vicia faba L.) in Germany (Pflughöft et al., 2012; Baćanović-Šišić et al., 2018; Šišić and Finckh, 2021; Šišić et al., 2021). These pathogens not only have a broad host range and can occur asymptomatically on crops but also survive long periods in soil either saprophytically or as chlamydospores limiting the effectiveness of crop rotations (Finckh et al., 2015; Šišić et al., 2021).

Fostering soil life and, thus, general soil suppressiveness toward pests and diseases could be the only sustainable solution for adequate soil-borne disease suppression. In general, soils are considered suppressive when a plant shows low or even no disease even if the responsible pathogen is present in soil and also environmental conditions are suitable for plant infection (Cook and Baker, 1983). Drivers of soil suppressiveness are the structure, activity, and functions of the microbial communities. Their analysis is, therefore, key for determining soil suppressiveness (Mazzola, 2004; Creamer et al., 2022). Microorganisms interact with higher trophic levels of the micro-, meso-, and macrofauna and together form the soil food web. A positive correlation of the number of trophic links in the soil food web and the suppressive potential of soils has been suggested (Creamer et al., 2022). However, on the one hand, assessment of all individual links in the soil food web to determine soil suppressiveness is unfeasible considering the labor, time, and material expenses needed for the analyses. Therefore, assessments have to focus on limited parts of the soil food web that allow a clear indication of the suppressive properties of a given soil. Conversely, biotests are still indispensable for assessing the suppressive potential of soils as well as for validation of the links between soil food web and soil suppressiveness (Sánchez-Moreno and Ferris, 2007; Steel and Ferris, 2016; Zwetsloot et al., 2022) and there is a need to identify reliable indicators of soil suppressiveness.

Nematodes are an important part of the soil food web. Their communities comprise multiple trophic levels by which they build the intersection between the soil microflora and the meso- and macrofauna (Neher, 2010) and are easier to identify (Bongers, 1994; Andrássy, 2005) and to quantify (Hallmann and Subbotin, 2018) than bacteria and fungi. Therefore, it is not surprising that nematodes were recently cited as indicators of disease and pest regulation (Zwetsloot et al., 2022).

Several nematode based indices have been developed based on life-cycle, colonization speed, and sensitivity traits that allow to derive info on important soil functions related to soil disturbance, dominance of bacterial or fungal mediated soil processes, and soil nutrient enrichment (Bongers, 1990; Ferris et al., 2001; Ferris, 2010a) allowing for the determination of various “footprints” with respect to the carbon cycle (Table 1) (Du Preez et al., 2022). Individual nematode data (feeding types, body weight, etc.) are collected in one repository, the NEMAPLEX web page of the UC Davis (http://nemaplex.ucdavis.edu/), and single nematode based indicators can be automatically calculated by using the web platform (NINJA, https://shiny.wur.nl/ninja/) (Sieriebriennikov et al., 2014). This allows for a broad and universal use of nematodes as indicators of soil functions (Table 1) even though a certain amount of expert knowledge is needed to identify free-living nematodes at least to the family level. However, studies that correlate nematode based bioindicators with soil suppressiveness are rare and focus on nematode control (Sánchez-Moreno and Ferris, 2007; Steel and Ferris, 2016) while other soil-borne diseases so far were not considered.


Table 1. Nematode-based indicators used in the study and their ecological meaning.
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Recently, we observed soil suppressiveness in two organically managed long-term experiments (LTEs) that were established in adjacent fields in 2010 and 2011 comparing a minimum tillage system combined with regular organic mulch application with a ploughed unmulched system (Junge et al., 2020; Schmidt et al., 2020). A massive increase of free-living nematodes already 4 years after conversion to minimum tillage was documented when one of the two LTEs was sampled (Schmidt et al., 2017). Biotests and nematode assessments 4 years later revealed positive correlations of bacterivorous nematodes and soil fertility in both LTEs (Schmidt et al., 2020). It is widely accepted that conservation agriculture based on the simultaneous application of minimum tillage, residue retention, and crop rotation, can have positive feedbacks on soil health and crop production (van Bruggen et al., 2006; Govaerts et al., 2008; Paulitz et al., 2010; Schlatter et al., 2017; Krauss et al., 2020). However, studies that link soil health and soil suppressiveness with soil chemical, biological, and physical properties still remain rare (Bünemann et al., 2018).

We investigated the two LTEs in 1 year, representing two different rotational positions for soil disease suppressiveness toward pathogenic fungi and in parallel quantified the various trophic levels of nematodes in the food web to determine whether nematode-based bioindicators are potentially useful to predict soil disease suppressiveness. The study specifically addressed the question of whether a crop rotation that includes cover crops and mulch applications in combination with non-inversion tillage can improve legume root health and by this legume biomass production. Therefore, in 2019, we collected soils from the long-term experiments from the plough-based system (25 cm) and the non-inversion tillage system (max. 15 cm) that includes application of transferred dead mulch to potatoes (Schmidt et al., 2020) either during grass clover (experiment 1) or after potato cropping (experiment 2). Soils were planted to field pea (Pisum sativum L.) and inoculated with pea pathogens under controlled conditions to assure disease infestation. Furthermore, links between soil nematode identities and quantities and the derived bioindicators with pea root rot severity and biomass production were explored to find suitable indicators for soil suppressiveness. We hypothesized that (i) pea root rot can be reduced and pea biomass increased by non-inversion tillage in combination with organic mulch application compared with a plough-based inversion tillage system without mulch, (ii) the abundance of nematode families and, thus, also indicators computed out of nematode community compositions respond to changes in the agro-ecosystem management (crop rotation, tillage/ organic mulch application), and (iii) nematode-based indicators correlate positively with pea biomass and negatively with pea root rot.

There is an urgent need for developing and validating reliable indicators of soil health that are less dependent on labor and time consuming biotests. For the first time, we could show that metabolic footprints of nematodes positively correlate with suppression of soil-borne diseases of pea and that organic conservation agriculture was promoting this disease suppressiveness.



MATERIALS AND METHODS

The two long-term experiments originally started in 2010 (experiment 1) and 2011 (experiment 2) in adjacent fields located on the organic experimental farm of the University of Kassel (Germany) in Neu-Eichenberg (51°22′51″N, 9°54′44″E, 231 m ASL with an eastern incline of 3%). The soil type is a Haplic Luvisol with 3.3% sand, 83.4% silt and 13.3% clay (USDA classification Zc). Liming (CaCO3) was applied to all treatments at 2 t ha−1 in August/September 2019.

Experimental designs and crop rotations including a range of cash and cover crops were similar in both field experiments and described in detail in Schmidt et al. (2017; 2020). In brief, both experiments consist of a split-plot design with four replicates and tillage as main factor (12 × 60 m2) with: (1) minimum tillage by chisel ploughing or shallow rototilling (5–15 cm) including the application of dead mulch to potatoes vs. (2) conventional moldboard plough tillage (20–25 cm) without mulch application. The dead mulch applied to potatoes under minimum tillage was typically obtained from rye/pea or triticale/vetch cover crop mixtures (C/N ratios of 20–25) that were chopped (<10 cm) and applied at 10–26 t ha−1 DM on average with an adapted manure spreader. Each tillage main plot (12 × 60 m2) was split into eight 6 × 15 m2 sub-plots of which four of the subplots received ~5 t dry matter (ha yr)−1 of a high-quality yard waste compost that was applied manually. The remaining four sub-plots received potassium (K2SO4) and phosphorus (rock phosphate) fertilizer equivalent to their amounts in the respective composts. For details of the compost used between 2012 and 2015, see Schmidt et al. (2017). Composts used thereafter were of similar quality. In total, 16 plots were investigated (two field experiments ×4 field replicates × two tillage treatments). The tillage treatments were either plough tillage without mulch and with mineral phosphorus and potassium fertilization or minimum tillage combined with mulch application and compost fertilization. Treatments were chosen for differences in pea biomass production as observed previously (Schmidt et al., 2020).

In September 2019, about 110 soil cores were taken randomly from each plot center (4.5 × 10 m) with an Edelmann corer (5 cm diameter on average, 15 cm soil depth). Hence, soils were sampled during grass-clover cropping in experiment 1 and after potato harvest in experiment 2. Soils were sieved subsequently to 1 cm and stored in aerated plastic containers at 12°C until processing.


Soil Suppressiveness Bioassay

The susceptible pea variety 'Santana' was used as a model plant to evaluate soil health and soil suppressive capacity against three major pea root rot pathogens, namely F. avenaceum, F. redolens and D. pinodella. A mixture of six isolates of each pathogen species was used for inoculation of peas (see below). The isolates originated from the Internal Culture Collection of the Ecological Plant Protection Department at University of Kassel, and their taxonomic identity was previously confirmed morphologically and molecularly (Šišić et al., 2018b, 2021). Briefly, Fusarium isolates for inoculum production were grown on Synthetic Nutrient-Poor Agar (SNA) (Nirenberg, 1976; Nylander, 2004) whereas D. pinodella isolates were cultured on Coons medium (Coons, 1916). The plates were incubated at 20–23°C under constant cycles of 12 h BLB fluorescent light. After ~20 days of incubation, spores were scraped off from the agar surface with 15 mL of sterile distilled water and enumerated in the suspension with a Fuchs Rosenthal hemocytometer (Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, Germany).

The 16 soil sources collected from both field experiments (see above, two experiments × four field replicates × two tillage/fertilizer treatments) were transferred into 600 ml pots (~400 g dry soil pot−1). Five surface-sterilized (70% ethanol for 5 min) and pre-germinated (2 days) pea seeds were transplanted in each pot. Following transplanting, pots were inoculated with isolate mixtures of each pathogen at a concentration of 4 × 103 spores g−1 soil. Control pots were left non-inoculated. Additional pots containing autoclaved sand representing non-inoculated and pathogen inoculated treatments were included in the experiment as negative and positive controls, respectively, for determination of pea germination and pathogenicity of inoculated fungi (data not shown). Four replicates were used per treatment (256 pots in total) and blocked by field replicates along the microclimatic gradients in the greenhouse. Experimental plants were kept in the greenhouse at 21/18°C day/night temperatures. Pots were watered to approximately 40% water-holding capacity every 2–3 days. Plants were harvested during flowering (BBCH 65; ~8 weeks of growing) and the roots were separated from the aboveground biomass. Above ground plant parts of each pot were weighed and dried at 105°C until constant weight was achieved. Roots were washed under running tap water and the root rot disease severity (DI) was assessed and transformed into an index (0–100) according to Šišić et al. (2018b).

To confirm that artificial inoculations were successful and to identify any additional fungal pathogens in pea roots, the fungi were re-isolated from the roots using the protocol described in Šišić et al. (2018a, 2021). Briefly, four randomly selected roots from each treatment were surface-sterilized for 10 s in 1% NaOCl, thoroughly washed in distilled water and placed on filter paper under a laminar flow hood for 1 h to dry. Subsequently, the roots were cut into ~1 cm long fragments, placed in Petri dishes containing Coons medium, and incubated under alternating cycles of 12 h BLB fluorescent light and 12 h darkness. After 10–15 days of incubation, pure cultures of the resulting Fusarium and Didymella colonies were generated and morphologically identified following the methods described by Boerema (2004) and Leslie and Summerell (2006), respectively.



Nematode Assessment

Active nematode communities were extracted from 250 ml soil aliquots using an Oostenbrink elutriator (Hallmann and Subbotin, 2018). Nematodes were collected on three mounted 45 μm sieves, washed into beakers, and transferred onto Oostenbrink dishes to obtain clean samples. After incubation at room temperature for 48 h, the nematodes in the Oostenbrink dishes were collected on 20 μm sieves and transferred to plastic tubes, which were then filled up to 30 ml volume with tap water. Nematode abundances were counted from three 1 ml independent aliquots at 40-fold magnification under a compound microscope. The final nematode abundances were always calculated on 100 ml fresh soil. After transferring aliquots of the suspension to permanent mass slides, nematodes were heat killed and morphologically classified to the family level (about 100 individuals per sample) using the key of Bongers (1994). Nematode-based indicators (Table 1) were calculated with identified family abundances using the nematode indicator joint analysis web tool (Sieriebriennikov et al., 2014) (https://shiny.wur.nl/ninja/). The computed calculations were done for each plot separately by using the standard settings of the web tool. Details regarding the single calculations are published elsewhere (Bongers, 1990; Ferris et al., 2001; Ferris and Bongers, 2009; Ferris, 2010b). Soil nutrients were much less in the CT system without mulch compared to the MT system with mulch (Schmidt et al., 2020) indicating clear fertilization effects. The seven nematode indices used in our study (Table 1) are considered useful to study such effects (Du Preez et al., 2022).



Statistics

Statistical analyses were performed with R version 4.0.2 (R Core Team, 2020) using the packages “nlme” (Pinheiro et al., 2020) for analyses via linear mixed models and “emmeans” (Lenth, 2020) for linear contrasts of non-inversion and inversion tillage systems and calculation of standard error of the differences between means (SED). Furthermore, the treatment vs. control function was used to analyze effects of inoculation of pathogenic fungi on pea biomass production and disease severity in comparison to the control. The “car” package via Levene tests (Fox and Weisberg, 2019) and boxplots of model residuals were used to test the applied models for their variance homogeneity. In case of violations of variance homogeneity, linear mixed-effects models (lme) were adjusted with the weighting function “varIdent” to use individual standard errors for each factor level (Zuur et al., 2009).

Fixed factors were experiment, tillage system and fungal inoculation (the latter only for bioassay data). For nematode analysis, random factors were experiment and field replicate, the latter nested in the preceding factor to account for the split-block design. For the bioassay, field plots were used as random factor nested in the field replicates to account for the two-phased experiment with pseudo-replicates (replicates that were made of single field plots).

Thus, the random term for the data analysis of the biotest was “random = ~1|field experiment/field replicate/ field plot”.

Spearman's ρ correlations were used to study the relation of nematode-based bioindicators with pea biomass production and DI (on field plot level averaged over the tillage and inoculation treatments) by using the “rcorr” function of the R-package “Hmisc” (Harrell F. E. Jr., 2020). Results were visualized for each field experiment separately using the R function “corrplot” of the “Hmisc” package based on the p < 0.05 significance level.




RESULTS

Fusarium avenaceum, F. redolens, and D. pinodella inoculated at 4,000 spores g substrate−1 to sterile sand controls reduced pea biomass by 28, 19, and 42%, respectively, compared to the non-inoculated control. D. pinodella inoculated at 16,000 spores g substrate−1 reduced pea biomass by 72% compared to the control. The root rot severity of peas (DI) was 60, 75, 76, 81, and 95 respectively for the non-inoculated control, F. avenaceum, F. redolens, D. pinodella (all at 4,000 spores g substrate−1), and D. pinodella (16,000 spores g substrate−1) treatments. The dominating pathogens isolated from roots of the control were F. oxysporum (63%) and D. pinodella (25%). The recovery rate of inoculated pathogens from pea roots in the sterile system was always 100% (all data not shown).


Soil Health in Biotests After Artificial Inoculation With Pathogenic Fungi

Shortly after transplanting pea seedlings, seedling mortality was observed in all experimental runs and in all treatments. The significance of seedling mortality due to damping-off (Figure 1) was greater in experiment 1 (22.5%) than experiment 2 (11.4%) (t9 = 3.9, p = 0.003). Although not statistically significant, seedling mortality was particularly high in CT pots (12 pots with ≥60% seedling mortality compared to 3 pots in the MT system) but was unaffected by artificial pathogen inoculation (Figure 1). Therefore, pots (pseudo-replicates) with ≥60% seedling mortality that accounted for 6% of the total number of pots were removed from analysis.


[image: Figure 1]
FIGURE 1. Seedling mortality and standard errors for each inoculation treatment (F. avenaceum, Fusarium avenaceum; F. redolens, Fusarium redolens, D. pinodella, Didymella pinodella, Control, non-inoculated natural soil) within each field experiment and tillage treatment (CT = plough tillage without organic mulch; MT = minimum tillage with organic mulch application to potatoes). Standard errors derived from linear mixed effects models and estimated marginal means.


Mean root rot disease severity (DI) averaged over inoculation treatments was 10–13% greater in CT soils compared to MT soils in both years (t6 = 3.56, p = 0.012 and t6 = 2.59, p = 0.041 for experiment 1 and 2, respectively) (Figure 2A). Lower DI in MT soils resulted also in general trend of greater pea biomass in comparison to CT soils (33 and 19% in soils from experiment 1 and 2, respectively), but this difference was statistically significant for soils from field experiment 1 only (t6 = 3.99, p = 0.007) (Figure 2B). Among individual pathogen treatments, increased DI in comparison to the corresponding non-inoculated control occurred only when roots were infested with F. redolens in MT soils of experiment 2 (+19%), whereas significant reductions in pea biomass were observed only in D. pinodella inoculated CT soils collected from experiment 1 (−15%, Figure 2B). No differences in DI and pea biomass were found for the remaining treatments. Isolations made from arbitrarily selected plant roots indicated very high resident population of D. pinodella and F. oxysporum resulting in 69 and 61% recovery of these pathogens, respectively, out of all roots. F. avenaceum, F. redolens, and D. pinodella were recovered from 25, 50, and 81% of roots, respectively (data not shown).


[image: Figure 2]
FIGURE 2. Means and standard errors of pea disease index (A) and dry weight (B) in soils managed with plough tillage without organic mulch (CT) and minimum tillage with organic mulch application to potatoes (MT) (df = 6) after inoculation with three pathogenic fungi compared to the Control (F. avenaceum, Fusarium avenaceum; F. redolens, Fusarium redolens, D. pinodella, Didymella pinodella, Control, non-inoculated natural soil) (df = 197). Effects were separated for experiment 1 (during grass-clover cropping) and experiment 2 (after potato harvest). Asterisks (p < 0.05*, p < 0.01**) and dots (p < 0.1) indicate significant differences of inoculated treatments from the control (linear mixed effects models and estimated marginal means).




Nematode Communities

Relative abundances of nematode feeding types varied between field experiments and management systems (Figure 3). In soils collected from experiment 1, relative frequencies of bacterivorous, fungivorous, herbivorous, and omnivorous nematodes made 50, 16, 31, and 3% of the total nematode community, respectively. Respective relative frequencies in experiment 2 were 29, 18, 42, and 10% of the total nematode community. Carnivorous nematodes were overall rare and represented <1% of the total nematode community. Total numbers of herbivorous and omnivorous nematodes were similar in both field experiments (Figure 3). In contrast, the total number of bacterivorous nematodes was 454 and 1,378 nematodes 100 ml soil−1 in experiment 1 and 2, respectively. The total number of fungivorous nematodes was 282 and 397 nematodes 100 ml soil−1, in experiment 1 and 2, respectively.


[image: Figure 3]
FIGURE 3. Morphologically identified frequency of nematodes per family in 100 ml soil for the first experiment during grass-clover cropping (A) and second experiment after potato harvest (B) under conventional ploughing (CT) and minimum tillage including application of organic mulches (MT). Nematodes are sorted alphabetically within each feeding type. Standard errors and exact p-values (p < 0.05, df = 6) are shown and result from linear-mixed effects models and contrasts of estimated marginal means. Tillage systems do not differ significantly for any nematode family that lacks a p-value (p > 0.05).


Bacterivores were dominated by the families of Cephalobidae, Rhabditidae, and Panagrolaimidae. These were about twice as abundant in the MT than in the CT system in soils of both field experiments (Figure 3). Similarly, the total number of herbivores was 144 and 12% greater in the MT system than in the CT system in experiment 1 and 2, respectively. Within this feeding type, the families of Dolichodoridae (t6 = 2.81, p = 0.03) and Tylenchidae (t6 = 3.91, p = 0.02) were 40–88% more frequent in the MT than in the CT system in experiment 1. Fungivorous nematode frequencies were similar in both field experiments but strongly affected by field experiment × management system interactions. Hence, total numbers of the family Aphelenchidae in the MT system were 250% greater than those in the CT system in experiment 1 in grass-clover (t6 = 2.97, p = 0.025). In contrast, the total number of Aphelenchidae was 100% greater in the CT system compared to the MT system in experiment 2 after potatoes (t6 = 4.87, p = 0.003).

The different nematode community structures in soils from both experiments and management systems were also reflected in multiple nematode-based indicators (Table 2). For example, the channel index (CI) for the MT system was 48 in experiment 1 and much lower in experiment 2 (CI = 6). Vice versa was the situation for the enrichment index (EI) which was very high for the MT system in experiment 2 (EI = 78.7) but only moderate in experiment 1 (EI = 48.2) indicating a higher nutrient status in experiment 2 under MT. In contrast, EI were similar among the two experiments under CT (EIs = 60 and 69) resulting in a reversal of the relations between MT and CT in the two experiments. Nematode footprints are reflected and summarized by the different abundances of nematode feeding types shown in Figure 3. For example, the metabolic footprint (MFP) was 135% larger in experiment 2 than experiment 1. Within each experiment, the MFP, enrichment footprint (EFP), and bacterivore footprint (BFP) were 43–57% lower in the CT system than in the MT system (t6 < −2.7, p <0.035). The fungivore footprint (FFP) was 71% lower in the CT system compared to the MT system in experiment 1 (t6 = −3.51, p = 0.013) but 126% greater in experiment 2 (t6 = −2.87, p = 0.028).


Table 2. Means and standard errors of the difference (SED) for plough tillage plus mineral fertilizer application and minimum tillage including mulch and compost application on the maturity index (MI), channel index (CI), enrichment index (EI), metabolic footprints (MFP), enrichment footprints (EFP), fungivore footprints (FFP), and bacterivore footprints (BFP).
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Nematode-Based Indicators and Soil Disease Suppressiveness

There were negative and positive correlations of several nematode-based bioindicators with the DI of peas (Figure 4), i.e., pea plants were either healthier (red circles) or more diseased (blue circles) when these indicator increased. The MFP correlated negatively with the disease index (DI) in both experiments (rho = −0.71, p = 0.047, both experiments). The MFP further correlated significantly with the BFP in both experiments (rho > 0.88, p < 0.004). While no other significant correlations with DI occurred in experiment 2, the EI and MI correlated positively (rho = 0.79, p = 0.02, both indices) and the FFP negatively (rho = 0.88, p = 0.004) with the DI in experiment 1. Neither of the nematode-based bioindicators correlated with pea biomass production (rho = −0.62 to 0.57, p > 0.1).
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FIGURE 4. Spearman's rho correlation coefficients of nematode based bioindicators as well as pea biomass and disease indices independent of applied treatments. Correlations within experiments 1 and 2 are shown in the upper and lower diagonal, respectively. Positive correlations are displayed in blue and negative correlations in red color. Color intensity and the size of the circle are proportional to the correlation coefficients. In the right side of the correlogram, the legend color shows the correlation coefficients and the corresponding colors. Correlations with p-values > 0.05 (n = 8) are considered insignificant and were left blank. Abbreviations: maturity index (MI), channel index (CI), enrichment index (EI), metabolic footprint (MFP), enrichment footprint (EFP), fungivore footprint (FFP), bacterivore footprint (BFP), pea dry matter yield (Pea.Biomass) and disease index of peas (Pea.DI). The latter two indicators were assessed in a separate greenhouse experiment.





DISCUSSION


Conservation Agriculture Improves Soil Suppressiveness

The DI in both experiments was high and indicated severe infestations with native soil- and seed-borne pathogens such as with the frequently isolated pathogens D. pinodella (69%) and F. oxysporum (61%) out of pea roots. Both fungi had been re-isolated frequently out of leguminous roots taken from agricultural fields throughout Germany (Pflughöft et al., 2012; Baćanović-Šišić et al., 2018; Šišić et al., 2018b). The fact that both fungi are also seed-borne (Finckh et al., 2015) and that both occurred on the control plants in the sterile sand system suggests their responsibility for the high general disease severity. In another field nearby (100 m distance), Wille et al. (2021) identified Aphanomyces euteiches and Fusarium solani via quantitative PCR as dominating pea root rot pathogens in soils, indicating additional actors possibly involved in the pea root rot complex.

The DI was greater in the first experiment than in the second experiment likely due to the different crops in both fields. While potatoes in experiment 2 are generally non-hosts for many legume root rot pathogens, clover in experiment 1 shares a number of similar if not identical pathogens with pea, including D. pinodella and many Fusarium spp. (Le May et al., 2014; Šišić et al., 2018b). This concurs with a massively increased DI on pea that was grown after Vicia faba in comparison to other non-leguminous crops in Dutch fields (Oyarzun et al., 1994, 1998).

Conservation agriculture, i.e., the simultaneous application of minimum tillage, residue retention, and crop rotation has often been credited with positive feedbacks on soil health and crop production (van Bruggen et al., 2006; Govaerts et al., 2008; Paulitz et al., 2010; Schlatter et al., 2017; Krauss et al., 2020). This study agrees because there was greater pea biomass production and decreased pea DI in the biotest in the non-inversion tillage mulch system than in the plough-based system. Moreover, the consistent reduction of pea DI independent of the rotational crop and artificially inoculated root rot pathogens suggests a stable general suppressiveness which is considered a “practical goal” for farming strategies (Schlatter et al., 2017). This concurs with the common understanding of soil suppressiveness being achieved by organic matter management (Bailey and Lazarovits, 2003; Mazzola, 2004; Bonanomi et al., 2018). For example, integrating minimum tillage, crop rotations, and organic amendments reduced root-knot nematodes and disease severity due to Fusarium oxysporum in a ginger farming system (Stirling et al., 2012). Our results confirm results of an experiment conducted with the same field soil 5 months earlier with focus on plant-parasitic nematodes (Schmidt et al., 2020). The authors likewise observed a lower pea DI (−5 to −12%) in the non-inversion tillage system with compost compared to the plough system with mineral fertilization. Therefore, our study confirms the first part of the first hypothesis that non-inversion tillage in combination with mulch fosters soil suppressiveness in general.

However, the conservation agriculture system used here failed to suppress artificially inoculated pathogens consistently in both field experiments. The direct parasitism through seed-borne F. oxysporum and D. pinodella, as indicated by the biotest in sterile sand, likely inhibited a direct suppression by the soil microbiome and caused similar disease severities in inoculated and non-inoculated plants. Soil inoculation with D. pinodella also failed to significantly raise the DI of winter peas in comparison to the control in three consecutive field trials (Baćanović-Šišić et al., 2018). The 4,000 spores per g of substrate inoculated to pots in our study was likely insufficient to raise the DI above the general level caused by the seed-borne pathogens. Oyarzun et al. (1998) showed that pea DI after inoculation with different pathogens depends on pathogen species, its inoculated density as well as crop rotation. For example, inoculation of F. solani at 1,000 spores per g substrate was sufficient to increase pea DI significantly independent of the preceding crop. In contrast, inoculation with A. euteiches at 10–100 spores per g substrate almost killed the pea in soils following Vicia faba cropping, while more than 1,000 spores per g substrate were needed to increase DI after maize and flax. Hence, a more detailed experiment with stepwise increased inoculation densities and/or the use of different preceding crops may contribute to our knowledge of pea root rot suppressiveness in our soils.



Soil Nematode Communities and Derived Indicators Reflect Soil Management and Rotational Position

Nematode trophic groups in this study reflected those assessed on a global scale (van den Hoogen et al., 2019) and those present in Polish agroecosystems (Wasilewska, 1979). The rare occurrence of omnivorous and carnivorous nematodes was likely due to their low reproduction rates in combination with low stress tolerance, e.g., frequent soil tillage, quick alternations between nutrient rich and depleted soil conditions as well as unstable food supply that are common in agroecosystems (Ferris et al., 2001; Schmidt et al., 2020). Furthermore, nematode extraction procedures may bias nematode community retrieval. According to Neher et al. (1995), elutriation techniques, such as used in our study, retrieve less omnivorous and carnivorous nematodes than Cobb's sifting and gravity method. However, such bias can be neglected here due to the great differences in nematode communities among the applied treatments.

With respect to the individual nematode families and derived nematode-based indicators, large differences were observed among management systems and rotational position. This was likely due to the quick response of soil nematodes and their derived indicators on alternating environmental conditions (Landi et al., 2018) which is the main reason for their usefulness in describing soil fertility, food web stability, and detecting soil toxicity (Korthals et al., 1996; Ferris et al., 2001; Neher, 2001; Ferris, 2010a).

With respect to the differences among the field experiments, soils from experiment 2 were greatly disturbed by potato cropping and harvesting, either through hilling (plough system) or through mulch application and subsequent incorporation by the harvester (minimum tillage system). Consequently, bacterivorous nematodes with short generation cycles (Panagrolaimidae, Rhabditidae) quickly responded on the resulting bacterial blooming and built up large populations. Over time, as nitrogen rich food sources decrease, fungal mediated break down of crop residues becomes more important (Grzyb et al., 2020) accompanied by increased densities of fungivorous nematodes (Bongers and Bongers, 1998). Such a situation likely occurred under grass-clover in experiment 1, 16 months after the last mulch application and 12 months after the last tillage operation. Furthermore, in these situations, nematodes of the families of Rhabditidae and Panagrolaimidae form dauer larvae, a resting stage that enables them to survive periods of food scarcity (Bongers and Bongers, 1998). Extraction of these immobile resting stages fails when using Oostenbrink elutriators followed by Oostenbrink dish extractions where the nematode yield depends on active nematode movement (Hallmann and Subbotin, 2018). Hence, it is not surprising that both nematode families had lower densities in experiment 1 than in experiment 2 (Figure 1) which is further reflected by higher MI and lower BFP in grass-clover (experiment 1) compared to after potatoes (experiment 2, Table 2). The higher CI indicating an increased significance of fungal degradation pathways and the lower enrichment index indicating a lower level of food resources (Ferris et al., 2001) in experiment 1 compared to experiment 2 confirmed this (Table 2).

The non-inversion tillage system used here is indispensably linked with the mulch application to potatoes that had been applied twice since the start of the long-term experiments (Schmidt et al., 2020). In organic farming systems, slow soil warming is a great challenge in temperate non-inversion tillage systems during spring and often accompanied by yield losses due to reduced nutrient mineralization (Berry et al., 2002; Vincent-Caboud et al., 2017; Junge et al., 2020). Significantly larger pea biomass yields in the biotest (Figure 1) and generally higher nutrient contents in the mulch system (Schmidt et al., 2020) indicated the potential for compensation of reduced soil warming effects under field conditions. For no-till systems, Neher (2010) described a greater predominance of fungivorous nematodes compared to plough systems. The reason is that hyphal networks remain more intact in MT and fungi have better access to crop residues on the soil surface and are, therefore, dominating drivers of organic matter decay. However, we found greater populations of the bacterivorous families of Rhabditidae, Panagrolaimidae, and Cephalobidae in the non-inversion tillage system compared to the plough system independent of the rotational crops. The shallow tillage in the non-inversion tillage system initiates contact of mulch and other aboveground residues with the soil and, therefore, is the most likely reason for a bacterial dominated break-down of crop residues in both tillage systems (Neher, 2010). Furthermore, the bacterivore:fungivore ratio is driven by resource quality and the low C:N ratio of the mulch likely fostered bacterivorous nematodes (Neher, 1999). Although the effect of the tillage and mulch systems on nematodes was similar in both field experiments, two major interactions were found. The populations of Aphelenchidae and Tylenchidae were greater in the plough system than in the minimum tillage system after potatoes (experiment 2) but the situation was vice versa in the grass clover crop (experiment 1) albeit at much lower densities. While the greater population of the fungivorous Aphelenchidae could be explained by the above discussed reduction of residue quality that led to an increased residue break-down through fungi, the situation is more complex for the Tylenchidae. Nematodes of this family belong to the least studied taxa and although they are generally considered to be herbivores, a number of studies clearly demonstrated fungivorous behavior of the genus Filenchus within this family (Okada et al., 2005; Qing and Bert, 2017, 2019). As the family of Tylenchidae is highly diverse, we cannot exclude the presence of additional genera within this family that feed on other resources than herbs, such as algae, mosses, and lichens (Yeates et al., 1993).

The alternating resource quality also caused interactions among the CI, EI, and FFP between the non-inversion tillage system and the plough system. While CI and EI remained relatively stable in the plough tillage system, extreme changes occurred in the non-inversion tillage/mulch system and for FFP a complete reversal occurred among the systems (Table 2). For the latter system, the impact of the alternating resource quality on the CI has been described above. However, the situation is more complex for the EI which is roughly calculated by dividing the bacterivorous enrichment opportunists (e.g., Rhabditidae, Panagrolaimidae) by the basal bacterivorous and fungivorous fauna (Cephalobidae, Aphelenchidae, Aphelenchoididae) (Ferris et al., 2001). Hence, the lower densities of Rhabditidae and Panagrolaimidae and the greater densities of fungivorous nematodes in the non-inversion/mulch system caused the reduction of the EI in experiment 1 compared to experiment 2 and, therefore, were responsible for the tillage by experiment interactions (Table 2). The reversed interactions between tillage systems for the FFP but not for any other footprints used in this study reflected the pattern already observed for the CI. After potatoes (experiment 2), microbial biomass was stimulated by hilling and harvesting in the plough system (Schmidt et al., 2020), thus, leading to generally greater footprints compared to the grass-clover soil (experiment 1, Table 2). The mulch in the non-inversion/mulch system provided food for fungi also 16 month after application (grass-clover, experiment 1) after easy accessible carbohydrates had been degraded by bacteria directly after its application (potatoes, experiment 2). In contrast, food availability in the plough system was scarce in the grass-clover and the FFP, therefore, declined. All other footprints used here were greater significantly in the non-inversion/mulch system compared to the plough system. This significant impact is not surprising as these specific indicators were suggested by Du Preez et al. (2022) for studies on fertilization experiments. Maize straw mulching in a long-term zero tillage system in China increased footprints of fungivorous and bacterivorous nematodes irrespective of the mulch quantity (Luo et al., 2021) confirming our results. Zero tillage in combination with legume-dominated cover crops also increased bacterivore footprints by 8–20% compared to a standard tillage system in California, USA (Zhang et al., 2017). As this is far less than the 77–115% increase observed under non-inversion tillage system in our study, we assume that the mulch application had the greatest effect on footprints. This is confirmed by about 20–45% increased enrichment and structure footprints after application of 15 t ha−1 banana and passion fruit mulch to zero, reduced and plough-based tillage systems (Zhong et al., 2017).



Nematode Footprints Predict Soil Disease Suppressiveness But Not Fertility

Nematodes have been broadly used to study soil processes under various environmental conditions, but have never been investigated in relation to soil suppressiveness to soil-borne fungi. One reason may be the long-term (management) processes that render a soil suppressive. The long-term experiments used in this study were supposed to have an already stabilized food web that should simplify correlations of nematode-based bioindicators and disease suppressiveness. However, we found that nematode food webs were predominantly depending on the actual crop and the associated soil disturbance in the rotations including fertilizer/ mulch inputs (Figure 3; Table 2) which had been described recently as main drivers of nematode communities (Neher et al., 2019; Schmidt et al., 2020). Notwithstanding, we found significant negative correlations among DI and MFP (Figure 4) in both field experiments indicating a potential usefulness of MFP as indicator for suppressiveness of soil borne diseases even in variable environments. This is likely due to the direct link of the MFP to the nematode biomass which predominantly depends on available prey (bacteria, fungi, plants, other nematodes). Greater microbial activity and biomass in the soil also increases the nematode abundance (Schmidt et al., 2020) and, thus, the MFP which is driven by bacterivorous nematodes in this experiment (Figure 4). Both microbial parameters are known indicators of soil health (Stirling, 2014) and the MFP, therefore, combines both to one major indicator, that can be easily assessed using simple nematode extraction and identification methods. The value of MFPs as general indicator is also expressed in its low sensitivity to nematode dominance structures. For example, bacterivorous and herbivorous nematodes generally dominate in agricultural farming systems (Yeates et al., 1997; Luo et al., 2021) while in forests, fungivorous nematodes can be of similar or even greater importance than bacterivores and herbivores (Neher et al., 2004; Sánchez-Moreno and Ferris, 2007; Zhang et al., 2015; McQueen and Treonis, 2020).

In contrast to a previous study with the same soil (Schmidt et al., 2020), we did not find any correlation of nematode-based indicators and pea biomass production (Figure 4). This was surprising as pea yields in the biotest of our study were similar to those observed previously (Schmidt et al., 2020). One reason could be that the number of pairs for the correlation was lower (n = 8) in the current study than in the experiment by Schmidt et al. (2020) (n = 16). The irregular reactions of pea toward artificial inoculation with fungal pathogens could also play a role (Figure 2). For example, significant negative correlations for DI and pea biomass occurred only in soils inoculated with F. redolens (r = −0.78, p = 0.02) in experiment 1 and in soils inoculated with F. avenaceum (r = −0.87, p = 0.006) but not within the other three inoculation treatments including the control in either experiment (data not shown).

This study demonstrates the usefulness of nematode assessments and the derivation of indicators out of these results to evaluate the soils' suppressive potential toward diseases. Especially the non-inversion tillage system combined with frequent mulch and compost applications not only increased the soil disease suppressiveness but also pea yields in biotests and, therefore, provides an option for biological systems management. Our study further highlights the importance of increasing soil organic matter to achieve disease control caused by soil-borne fungi. Nevertheless, this work can be seen only as a start of series of similar experiments that are conducted by researchers on a global scale and whose data are needed to confirm the predictive ability of the MFP for disease suppressive soils. New studies should consider different climatic regions as well as various soil conditions, preferentially in long-term experiments with greater stability of soil building processes compared to short-term field trials. Lastly, there is a great demand for more studies that accompany single (soil) biological assessments by agronomic measurements that allow economical evaluation of ecosystem services. The metabolic carbon footprint of nematodes, in particular, appears promising for such research questions.
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