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The Impact of Bio-Based Fertilizer Integration Into Conventional Grassland Fertilization Programmes on Soil Bacterial, Fungal, and Nematode Communities
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Phosphorus (P) is an essential plant macro-nutrient applied to soil in agriculture, mainly sourced from non-renewable mined phosphate-rock, of which readily accessible reserves are currently under pressure, while global food demand continues to grow. Meanwhile, an abundance of P is lost in waste-streams. Hence, bio-based fertilizers are increasingly produced using nutrient-recovery technologies and evaluated as a sustainable fertilizer alternative. However, there is little knowledge of how these products affect soil microorganisms. In this study, four new phosphate bio-based fertilizers (two struvite and two incinerator ashes) were assessed in permanent grassland-plots to understand their impact on soil bacterial, fungal, and nematode community responses. The experiment consisted of 40 plots (each 6 × 2 m2) of 8 treatments (2 struvite, 2 ash, cattle slurry, 100% mineral fertilizer, zero P fertilizer, and a control without fertilization) with 5 replications arranged in a randomized complete block design. Community data were obtained by amplicon sequencing of DNA extracted from soil samples and subsequent analysis of community composition, diversity, structure and influencing environmental variables. Diversity of the soil microorganisms was maintained by all bio-based fertilizer treatments. Results showed that soil bacterial, fungal, and nematode communities of the struvite-treatments were similar to those in 100% mineral treatment. Communities in ash-treatments were more disturbed in their compositions, abundances and structures, possibly due to their high pH and heavy metal content. From canonical correspondence analysis, available P, K, and Mg, as well as plant P uptake and biomass yield, were identified as factors significantly influencing bacterial and nematode communities across different treatment groups. In particular, the abundance of environmental disturbance sensitive nematodes (e.g., Dorylaimida) was significantly reduced by one of the ash products. Overall, results indicate that both struvites are benign to soil bacterial, fungal, and nematode communities and can be safely applied as a source of renewable P to meet crop nutrition requirement. The ash products require further investigations before recommending their regular application as fertilizer. As the application of novel bio-based fertilizers will increase in the foreseeable future, the findings of this study would be valuable to feed into developing environmental risk assessment protocols.
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INTRODUCTION

Phosphorus (P) is a critically important plant macro-nutrient, playing several key roles in their successful development and productivity. Hence, it is a routinely applied nutrient in agriculture. However, P is chiefly sourced from finite phosphate rock reserves, which are currently under pressure due to an increasing human population, and thus, global food demand. It is estimated that the existing and easily accessible global P resources will be exhausted within the coming 50–100 years (Steen, 1998; Smil, 2000; Ashley et al., 2009). Additionally, phosphate rock is known to contain contaminants such as cadmium (Cd) rendering some reserves unsuitable for use without its prior treatment (Roberts, 2014). At the same time, there is an abundance of phosphorus-rich organic waste being produced municipally, agriculturally, and industrially (Karunanithi et al., 2015). The development of technologies for nutrient-recovery from such waste streams presents an opportunity to develop a circular nutrient economy, sustainable agricultural practices and maintain global food security (Diaz-Ambrona and Maletta, 2014; Harder et al., 2021). However, not all phosphate fertilizers are made equal, particularly those recovered from organic waste, which can contain components such as antibiotic residues and heavy metals that may affect soil ecosystems (Vollú et al., 2018).

Soil microorganisms are critical to the maintenance of soil quality and health status, and are involved in a multitude of key processes, such as the decomposition of organic matter, recycling of nutrients, mineralization, nitrogen fixation, and enhancing soil structure (Verstraete and Mertens, 2004). Furthermore, they play extensive roles in maintaining plant health, such as protection against pathogens, production of growth stimulating hormones, stimulation of the plant immune system and enhanced stress responses (Hayat et al., 2010). By modeling the increase of functions with increasing diversity using the KEGG orthology database of molecular functions, one recent study predicted bacteria to be responsible for a global total of 35.5 million functions, of which just 0.02% are currently known, and fungi to be responsible for 3.2 million functions, of which only 0.14% are known (Starke et al., 2020). A vast range of biotic and abiotic factors can influence the composition and diversity of soil microbial communities (Fierer and Jackson, 2006). Loss of soil microbial diversity and variation in community structure are associated with the loss and disruption of essential ecosystem functions provided by soils (Singh et al., 2014; Zhen et al., 2014). Low microbial diversity in soil indicates stressful conditions, while high soil microbial diversity is indicative of healthy, productive soil (Rao, 2007). Thus, microbial diversity is considered an indicator of soil health (Nielsen and Winding, 2002).

Nematodes are the most numerous and widespread animals in nature (Wilson and Kakouli-Duarte, 2009) and can be used as bioindicators of environmental disturbance because of their diversity, feeding behaviors and quick respond to changes in soil management (Bongers and Bongers, 1998). The diversity and high abundance of nematode communities influence the global carbon cycle and highlight their functional importance in nutrient cycling and agricultural soil food-web functioning (Hoogen et al., 2019). The nematode assemblage in agricultural soil is affected by anthropogenic disturbances such as organic and inorganic fertilization, the application of herbicides and pesticides, tillage, and crop rotation (Treonis et al., 2010; Thiele-Bruhn et al., 2012; Zhang et al., 2017). Nematodes are assigned to a colonizers and persisters (C-P) scale according to their life strategies (Bongers and Ferris, 1999). Environmental disturbance causes a decrease in the number of persister nematode species and shifts toward dominance of colonizing species (Wardle and Yeates, 1993). The reduction in persisters, such as dorylaimids, is a sign of disturbance and stress in the soil. This project is the first to employ the application of nematode communities, using the C-P scale, for the study of the impact of these novel bio-based fertilizers, globally, and also in an Irish context.

The focus of this study is on struvite and ash products, herein termed as recycling derived fertilizers (RDFs), which have been recovered from phosphate-rich sources including municipal waste, industrial potato waste, poultry litter, and sewage sludge. Grass-based farming systems are of significant importance in Irish agriculture. In 2020, ~82.1% of the agricultural land area utilized in Ireland was grassland (CSO, 2020). It is the most abundant and cheapest available feed for ruminant livestock in Ireland and provides a significant competitive advantage in profitable and sustainable milk and meat production. Traditionally, conventional mineral fertilizers like superphosphate, calcium ammonium nitrate, muriate of potash, sulfate of potash, and organic fertilizer like cattle slurry are commonly used in grasslands of Ireland to meet major crop nutrition (i.e., nitrogen, phosphorus, potassium, and sulfur) requirement (Ashekuzzaman et al., 2021a). Herein, cattle slurry and mineral superphosphate based treatments were also included to compare with new struvite and ash based RDF products. Struvite is an ammonium magnesium phosphate mineral (MgNH4PO4.6H20) that can be produced by crystallization and precipitation technologies (Le Corre et al., 2009; Lorick et al., 2020), while incineration technologies can be used to produce ashes that are rich in phosphorus (Franz, 2008). Struvite and ash products have been evaluated as agricultural fertilizers in several studies (Codling et al., 2002; Severin et al., 2014; Herzel et al., 2016; Rech et al., 2019; Hertzberger et al., 2020; Saerens et al., 2021; O'Donnell et al., 2022). However, there have been few attempts to extensively investigate the response of soil microorganism communities to their application. Recently, we published a study on the response of soil microbial and nematode communities to the application of RDFs in a phosphate fertilizer replacement value (P-FRV) trial (Karpinska et al., 2021). The aim of the current study was to assess the affects of four RDF product on the ecological diversity of grassland soil. We analyzed the response of the communities when the RDFs were integrated into a conventional grassland fertilization programme for two consecutive years, to study their behavior under a typical farmer use case, where these new phosphate-based RDFs are combined with mineral fertilizers, to give a balanced nutrient programme for the grassland crop. Due to the differing physiochemical properties of the P sources used and the initial low P index of the soil, we hypothesized some changes to be observed in microbial and nematode community dynamics.



METHODS AND MATERIALS


Field Description and Experimental Design

The field experiment was established in 2019 and conducted on a P deficient site (P index 1, 1–3 mg P/L by Morgan's extractant) at the Teagasc, Johnstown Castle, Soils, Environment and Land Use Research Center, County Wexford (52°17′46.9″N 6°30′32.1″W). The soil had initial average pH of 5.6 and is of sandy loam texture. Lime was applied at 1.5 t ha−1 at the beginning of the experiment as per agronomic recommendations. Perennial ryegrass [vars. AberGreen (40%), AberChoice (30%), and AberGain (30%), Germinal Ireland Ltd. (Thurles, County Tipperary, Ireland)] was sown in September 2018 and initial fertilizer application occurred 7 months later, in April 2019. The N, K, and S fertilizers were applied in the mineral form at the recommended dosages of 125 kg N/ha, 155 kg K/ha, and 20 kg S/ha. The P fertilizer was applied at a rate of 40 kg P/ha, in the form of conventional fertilizers or RDF under test. Depending on the source, some RDFs can contain other nutrients (Table 1). Where RDF also contained N, K, or S, these nutrients were considered, and only enough chemical fertilizer was supplied to meet the recommended dosage to achieve balanced crop nutrition. Second and third applications of mineral fertilizers N, K, and S took place in May and July 2019, at dosages of 100 kg N/ha, 75 kg K/ha, 20 kg S/ha, and 10 kg P/ha. This fertilization program was repeated in 2020. Supplementary Table 1 details the balanced nutrient amounts applied for each fertilization treatment. The trial was arranged in a randomized block experiment, with individual treatment plots of 2 m × 6 m size. There were five replicates per treatment. Negative controls included a no fertilizer treatment (NF) and a zero phosphate treatment (SP0) with addition of N, K, S only. Also, two commonly practiced conventional fertilizer programmes—(1) superphosphate (SP40) based 100% mineral treatment and (2) cattle slurry with combination of mineral N, P, K, and S to meet crop nutrient requirement were used (application rates in Supplementary Table 1). Both these treatments served as positive controls. Recycling-derived fertilizer treatments included two struvite—one derived from potato processing waste (PWS) and the other from municipal waste (MWS), and two ashes—one derived from poultry litter (PLA) and the other from sewage sludge (SSA).


Table 1. Nutrient content of bio-based fertilizers.
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Soil Sampling and Preparation for DNA Extraction and Sequencing

Soil sampling was conducted in the second growing season, following cutting of grass silage (July 2020), 6 weeks after fertilizer application. Nine sample cores were taken in a “W” shaped pattern to a depth of 10 cm per plot and stored at −20°C until ready for analysis. Forty composite samples were obtained in total (8 treatments × 5 replicate plots). Defrosted samples were sieved through a 2 mm mesh to homogenize. For bacterial and fungal analysis, 0.25 g sub-samples were further processed immediately. For nematode analysis, 25 g sub-samples of soil were shaken in 25 ml of deionized water for 10 min at 95 rpm and centrifuged for 2 min at 3,500 rpm. The supernatant was discarded, and the remaining material was dried overnight at 28°C in petri dishes before thoroughly homogenizing again using a mortar and pestle. Finally, 0.25 g sub-samples were used for further processing. Total DNA, for all taxa analyzed, was extracted from 0.25 g soil sub-samples using the DNeasy® PowerSoil® Pro kit (QIAGEN Ltd., Manchester, UK), as per the manufacturer's instructions. Total DNA quality and quantity was assessed by NanoDrop™ instrument (Fisher Scientific, Cork, Ireland) and agarose gel electrophoresis using 1% agarose gels. Once samples of sufficient quality were obtained, they were outsourced to Novogene Co., Ltd. (Milton Road, Cambridge, UK) for amplicon sequencing. Bacterial 16S V4–V5 region rRNA, fungal ITS1 region rRNA and nematode 18S V4 region rRNA were sequenced using 515F and 907R (Caporaso et al., 2011; Armitage et al., 2012), ITS5-1737F and ITS2-2043R (Schoch et al., 2012), and MN18F and 22R (Bhadury et al., 2006) primer pairs, respectively, on Illumina paired-end platform.



Sequence Data Analysis

Sequenced data was processed and clustered into operational taxonomic units (OTUs) based on a 97% similarity threshold by the sequencing company. Taxonomy was assigned to bacterial and nematode OTUs in QIIME2 (version 2020.11) (Bolyen et al., 2019), using the SILVA (release 138 SSURef_NR99) database (Quast et al., 2012), and to fungal OTUs using UNITE (version 8.2) database (Nilsson et al., 2018). Targeting the ITS1 region of fungi also results in sequencing of this region in other eukaryotic organisms. Therefore, the data was filtered to remove OTUs which did not belong to the fungal kingdom. For subsequent alpha and beta diversity analyses, the number of sequences per sample were normalized to a number which achieved sufficient sequencing depth, while retaining as many samples as possible. Levels of bacterial, fungal, and nematode diversity were assessed by Observed OTU and Shannon alpha diversity indices, and statistically compared by Kruskal-Wallis H test. Beta diversity was measured by Weighted Unifrac distances followed by permutational multivariate analysis of variance (PERMANOVA), based on 999 Monte-Carlo permutations. Differences between the nematode communities were detected via a non-parametric test ANOSIM (Analysis of Similarity) and MetaStat. Statistical analyses of bacterial and fungal abundances and correlation analysis were performed in IBM SPSS Statistics for Windows, version 27 (IBM Corp, 2020). To test for significant changes in the relative abundances of the microorganisms, one-way ANOVA with Tukey's Honestly Significant Difference (HSD) post-hoc test was employed. Where data violated the homogeneity of variance or normality assumptions, the non-parametric Kruskal-Wallis H test with Dunn's post-hoc pairwise comparisons corrected with the Bonferonni adjustment were used. Pearson's correlation analysis was performed to identify relationships between soil and plant variables and the abundances of bacteria, fungi and nematodes at specific taxon levels. Bacterial and fungal correlation analysis was performed at genus level on the core genera, while nematode correlation analysis was performed at order level. Canonical correspondence analysis (CCA) was performed using R software (version 4.0.4) (R Core Team, 2021), based on OTU presence/absence data, to examine whether the communities of the microorganisms and nematodes were significantly influenced by soil physiochemical and plant variables. Soil variables included total carbon (TotC), organic carbon (OC), organic matter (OM), pH, Morgan's reagent extractable available P (MorgP), K (MorgK) and Mg (MorgMg), and total N (N). Plant variables included dry matter yield (DMYield) and phosphorus uptake (PUptake). Visualizations including principal coordinates analysis (PCoA) were also performed with R software. Standard sample preparation and analytical techniques as detailed in Ashekuzzaman et al. (2021b) were used to determine the above soil and plant parameters. For example, fresh soil samples were dried at 40°C for 72 h and subsequently ground to <2 mm using a soil sieving machine in preparation for chemical analysis. Morgan's reagent (prepared as per Morgan, 1941) solution was used to extract soil to determine extractable P, K, Mg, and LR. The analysis was conducted on the Lachat system (Lachat QuickChem 8500 Series 2 continuous flow analyzer, Hach Lange GmbH, Düsseldorf, Germany) colorimetrically for P and Mg, and photometrically for K. Soil pH was determined using a Metler-Toledo pH electrode in the pH autoanalyser system (Gilson 215 Liquid Handler, Gilson Inc., Middleton, WI, USA). Total carbon (TC) and total N were measured by high temperature combustion method using LECO TruSpec CN analyser (LECO Corporation, St. Joseph, MI, USA). Fresh subsamples of grass were weighed and then dried in perforated plastic bags in an oven at 70°C for 72 h. Once dried dry weight was recorded for dry mass analysis and subsequently, dried samples were grounded and sieved to 2 mm size and used for nutrient analysis. Total crop was analyzed using an Agilent 5100 synchronous vertical dual view inductively coupled plasma optical emission spectrometer (Agilent 5100 ICP-OES, Agilent Technologies, Inc., Santa Clara, CA, USA) following the microwave assisted acid digestion of sieved samples (USEPA, 1996).




RESULTS

The responses of soil bacterial, fungal, and nematode communities to bio-based RDFs, including two struvite and two ashes, were analyzed to assess the effects of integrating these products into a conventional grassland fertilization program. The pH and nutrient contents of the RDFs studied varied depending on the source, which are detailed in Supplementary Table 1. The pHs of ash products applied were high, while struvite products were mildly alkaline. Ashes also contained considerably higher quantities of S and Ca, compared to struvites, while struvites were richer in N. Poultry litter ash (PLA) was particularly rich in K, while SSA had high levels of Al and Fe present.


Composition of Microbial and Nematode Communities

After quality filtering, totals of 3,732,486 (42,366–115,480 sequences per sample), 1,951,491 (23,769–64,421 sequences per sample) and 5,576,906 (123,666–149,634 sequences per sample) 16S rRNA, ITS and 18S rRNA sequences were obtained, respectively. Microbial relative abundance data was used to characterize and compare the dominant phyla and genera of the various treatment groups. The top 10 bacterial phyla covered an average of 96.6% of total sequences across samples (Figure 1A). Actinobacteriota was the dominant phylum of all treatment groups and covered an average of 29.7% bacterial sequences among the samples. The remaining phyla dominating samples included Proteobacteria (19.1%), Firmicutes (18.4%), Acidobacteriota (9.4%), Planctomycetota (6.1%), Chloroflexi (5.3%), Verrucomicrobiota (4.3%), Myxococcota (2.1%), Bacteroidota (1.1%), and Gemmatimonadota (0.9%). In individual treatment groups, this order of dominance was consistent across all treatments, except for MWS and both ash treatments (PLA, SSA). In these treatments, the Firmicutes were more abundant than Proteobacteria. In the case of MWS, this difference was marginal, and the abundances of both phyla were practically equivalent to one another. However, among ash treatments, the increased abundance of Firmicutes was more evident, accounting for 19.2% of bacteria in the PLA treatment and 20.8% in the SSA treatment, while Proteobacteria covered 18.0% and 18.5% in PLA and SSA treatments, respectively. While a number of significant differences were detected between treatments in the abundances of the top 10 bacterial phyla, just one was detected between fully fertilized treatments (Supplementary Table 2). This was between the two positive controls (SP40 and CS), due to the enrichment of Actinobacteriota in the CS treatment. A small number of archaeal sequences (<0.01%) were present among the 16S data. The core bacterial microbiome, which is here defined as those bacterial genera accounting for >1% of total sequences, consisted of 19 genera, which together represented just over half (50.2%) of the total bacterial community (Figure 1B). The top two genera, Bacillus (8.9%) and an uncultured genus belonging to the order Gaiellales (5.5%), were the most abundant bacteria in all samples. Therein, the order of genera dominance was variable among samples and treatment groups. Statistical significance tests (p < 0.05) proved CS and MWS to show the most variability in abundances of the core bacterial genera (Supplementary Table 3). The most considerable of these was the significant enrichment of Nocardioides under the CS treatment, compared with the majority of other fertilization treatments.
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FIGURE 1. The average relative abundances of (A) the top 10 bacterial phyla and (B) the core bacterial genera, observed in each of the treatment groups (n = 5). Treatment group name: NF, No fertilizer; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash.


On average, over half of fungal sequences in samples were assigned to the phylum Ascomycota (55.9%), while 12.6% were assigned to Basidiomycota and 4.0% to Mortierellomycota (Figure 2A). The remaining sequences belonged to either unidentified phyla within the fungal kingdom, or very low abundance fungal phyla. The Basidiomycota phylum was found to be significantly enriched in the CS treatment compared to SP40, PWS and PLA treatments (Supplementary Table 4). Fourteen fungal genera constituted the core fungal microbiome, representing an average of 78.6% of total fungal sequences across samples (Figure 2B). However, the dominant genus, which comprised 19.4% of these, could only be identified as belonging to the fungal kingdom. Otherwise, Pseudeurotium (12.4%) was the dominant genus among samples. The order of dominant genera and their abundances were highly variable among treatments. Despite this, few significant differences were observed in fungal abundances (Supplementary Table 5). The most substantial of these was the increased abundance of Apiotrichum in CS treatment, though this was only significantly higher than in the PLA and SSA treatments (p = 0.002, p = 0.043).


[image: Figure 2]
FIGURE 2. The average relative abundances of (A) the top three fungal phyla and (B) the top 10 fungal genera, observed in each of the treatment groups (n = 5). Treatment group name: NF, No fertilizer; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash.


The soil nematode community was dominated by the order Dorylaimida (52%), followed by Monhysterida (18.8%), Tylenchida (10%), Triplonchida (9.5%), Rhabditida (5.5%), and Araeolaimida (3.3%), together accounting for an average of 99% of the total nematode sequences in samples (Figure 3). The relative abundance of sensitive to environmental disturbance dorylaimids decreased in SSA treatment when compared with that in NF (p = 0.02) and SP 40 (p = 0.02) control treatments (Supplementary Table 6). There was also a significant increase of environmental stress tolerant monhysterids in the SSA treatment, as well as food opportunistic rhabditids, and plant parasitic tylenchids, when compared with the NF control (p = 0.01, p = 0.001, and p = 0.003, respectively). The CS treatment significantly increased the numbers of enrichment opportunistic rhabditids, when compared with NF (p < 0.001) and SP 40 (p = 0.008) controls, due to the input material rich in organic matter. Poultry litter ash significantly (p = 0.007) increased the relative abundance of plant parasitic tylenchids when compared with NF unfertilized control. On the other hand, the numbers of tylenchids significantly (p = 0.01) decreased in PLA treatment when compared with SP 40, the mineral control. The numbers of bacteria feeding araeolaimids were significantly lower in NF treatment when compared with those in CS (p = 0.03), PWS (p = 0.01), and MWS (p = 0.02) treatment.


[image: Figure 3]
FIGURE 3. The average relative abundance of the top 10 nematode orders in each treatment group (n = 5). Treatment group name: NF, No fertilizer; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash.




Alpha Diversity

Bacterial, fungal, and nematode sequence data were rarefied to 64,910, 28,568 and 33,198 sequences per sample, respectively. This resulted in the loss of two samples in bacterial community analysis (one from PLA and one from SSA) and the loss of one sample in fungal community analysis from the NF treatment, in order to achieve a higher sequencing depth. Alpha diversity metrics, used to measure richness and evenness of bacterial, fungal, and nematode communities within treatment groups, included observed OTUs and Shannon's index. Treatment groups were compared statistically for differences of significance in alpha diversity (p ≤ 0.05). On average, the PLA treatment had the richest (observed OTUs) bacterial community, while the community of MWS was the most even (Shannon's index). The lowest levels of bacterial richness and evenness were observed in SSA treatment. The PLA treatment also exhibited the richest fungal communities, while the SP40 had the most even fungal community. Fungal community richness and evenness were lowest in SP0 treatment. However, statistically, bacterial and fungal communities were found to be equally diverse across all treatment groups, with no significant differences between the treatments to report. Levels of nematode diversity within the different fertilization treatment groups were found to be similar, apart from the NF control treatment, in which the number of observed species, as well as species richness and evenness, were significantly lower when compared with those in the remaining treatments (Table 2).


Table 2. Bacterial, fungal, and nematode alpha diversity of treatment groups.
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Beta Diversity

Significant differences in bacterial and fungal communities among the various fertilization treatments (p ≤ 0.05) were determined by PERMANOVA statistical procedure performed on both Weighted and Unweighted versions of Unifrac. Global significance was detected among the bacterial communities of treatments based on both Weighted (p = 0.002, F = 2.16) and Unweighted (p = 0.001, F = 1.07) Unifrac distances. This was also observed among the fungal communities of treatments based on Weighted (p = 0.003, F = 2.04) and Unweighted Unifrac distances (p = 0.001, F = 1.72). A full list of PERMANOVA pairwise comparisons and their significance values are in Supplementary Table 7. Based on Weighted Unifrac data, which accounts for both the phylogenetic relatedness of communities, as well as the abundances of community members, both the bacterial and fungal communities of CS treatment were significantly different to those in all other treatment groups. Two RDF (MWS and PLA) also displayed significantly different bacterial communities to control treatments, while the only other significantly different fungal communities to report were between the unfertilized soil treatment (NF) and the RDF treatments PWS and PLA. Weighted Unifrac distance data was visualized by Principal Coordinates Analysis (PCoA), which captured 55.8% of bacterial and 57.1% of fungal community variability on the first two axes, respectively (Figures 4A, B). However, minimal separation of treatment communities was evident, with many treatment samples more closely related to samples of other treatments than to other samples within their own treatment group. Despite that, the bacterial community of MWS treatment and fungal community of CS treatment appeared to form distinct clusters. Various RDF treatments, as well as CS treatment had significantly different bacterial communities compared to the negative control treatments (NF and SP0) when analyzed using the Unweighted Unifrac metric (Supplementary Table 8). This version considers only the phylogenetic relatedness of communities and is more sensitive to differences in low-abundance features. Only 8.4% of the bacterial community variation could be captured by PCoA (Figure 4C). Meanwhile, the fungal communities of both ash RDF treatments (PLA and SSA) significantly differed to most other treatments. In PCoA, which represented 34.3% of community variation, there was coherent separation of the fungal communities of both these ash treatments from the remaining treatments (Figure 4D).
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FIGURE 4. Principal coordinates analysis of (A) bacterial communities and (B) fungal communities based on Weighted Unifrac distances and of (C) bacterial communities and (D) fungal communities based on Unweighted Unifrac distances between samples. Samples are colored by treatment group. NF, No fertilizer; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash.


The analysis of similarity (ANOSIM) performed on Weighted Unifrac distances revealed that nematode communities in the NF control treatment differed significantly (p ≤ 0.05) from those in all other treatments, with the exception of the MWS treatment. The nematode communities of soil treated with SSA were found to be significantly different to those in NF and SP0 treatments, while the communities in CS differed significantly from those in SP 40. Based on Unweighted Unifrac distances, the communities of the CS treatment were significantly (p ≤ 0.05) different from those in NF, SP0, PWS, MWS, and PLA treatments. Pairwise comparisons of treatment groups with significantly different nematode communities are listed in Supplementary Tables 9, 10.



Environmental Variables

Several correlations were found between the variables and bacterial (Supplementary Table 11), fungal (Supplementary Table 12), and nematode (Supplementary Table 13) taxa, but only a small proportion of these fell into the class of strong correlations (r > ±0.5). Most notably, the bacterial genus Nocardioides had a strong positive correlation with four of the soil variables, including total C (r = 0.548, p = <0.001), available K (r = 0.642, p = <0.001), available Mg (r = 0.537, p = <0.001), and N content (r = 0.594, p = <0.001). Other strong relationships observed were negative correlations between available K and Bacillus (r = −0.553, p = <0.001) and an unidentified genus belonging to the Planococcaceae family (r = −0.530, p = <0.001), and between dry matter yield and an unidentified genus of the order Vicinamibacterales (r = −0.558, p = <0.001). Four strong negative correlations were identified among the fungal genera and environmental variables. An unidentified genus of the order Coniochaetales was negatively correlated with dry matter yield (r = −0.617, p = <0.001) and P uptake (r = −0.562, p = <0.001). The remaining strong negative relationships were between dry matter yield and Metarhizium (r = −0.523, p = <0.001) and between organic carbon content and an unidentified genus belonging to the order Hypocreales (r = −0.509, p = <0.001). The analysis revealed a strong positive relationship between available P content and the relative abundance of the nematode orders Rhabditida (r = 0.537, p = <0.001) and Araeolaimida (r = 0.552, p = <0.001), while available K was positively correlated with the relative abundance of monhysterids (r = 0.524, p = 0.001). The analysis also revealed a strong positive relationship between uptake P and the numbers of rhabditids (r = 0.509, p = 0.001), and a weak positive relationship with araeolaimids (r = 0.321, p = 0.043). The DM yield was also weakly positively correlated with the relative abundance of rhabditids (r = 0.340, p = 0.032).

Canonical correspondence analysis (CCA) showed several of the soil and plant variables to have significant influences on bacterial and nematode communities, while fungal communities were not significantly affected. The total variations in bacterial and nematode communities explained by the variables were 18.2 and 20.3%, respectively. Table 3 details the average measurements obtained for soil and plant variables. The bacterial communities of the CS treatment, and to a lesser extent, the MWS treatment, were significantly influenced by available K (MorgK), available Mg (MorgMg) and N content (Figure 5A). The CCA plot also showed that dry matter yield (DMYield), P uptake and available P (MorgP) were the major determinants of bacterial community compositions in the RDF phosphate containing treatments, particularly PWS. The uptake P, soil available P and DM yield, appeared to be significant driving factors in shaping the nematode communities in the SSA, and to a lesser extent, MWS treatments, while available K and Mg played a significant role in shaping the community of the CS treatment (Figure 5B). In contrast, NF and SP0 treatments that received no P during the application of the fertilizers showed the least association with DM yield, available and uptake P.


Table 3. Soil physiochemical properties of treatments, crop yield and P uptake after the second ryegrass harvest.
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FIGURE 5. CCA biplot of (A) bacterial OTU data (B) nematode OTU data and the soil variables that were significantly associated. Arrows indicate the direction and magnitude of measurable variables significantly associated with the community structures. Treatment group name: NF, No fertilizer; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash.





DISCUSSION

In this study, we aimed to characterize the soil microbial and nematode responses to the application of bio-based phosphate RDFs, when incorporated into conventional grassland management programmes in Ireland. This was achieved by means of amplicon sequencing, and subsequent analysis of sequenced data, including community composition and abundance analysis, alpha and beta diversity analysis and investigations of relationships between communities and environmental variables. Results showed differing effects of the various RDF on bacterial, fungal, and nematode communities. Briefly, communities in struvite treated soil were similar in composition and structure to the 100% mineral P control treatment, while the communities of ash treatments displayed more disturbance, possibly as a result of their properties, such as pH and heavy metal content. Of the soil and plant variables measured, available P, K, and Mg, as well as plant P uptake and dry matter yield were found to have significant influence on soil bacterial and nematode communities, while fungal communities were not affected by any of the measured variables.


Community Composition and Abundance

Bacterial community compositions of the various fertilizer treatment groups remained relatively consistent at phylum level, with very few significantly altered abundances detected. While some significant alterations in bacterial phylum abundance resulted from the addition of nutrients to the soil, more were expected, particularly when the full recommended doses of NPKS were applied. No significant changes were found in the most abundant phylotypes between positive control treatments (mineral SP40 and CS) and RDF treatments. This suggested that the resident bacterial phylotypes of grasslands are resilient to abundance changes when different types of phosphate fertilizer are used.

Actinobacteriota, which are typically dominant in soils, with a diverse range of roles (Zhang et al., 2019), were the dominant bacterial phylotype. Unfertilized soil (NF) had the lowest abundance of Actinobacteriota, which appeared to be stimulated in the other treatments with nutrient additions, though only to a significant level in CS and MWS treatments. Actinobacteriota are generally considered copiotrophic bacteria (Ramirez et al., 2012), which was further supported by the positive correlations observed between Actinobacteriota and all environmental variables (except pH), which typically increased with N and P addition.

Acidobacteriota were of higher abundance in unfertilized soil (NF), though only the SSA treatment had a significantly lower abundance in comparison. This was reflected in correlation analysis, which showed that plant dry matter yield and P uptake had significantly negative relationships with increasing Acidobacteriota. While the life strategy of Acidobacteriota is debated, they are more consistently associated with oligotrophic environments (Ho et al., 2017), which supports these findings. The lower abundance of Bacteroidota in soil fertilized with NKS, but without P, suggested they thrived with P addition, which was supported by the positive correlation with soil P availability and plant P uptake. Soil phosphate content has previously been shown to have a significant positive influence on the abundance of Bacteroidota (Wolińska et al., 2017).

The increase of the Firmicutes phylum in ash treatments (PLA and SSA) which led to an alteration in the order of dominant bacteria, surpassing the Proteobacteria, could not be explained via Pearson's correlation analysis, as the negative relationships detected were skewed by the lower abundance of Firmicutes and higher values of the environmental variables in the CS treatment. Although not reflected in the soil's pH, a likely explanation for this shift in dominance was the high pH of the ash products applied, which were 12.3 and 11.4 in PLA and SSA, respectively. This is supported by previous studies which found wood ash application (Bang-Andreasen et al., 2017, 2020), as well as rapid increases in pH (Anderson et al., 2018), to increase the abundance of Firmicutes.

Just one of the significantly different bacterial genera between treatments were identifiable, with the remainder only identifiable as lineages within higher taxonomic levels. This was among the Nocardioides and was in fact, the most significant abundance change detected throughout the study. The Nocardioides were significantly enriched in the CS treatment in comparison to all other treatments but one, MWS. This genus can utilize a wide range of carbon and nitrogen sources, including unusual organic compounds and toxic environmental pollutants (Evtushenko et al., 2015). A strong positive correlation was observed between Nocardioides and total C and N, while organic C and organic matter displayed moderate positive correlations. These inputs were highest when cattle slurry (CS) organic amendment was added to soil, indicating its application allowed the Nocardioides to thrive.

Abundance changes in fungal phyla and genera were more obvious compared to those in bacteria. However, statistically, few differences were observed due to the high variability of taxa abundances in samples. Ascomycota, which are generally dominant in soils worldwide due to their dispersal ability and their frequency of genomic traits associated with stress-tolerance and competitive abilities (Egidi et al., 2019), remained the dominant fungal phylum in all treatment groups. These were followed by an unidentified fungal phylum in all treatments but NF and CS, in which Basidiomycota were the second most abundant phylum. Increased abundance of Basidiomycota in the CS treatment was largely attributable to the genus Apiotrichum, which are yeasts frequently found in soil. Apiotrichum harbor an abundance of carbohydrate degrading enzymes and are involved in the degradation of various forms of complex substrates (Aliyu et al., 2020), indicating that these were the main fungi involved in the decomposition of the organic component incorporated in the CS treatment.

Myrmecridium, belonging to the Ascomycota, were of significantly higher abundance in SP0 and MWS treated soils, compared to the NF control. Knowledge on this genus is currently lacking, but it potentially consists of saprobial and plant endophytic fungi (Peintner et al., 2016). Another genus of Ascomycota, Metarhizium, was of highest abundance in the unfertilized soil (NF), but only significantly more abundant than in PLA treated soil. This fungal genus decreased in abundance with NKS inputs, and to a greater extent when P was included. Despite being known for their plant growth promoting effects (St. Leger and Wang, 2020), a strong negative correlation was found between Metarhizium and DM yield. Recently, a number of Metarhizium species have been shown to produce high titers of phytase, which can decompose phytic acid, which makes up 60–80% of organic phosphate in soil (Siqueira et al., 2020). Perhaps, these fungi were mining organic phosphorus in NF soil, with their role becoming less important with P inputs. Moreover, Metarhizium are best known as entomopathogenic fungi, acting as biocontrol agents of insects, arachnids, and other arthropod pests, meaning their significant decrease in PLA treatment could potentially make plants vulnerable. However, it is possible that other entomopathogenic fungi became more established in this treatment.

The relative abundance of bacteria feeding rhabditids and araeolaimids was significantly lower in the NF treatment when compared with that in MWS and SSA treatments; nematode communities in both RDF treatments were positively correlated with available P. The NF treatment showed the lowest uptake P and DM yield when compared with the remaining treatments. The CS treatment had significantly higher numbers of bacteria feeding rhabditids, whereas PWS had significantly higher numbers of bacteria feeding araeolaimids in comparison to the NF control. Both these treatments displayed highest average uptake P values. Additionally, Pearson's correlation analysis revealed a positive relationship between the relative abundance of rhabditids and araeolaimids with soil available P and plant uptake P. These findings suggest that during this trial, the nematode orders Rhabditida and Araeolaimida directly positively contributed to either phosphorous uptake by plants or dry matter yield. Nematode species belonging in the orders Rhabditida and Araeolaimida are mostly bacterial feeding organisms (Yeates et al., 1993). Plants growing in soil with bacteria and bacterial feeding nematodes take up more nitrogen and grow faster than plants growing in soil with bacteria only (Ingham et al., 1985). Bacterivorous nematodes play a significant role in N mineralization (Anderson et al., 1983; Hunt et al., 1987; Ferris et al., 1998; Djigal et al., 2004), nutrient cycling (Griffiths, 1990) and enhancing N and P availability (Irshad et al., 2011).



Diversity and Community Structure

Alpha diversity of bacterial and fungal communities remained similar, with no significant effect of fertilization treatment type detected. Our results concur with a study conducted across 25 grassland sites across the globe, which found that nutrient additions did not strongly alter bacterial or fungal diversity (Leff et al., 2015), and suggest that each fertilization regime contributed to equally rich and even microbial communities. This is important due to the threat imposed on ecosystem stability by loss of species diversity, which can ultimately result in compromised ecosystem functioning (Wagg et al., 2021). In nematode diversity analysis, the unfertilized (NF) control treatment was found to be significantly different from the remaining treatments in that it exhibited a lower number of observed species and lower species richness, as well as a different community structure. Although the NF control had a significantly lower number of observed OTUs, the dominance of omnivorous dorylaimids and predacious triplonchids were indicative of structured and undisturbed nematode communities. This highlighted the level of community dissimilarity between the NF control and the remaining treatments enriched with nutrients. These results are similar to those in a study by Steel and Ferris (2016), where the relative abundance and biomass of predaceous and omnivorous nematodes were significantly higher in an undisturbed site when compared to an agricultural site. Over time, nematode abundance and community composition are affected by the application of mineral or organic fertilizer, soil properties, and crop cultivated (Leroy et al., 2009; Briar et al., 2011; Ugarte et al., 2013).

Beta diversity analysis by Weighted and Unweighted Unifrac allowed us to identify significant changes in the overall community structures of bacteria, fungi and nematodes that cannot be determined by analysis of taxonomic composition or diversity analysis. Generally, the bacterial and fungal communities were more responsive to P input than NKS (SP0 treatment), but those of mineral SP40 treatment did not significantly differ to NF or SP0 treatments in any case. This was previously noted in a cut and removed grass management system, which found that soil bacterial abundance, richness and structure was unaffected by inorganic mineral P fertilizer application (Randall et al., 2019). Meanwhile, the effects of CS treatment on soil bacterial and fungal communities were transparent in Weighted Unifrac analysis, demonstrating that the consideration of both abundance and phylogenetic information of samples clearly separated this treatment group from all others. One factor to consider, however, is the external bacterial and fungal community introduced with CS application, which may have influenced the soil community structure (Lentendu et al., 2014). Nonetheless, together these observations are indicative that bio-based RDF, may trigger microbial responses that fall somewhere between the mineral treatment alone (SP40) and the CS combination treatment. This was particularly true for the MWS treatment, which contains only 50% dry matter, as compared to the other RDF, which contain >90%, meaning that the additional moisture of this treatment and CS treatment may have led to more similar communities due to more rapid release of available nutrients. Additionally, in what to our knowledge appears to be the only other literature available on bacterial community response to struvite, it was found that Actinobacterial populations were stimulated by struvite sourced from a wastewater treatment plant (Bastida et al., 2019). This was the same effect as that observed in our study on MWS, which stimulated Actinobacterial populations to an extent similar to CS treatment. Furthermore, the availability of K, Mg, and N content of the soil were found to have the most significant influences on both these treatments in CCA.

Fungal communities were most affected by ash treatments, which was particularly obvious in PCoA of Unweighted Unifrac distances. Because this is a qualitative measure, it presents evidence that application of bio-based ash fertilizers results in a significant change in the phylogenetic composition of the soil fungal community (Lozupone et al., 2007). The average numbers of fungal OTUs were highest in ash treatments. Thus, the additional fungal lineages present were the main reason for the community shifts observed. This could be explained by the high pH of ashes. Fungi typically have a wide pH optimum (Rousk et al., 2010), which may have allowed fungal species with a preference for higher pH to grow. However, there was no effect on the pH of the soil to support this. Another factor shared by the ash treatments is a higher heavy metal content, including Zn, Fe, Cu, Al, Cr, and Mn, compared to the other fertilizers (unpublished data). Literature surrounding soil fungal community responses to heavy metal contamination is limited, with more focus on the bacterial response. However, increased fungal diversity in moderate soil heavy metal contamination has been recorded (Pasqualetti et al., 2012; Lin et al., 2020). It is possible that the observed increase in the number of fungal species could be due to a fungal stress response, in which heavy metals inhibited the growth of otherwise dominant soil fungi, allowing less competitive species to survive (Abdel-Azeem et al., 2007). Additionally, despite the observed shifts in fungal communities across the different fertilization treatments, none of the variables measured were found to be of significant influence in CCA, suggesting some other factor was playing a role in shaping fungal community structure.

Based on Weighted Unifrac distances, the community structure of the MWS treatment was not significantly different from that of the NF treatment, but the number of observed species was significantly higher in the MWS treatment. Nematode communities in the CS treatment differed significantly from those in the SP40 treatment, due to a significant increase in the abundance of food opportunistic rhabditids in CS treatment, where material rich in organic matter was applied. In support of this observation, a study by Ikoyi et al. (2020) also found that the abundance of bacterial feeding nematodes were significantly enriched in soil with a cattle slurry treatment applied, than when an inorganic conventional fertilizer was applied. Ettema and Bongers (1993) showed that the application of animal manure led to changes in nematode fauna, starting with a significant increase of the enrichment opportunists. The succession of nematodes from colonizers to persisters took several weeks. The incorporation of organic amendments into the soil environment stimulates microbial activity and attracts enrichment opportunists. Moreover, in a study by Ferris et al. (1996) 11 taxa of bacterial feeding nematodes, all in the order Rhabditida, became more abundant in organically amended plots than in a conventional system, in more than 30 days after the application.

The application of SSA as the P source resulted in relative abundance changes of nematode taxa which were indicative of environmental disturbance by significantly reducing the abundance of stress intolerant dorylaimids, significantly increasing stress tolerant monhysterids, as well as food opportunistic rhabditids, and plant parasitic tylenchids. Although the SSA treatment did not significantly differ from the SP40 mineral control treatment in terms of beta diversity, it significantly reduced the relative abundance of sensitive to disturbance dorylaimids when compared with SP 40. The relative abundance of dorylaimids in the SSA treatment was reduced by 22.7% when compared with that in the unfertilized control and 7.3% when compared with that in the 100% mineral treatment. The unfavorable shifts on nematode communities in SSA, when compared with those in unfertilized (NF) and SP40 mineral control, could indicate environmental disturbance. The persisters, such as dorylaimids, favor undisturbed habitats (Bongers, 1990), and a decrease in their abundance indicates disturbance or pollution of their habitat. Overall, environmental disturbance causes a decrease in the number of persisters and causes a shift toward the dominance of colonizers (Odum, 1985). A reason that possibly caused the reduction of sensitive to environmental disturbance taxa, was the presence of heavy metals in the ash product (unpublished data). The estimated concentration of copper (Cu) in the ash derived from sewage sludge waste was 609 mg/kg, and the concentration of zinc (Zn) was as high as 1,798 mg/kg. A study examining heavy metal toxicity on nematode communities following addition of Cu and Zn to agricultural soil revealed the nematode community structure, as well as individual nematode taxa, to be significantly affected during exposure by increasing concentrations of Cu and Zn, reaching up to 200 mg/kg (Korthals et al., 2000). In the Karpinska et al. (2021) study, although the ash derived from sewage sludge waste did not adversely affect nematode taxa sensitive to stress and disturbance, it did significantly reduce the number of observed species when compared with the remaining treatments. The presence of persisters is highly important in agricultural soils and nutrient cycling. Placed at the top of the soil nematode food chain, they feed on bacterial and fungal feeding nematodes, releasing more nutrients available for plant uptake, and regulating the colonizer's population (Yeates and Wardle, 1996). According to CCA analysis (Figure 5B), soil available P, appeared to have the strongest influence on the nematode community structure in the SSA treatment. A survey conducted by Herzel et al. (2016) discovered that the bioavailability of phosphorus in the sewage sludge ash is poor and that more than half of the ashes cannot be used as fertilizers due to high heavy metal content. SSA producers are developing new methods of reducing the heavy metal content in the final ash products (Mattenberger et al., 2008, 2010; Adam et al., 2009; Petzet et al., 2011; Stemann et al., 2015) as well as improving the bioavailability of recovered P when in soil (Nanzer et al., 2014; Stemann et al., 2015).




CONCLUSION

Using a next-generation sequencing approach, this study focused on the effects of four new recycling-derived fertilizer (RDF) products on the major soil microorganisms, when used as a sustainable alternative to non-renewable P fertilizer on Ireland's most cultivated agricultural crop. Changes in community composition and relative abundances of bacteria, fungi and nematodes served as indicators of the soil ecosystem response to RDFs. Statistical comparisons of alpha and beta diversity metrics allowed us to observe changes in the bacterial, fungal, and nematode diversity and community structures of soil with different forms of P applied. Canonical correspondence analysis revealed that available nutrients including P, K, and Mg, as well as plant P uptake and dry matter yield, were the main factors (of those measured) shaping the bacterial and nematode communities of the different grassland fertilization treatments. At the same time, none of the measured variables were found to be influential on fungal communities, suggesting some other factor such as likely the chemical properties of the ashes, were involved in the changes observed in these communities. The results showed promising evidence that the two new struvite RDF products, derived from municipal and potato processing wastes, have the potential to provide an effective and sustainable replacement to mineral non-renewable forms of imported P in temperate Irish grasslands. Dorylaimida is a nematode order sensitive to environmental disturbance. In the present study, their significant reduction, together with the observed alteration in order of dominating bacterial phyla and shifts in fungal community structure, raise questions surrounding the long-term impacts of the sewage ash and poultry litter ash RDF products on soil communities and therefore require further study. In future studies, it would be useful to investigate the heavy metal content of the soil fertilized with RDF to facilitate a deeper understanding of the community changes. Overall, this study provides new insight into soil bacterial, fungal, and nematode community responses to the application of RDF products incorporated into a conventional grassland fertilization programme in Ireland.
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