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Abstract: Circular economy recycling-derived fertilizers (RDF) have the potential to replace linear
economy fertilizers such as unsustainable superphosphates. Here, effects of ash RDF treatments in
Irish grassland cultivation were investigated in a simulated second growing season. Soil fertilized
in a preceding pot trial with superphosphate (SP), poultry-litter ash (PLA) and sewage-sludge ash
(SSA) at P concentration of 60 kg P ha−1 and a P-free control (SP0) was reused in a microcosm trial.
Lolium perenne was cultivated for 54 days in six replicates with a full complement of micro- and
macro-nutrients other than P. PLA treatments provided higher dry weight shoot yields than SP0,
while SSA and SP overlapped with SP0 and PLA. Most probable number (MPN) analysis showed
that phosphonate- and phytate-utilizing bacterial abundance was significantly increased in PLA.
Alkaline (phoD) phosphomonoesterase gene fragments were significantly more abundant (qPCR)
in the ashes than the superphosphate or P-free control. Bacterial communities were significantly
affected by the P application. Similarly, a significant separation of treatments was confirmed in a
canonical correspondence analysis of the phoD-harboring community. The genera Streptomyces and
Xanthomonas were significantly higher in abundance in the ash RDFs. These results demonstrated the
potential benefits of ash RDF treatments as an alternative P source.

Keywords: ryegrass; circular economy; bacterial community structure; phoD; phoC; phosphatase; next
generation sequencing; DGGE; qPCR

1. Introduction

Fertilizer supply plays an important role in securing food production for the growing
human population. The United Nations predicts an increase in the global population from
7.7 billion in 2019 to between 9.4 to 10.1 billion in 2050 [1]. Conventional mineral P fertilizer
is produced from phosphate rock, a non-renewable resource located in a small number of
mines around the world, with the highest abundance in geopolitically unstable countries.
Annually, around 22 × 1012 g mined fossil P enters the global economy, and mined P is
still the source for 80% of P fertilizers produced for agricultural purposes [2,3]. Mining of
phosphate rock occurs at a significantly faster rate than it can replenish itself via natural
geochemical processes, that takes 10–15 million years [4,5]. This leads to the depletion of
the finite resource in a linear nutrient economy approach (“take, make, dispose”). Simul-
taneously it pollutes the environment with a surplus of unequally distributed nutrients
originating from the intensification of agriculture and subsequent P accumulation in soil
causing run-off and leaching of P. Nutrient recovery from waste streams is a promising
move towards a circular economy (“reduce, recycle, reuse”) [6,7]. The recovered nutrients
can be applied to soil as recycling-derived fertilizers (RDFs), endeavoring to close the loop
in the P cycle.

In soil, P is a relatively immobile nutrient. It is present in various organic and inorganic
forms in different pools, which represent occluded/stable, labile, to readily available P
fractions of soil [8]. Inorganic and organic P can also be sorbed to soil particles and become
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unavailable as a source of nutrient [9,10]. Plants almost exclusively access P in the form of
orthophosphate, which is typically present in low concentrations between 0.1 to 1 mg P
kg−1 in the soil solution, making up around 1% of soil total P [11]. It was estimated that
only up to 30% of mineral P fertilizer applied to arable land was taken up by plants, with
the remaining 70% either being immobilized or sorbed via microbial or physicochemical
processes or leached into the environment [12,13]. The soil microbiota therefore plays a
crucial role in accessing P and transforming it into plant available forms. There are a multi-
tude of mechanisms improving P plant uptake facilitated by microorganisms, including:
(a) extension of the root system via symbiotic relationships with arbuscular mycorrhizal
fungi (AMF), the AMF hyphae can penetrate smaller soil pores compared to the plant’s
root hairs and thus explore larger soil volumes; (b) P sorption equilibria alterations in
favor of net flux of orthophosphate into the soil solution; (c) direct or indirect microbial
P turnover that includes proton efflux, phosphatase production and extracellular release,
siderophore exudation, etc. [14,15]. In recent years, soil degradation, acidification and
loss of biodiversity have been reported in agriculturally managed soils [16]. This includes
a reduction of the alpha diversity of AMF—important plant symbionts for improved P
acquisition by the plant host—that was reported in response to the application of mineral
fertilizers due to the direct P availability for plant uptake, while organic fertilizers rein-
forced the plant-fungal symbiosis [17]. Likewise, orthophosphate application in grassland
columns negatively affected the alkaline phosphatase gene, nematode and AMF abundance
and shifted microbial communities [18]. Application of ashes, that were left over from
energy and heat production processes, as fertilizers has been practiced in the past [19].
Ashes usually increase soil pH, potentially counteracting soil acidification and the liming
effect also appears to increase bacterial activity [20]. Due to the heat treatment, ashes lack
N, and are therefore not feasible for application on mineral soils with low N index [21].
While increased microbial activity after ash application implies carbon release from soil
due to higher soil respiration [22], other microbial processes involved in nutrient cycling
and therefore P mobilization might be enhanced. This mobilization of P may include the
mineralization of organically bound P from the soil already present prior to the fertilizer
application as well as recently immobilized P of fertilizer origin. Depending on the feed-
stock of ash fertilizers (i.e., sewage sludge), a high heavy metal burden is possible, that
may accumulate in soil [23]. Therefore, the development of RDFs should focus both on the
plant availability of P as well as the removal of hazardous substances from waste streams.
The AshDec® process was developed for the incineration of sewage sludge, whereby potas-
sium or sodium based alkaline products are added to the feedstock during incineration at
temperatures above 900 ◦C, to obtain ammonium citrate soluble, alkaline P compounds,
indicating their plant availability, and simultaneously evaporating toxic heavy metals such
as arsenic, cadmium and lead from the product [24].

The objective of this study was to determine (a) the P plant availability; (b) the
microbial-mediated P mineralization activity in experimentally re-used soil after application
of two ash RDF fertilizers at a rate of 60 kg P ha−1 in the preceding year and one cut of Lolium
perenne (perennial ryegrass) grass; and (c) compare L. perenne shoot production and AMF
colonization. Feedstock for ash production was poultry litter (PLA) and municipal sewage
sludge (SSA), in comparison to a P-free control (SP0) and conventional superphosphate
(SP) fertilizer. RDF based plant growth promotion alongside mineral fertilizer use with
and without superphosphate was correlated to changes in the bacterial (16S rRNA gene
and phoD) community structures in rhizosphere soil, bacterial phosphonate and phytate
utilization, potential phosphatase activity and arbuscular mycorrhizal root colonization.
The hypothesis was that P supplied from ash RDFs, may have a lower detrimental impact
on the P mobilizing microbial community than mineral P fertilizers and promotes the
abundance of P mobilizing bacteria and AMF interactions in the longer term.
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2. Materials and Methods
2.1. Microcosm Trial Set-Up

The bulk soil from the preceding pot trial experiment [25], stored in sealed plastic bags
in the dark at ambient temperatures was reutilized for this experiment. The soil originated
from a field at Teagasc Johnstown Castle, Wexford, Ireland (N52◦17′47′ ′, W6◦30′29′ ′), which
had been reseeded with perennial ryegrass in 2018 and prior to that was under long-term
pasture management. The P-free control SP0, the mineral fertilizer treatment SP60 and
the two ashes PLA60 and SSA60 at 60 kg P ha−1 were chosen from the preceding pot
trial (see also Supplementary Information S1). Microcosms (chemically welded plexiglass,
length = 12 cm, height = 11 cm, width = 2.5 cm; [26]) were set up in replicates of six per
treatment. The moisture content of each treatment was determined via the oven dry method
at 105 ◦C for 24 h. Water holding capacity of the soil was measured for each treatment
prior to the start of the microcosm experiment. First, 330 g of soil was used per microcosm
and the soil was watered to reach 70% water holding capacity. Then, 0.02 g of the diploid
Lolium perenne (var. AberGreen) seeds were added on the soil surface. The seeds were
covered with an additional 30 g of soil of the same treatment and that layer was wetted
evenly with additional 5 mL of distilled water. The microcosms were incubated in a plant
growth chamber (A1000, Conviron, Manitoba, Canada), with the following conditions:
12 h day and 12 h night cycle, the photosynthetically active radiation (400–700 nm) was
set between 200–400 µmol ms−1, at a temperature and relative humidity of 20 ± 2 ◦C and
75 ± 5% r.H. during the photoperiod and 15 ± 1 ◦C and 70 ± 5% r.H. during darkness.
Until germination was observed, the microcosms were kept in propagators to minimise
moisture losses. The plexiglass microcosms were wrapped in aluminium foil to minimise
algal growth. The microcosms were irrigated with distilled water every second day, at the
beginning with a volume of 5 mL, which was then increased to 25 mL over time to meet
the plants’ needs. To prevent N-starvation effect in this experiment, a urea solution was
applied at a rate of 75 kg N ha−1 with a volume of 10 mL per microcosm.

2.2. Microcosm Harvest, Plant and Soil Analyses

After 54 days of perennial ryegrass cultivation in the plant growth chamber, the bulk
soil was harvested separately from the rhizosphere soil. The soil-root mass was transferred
into plastic bags and the loosely attached bulk soil was shaken off. Then, the roots were
transferred into a zip-lock bag, where the rhizosphere soil, which is closely attached to
the root surface, was largely removed by vigorous shaking, until no more soil would
detach from the roots. Roots were picked from each sample for arbuscular mycorrhizae
analysis, together with the bulk and rhizosphere soil, and stored at 4 ◦C. Subsamples of the
rhizosphere soil were taken and stored at −20 ◦C for DNA extraction. The number of tillers
was counted for each microcosm and the fresh weight of the plant shoots was recorded.
The plant biomass was dried in an oven at 55 ◦C for 72 h, then the dry weight of the plant
yield was determined.

Soil pH, available P, potential soil acid and alkaline phosphomonoesterase activity
(ACP, ALP) were determined described previously [25]. In brief, soil pH was determined
in 0.01M CaCl2 solution. Morgan’s P test was set up to determine plant availability of
P following standard protocols [25,27]. Soil’s potential acid and alkaline phosphomo-
noesterase (phosphatase) activity was measured in 1 g of soil spectrophotometrically with
the p-nitrophenyl phosphate method following standard protocols [28].

2.3. Cultivation Dependent Microbial Analyses

The analyses MPN determination in minimal media with a single P source were
conducted as described previously [25] for the pot trial. Briefly, for MPN a serial dilution of
rhizosphere soil was carried out in saline (0.85% w/v). For MPN, 96 well microtiter plates
were used with minimal medium containing either phosphonoacetic acid (MM2PAA) or
phytate (MM2Phy) as sole source of P as described elsewhere [29] and incubated at 25 ◦C
for 14 days to visually determine growth. An MPN approach was chosen over plate-based
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assays to eliminate traces of P commonly found in solidifying agents. MPN g−1 rhizosphere
soil was determined via published tables by the Food and Drug Administration (FDA,
Blodgett, https://www.fda.gov/food/laboratory-methods-food/bam-appendix-2-most-
probable-number-serial-dilutions, accessed on 16 June 2022).

2.4. Cultivation Independent Microbial Analyses

Arbuscular mycorrhization was analysed according to protocols as described else-
where [18,30]. Briefly, 10 cm long root pieces were incubated in a 10% KOH solution in a
water bath at 90 ◦C for 45 min. Then the roots were rinsed three times with distilled water,
before they were incubated with freshly prepared alkaline 30% hydrogen peroxide at room
temperature for 60 min. After that, the roots were rinsed with distilled water again and
covered with 10 mL 0.1 M hydrochloric acid overnight for 12 h. The next day, the acid was
discarded, and the roots were stained with a 0.05% trypan blue lactoglycerol solution at
90 ◦C for 45 min. Finally, the staining solution was discarded, and the roots were stored in
a lactoglycerol discoloration solution until analysis was carried out. Root colonization with
arbuscular, vesicular and hyphal structures was evaluated with an Olympus BX60 micro-
scope (Tokyo, Japan) at 600x magnification in an adapted gridline-intersect method [30].
Four 1 cm long root pieces were investigated per sample and for each piece of root 25 fields
of view were observed and the presence of AMF structures was recorded (Supplementary
Figure S1) and calculated in percentage.

16S PCR-DGGE, phoC and phoD qPCR and phoD sample preparation for sequencing
were conducted as described previously [25] for the pot trial. In brief, DNA extraction from
0.25 g rhizosphere soil (frozen at −20 ◦C) was performed following the manufacturer’s
instructions of the DNeasy PowerSoil Pro kit (QIAGEN GmbH, Hilden, Germany). DNA
was quantified with the Qubit Fluorometer (Life Technologies, Carlsbad, CA, USA) using a
Qubit dsDNA HS assay kit (Life Technologies, Carlsbad, CA, USA).

In order to provide an overview of the bacterial community structures, 16S rRNA gene
PCR for denaturing gradient gel electrophoresis (DGGE) was carried out with primer pair
341F-GC and 518R [31]. Conditions for DGGE are provided elsewhere [25]. Amplicon based
sequencing of the V4 region of the 16S rRNA gene was conducted with primers containing
Illumina adapters (515F-Illumina 5′- TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA
CAG GTG CCA GCM GCC GCG GTA A-3′ and 806R-Illumina 5′- GTC TCG TGG GCT CGG
AGA TGT GTA TAA GAG ACA GGG ACT ACH VGG GTW TCT AAT-3′) using published
PCR protocols [25] in order to obtain sequence based information that goes beyond the
capabilities of a finger-print based analysis. Next-Generation Sequencing was performed at
the University of Minnesota Genomics Center (Minneapolis, MN, USA) on a MiSeq PE300
platform. Sequencing of the phoD gene was conducted by amplifying the phoD gene first
with primers phoD-F733 (5′-TGG GAY GAT CAY GAR GT-3′) and phoD-R1083 (5′-CTG
SGC SAK SAC RTT CCA-3′) [32]. Amplicons were subjected to a second PCR in order to
add the Illumina adapter sequences (Adapter F: TCG TCG GCA GCG TCA GAT GTG TAT
AAG AGA CAG; Adapter R: GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA
G). The PCR conditions for first and second reaction have been published elsewhere [25].
Amplicon sequence reads (16S rRNA gene fragments and phoD gene fragment) have been
deposited with links to BioProject accession number PRJNA1043576 in the NCBI BioProject
database (https://www.ncbi.nlm.nih.gov/bioproject/, accessed on 23 November 2023;
SAM38345078-101 (16S), SAMN38345078-101 (phoD)).

qPCR was conducted for phoC with the primers phoC-A-F1 (5′-CGG CTC CTA TCC
GTC CGG-3′) and phoC-A-R1 (5′-CAA CAT CGC TTT GCC AGT G-3′) [33] as well as for
phoD with ALPS-F730 (5′-CAG TGG GAC GAC CAC GAG GT-3′) and ALPS-R1101 (5′-
GAG GCC GAT CGG CAT GTC G-3′) [34] on a Roche LightCycler® 96 (Roche Diagnostics,
Mannheim, Germany) using the KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems,
Cape Town, South Africa) as described previously [25].

https://www.fda.gov/food/laboratory-methods-food/bam-appendix-2-most-probable-number-serial-dilutions
https://www.fda.gov/food/laboratory-methods-food/bam-appendix-2-most-probable-number-serial-dilutions
https://www.ncbi.nlm.nih.gov/bioproject/
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2.5. Data Analysis

Shoot weights, pH, MPN, CFU, ACP, ALP, arbuscular (AC), vesicular (VC) and hyphal
(HC) colonization, Morgan’s P, phoD and phoC absolute quantification were assessed for
significant differences with SPSS (SPSS Statistics, IBM, Version 26). Normality was tested
with Shapiro–Wilk (p > 0.05). The homogeneity of variance was evaluated using Levene’s
test at p > 0.05. When both criteria were fulfilled, a one-way analysis of variance (ANOVA)
was performed (Tukey HSD post-hoc, p ≤ 0.05). Data violating assumptions of normality
were transformed (untransformed results were reported), a non-parametric Kruskal–Wallis
test was performed when normality was not achieved. When equal variance was not
fulfilled a Games–Howell post-hoc test was conducted.

DGGE gel images were analysed with Phoretix 1D (Totallab, Newcastle, UK) to create
binary matrixes for canonical correspondence analysis (CCA) with all environmental data
described above using the R packages vegan, mabund, permute and lattice, applying a per-
mutational multivariate analysis of variance (PERMANOVA) test using 999 permutations
(R Studio, Version 4.0.3).

Demultiplexed 16S rRNA gene amplicon sequences returned from University of
Minnesota Genomics Center (Minneapolis) were analysed in QIIME2 2020.8 [35] using
the q2-dada2 plugin (paired-end reads joined, quality filtered, denoised) [36]. Obtained
amplicon sequence variants (ASV) were aligned (q2-alignment with mafft [37]) and a
phylogenetic tree was built (q2-phylogeny with fasttree2 [38]). Alpha [39] and beta diversity
metrics (weighted UniFrac [40]) were created using the q2-diversity plugin and taxonomy
assignments were conducted (q2-feature-classifier [41], SILVA 13.8 99% reference data
set for 16S rRNA [42,43]). References were trimmed to train a Naïve Bayes classifier. R
(Version 4.0.3) with mvabund and vegan packages were used to carry out CCA analysis.
Taxa bar plots were created to display relative abundance distributions of prevalent taxa.
Differential abundance was tested using Kruskal–Wallis rank sum test (kruskal.test) with
Wilcoxon post-hoc analysis for multiple pairwise comparisons between groups (function
pairwise.wilcox.test) and Benjamini–Hochberg correction.

Sequences of phoD were trimmed of primers and poor-quality sequences (cutadapt [44]).
Paired end reads were merged (usearch [45]) and filtered (fastq_filter). Unique and du-
plicate sequences were removed (fastx_uniques command). UPARSE was used to cluster
sequences into centroid operational taxonomic units (OTUs) [46] at a 75% sequence simi-
larity threshold [47]. An alkaline phosphatase gene reference database (fungene [48]) was
used to assign taxonomy. CCA biplot, bar plots and subsequent permutation analysis was
conducted in R as described above.

3. Results
3.1. Biomass Yields, Agronomic Efficiency and Elemental Analysis

The fresh weight of the L. perenne shoots after the microcosm harvest was highest in
the SP60 treatment, while the no P control SP0 was the lowest (Table 1). The dry biomass
analysis showed that both RDF treatments had higher yields compared to the mineral SP60
treatment with PLA60 being significantly higher than SP0. However, after correcting for the
seed germination rate (average dry weight per shoot) there was no significant difference
detectable between any of the treatments (Table 1). Agronomic efficiency (P-uptake/P-
supplied) was highest for PLA60 and lowest for SP60 (Table 1).

The mass balance for the macro- and micronutrients from pooled plant dry matter per
pot (i.e., nutrient uptake) identified lowest P and N levels in PLA60 (Table 2). Interestingly,
K content was around 20% higher in SP0 compared to all other treatments. SP60 had the
highest Ca, Mg, N, P and S content compared to the ash fertilized treatments. Concerning
the micronutrients, B and Mb were similar for all treatments, while Cu and Fe uptake were
lowest in the PLA60 treatment. Mn mass balance was highest in SP0, while Zn was lower
in both ash treatments.
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Table 1. Average values for fresh weight (FW) and dry weight (DW) of Lolium perenne harvest, shoot
count, dry weight to shoot ratio, and agronomic efficiency (AE).

Treatment Biomass FW (g) Biomass DW (g) Shoot Count DW:Shoot Ratio (g Shoot−1) AE

SP0 11.87 b ±0.33 1.49 b ±0.16 87.3 a ±2.73 0.017 a ±1.7 × 10−03

SP60 14.63 a ±0.31 1.71 ab ±0.05 87.2 a ±3.72 0.020 a ±7.8 × 10−04 13.5
PLA60 13.13 ab ±0.24 1.84 a ±0.02 86.3 a ±2.89 0.021 a ±5.5 × 10−04 20.8
SSA60 12.76 b ±0.71 1.77 ab ±0.04 84.5 a ±3.12 0.021 a ±1.1 × 10−03 17.0

54 d of growth, n = 6, letters a,b indicate significant difference per column, ± = standard error.

Table 2. Mass balance of total perennial ryegrass shoot dry weight (pooled) per treatment after
54 days of growth.

Treatment
Macronutrients [µg]

Ca K Mg N P S

SP0 1379 5135 325 4070 157 291
SP60 1381 4290 360 3911 214 292

PLA60 1025 4238 263 3094 136 245
SSA60 1157 4036 282 3565 151 263

Treatment
Micronutrients [µg]

B Cu Fe Mb Mn Zn
SP0 0.75 1.32 35.20 0.01 22.19 4.63
SP60 0.67 1.28 21.21 0.02 16.86 4.58

PLA60 0.61 0.93 17.79 0.02 16.81 3.87
SSA60 0.58 1.02 24.74 0.01 16.03 3.95

Calcium (Ca), potassium (K), magnesium (Mg), nitrogen (N), phosphorus (P), sulphur (S), boron (B), copper (Cu),
iron (Fe), molybdenum (Mb), manganese (Mn), zinc (Zn).

3.2. Microbial P-Mobilization and Solubilization, Soil pH and Morgan’s P

Microbial P mobilization detected with the cultivation-dependent MPN approach
demonstrated a significantly higher (p ≤ 0.05) P mobilization capability from phosphonates
(PAA) and phytate (Phy) in the PLA60 ash treatment (Table 3). SSA60 had an average
of 3.7 × 106 MPN g−1 soil in the PAA medium, which exceeded that of PLA60 with
3.2 × 106 MPN g−1 soil, although significant difference was not reached. MPN PAA and
Phy values for SP0 and SP60 were lower than the ash treatments but significant difference
was only reached with PLA60. The overall number of heterotrophic bacteria able to grow
in R2A medium was similar in all treatments.

Table 3. MPN values of phosphonoacetic acid utilizing (PAA) and phytate utilizing (Phy) bacteria,
and MPN values of total heterotrophic bacteria (R2A) in rhizosphere soil of L. perenne.

Treatment PAA (MPN g−1 Soil) Phy (MPN g−1 Soil) R2A (MPN g−1 Soil)

SP0 6.2 × 1005 b ±2.0 × 1005 3.5 × 1006 b ±7.2 × 1005 2.0 × 1008 a ±1.4 × 1008

SP60 1.6 × 1006 b ±1.1 × 1006 6.7 × 1006 b ±1.3 × 1006 8.7 × 1007 a ±2.1 × 1007

PLA60 3.2 × 1006 a ±4.2 × 1005 1.8 × 1007 a ±5.1 × 1006 1.1 × 1008 a ±4.7 × 1007

SSA60 3.7 × 1006 ab ±1.1 × 1006 1.0 × 1007 ab ±3.0 × 1006 7.8 × 1007 a ±1.1 × 1007

54 d of growth, n = 6, letters a,b indicate significant difference per column, ± = standard error.

The soil pH was affected by all fertilizer treatments, all fertilizers showed a significant
liming effect (p ≤ 0.05) compared to the SP0 control, and the pH of the ash RDFs was
again significantly higher than in the mineral SP60 treatment (Table 4). Moreover, the
concentration of orthophosphates readily available for plant uptake, determined using the
Morgan’s P extraction, was significantly higher in all P fertilized treatments, with the SP60
and PLA60 treatment falling into a soil P index of 2, increasing the soil P status from “very
low” to “low” compared to the SP0 and SSA60 treatment. The Morgan’s P values for SP60
and PLA60 were twice as high as the one for the P-free SP0 control (Table 4).
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Table 4. Mean values for soil pH (bulk soil) and plant available P (Morgan’s; rhizosphere soil from L.
perenne in microcosms.

Treatment Soil pH Morgan’s P (mg P L−1)

SP0 4.75 c ±0.01 1.53 b ±0.11
SP60 5.06 b ±0.03 3.12 a ±0.15

PLA60 5.34 a ±0.03 3.20 a ±0.55
SSA60 5.30 a ±0.04 2.43 a ±0.16

54 d of growth, n = 6, letters a–c indicate significant difference per column, ± = standard error.

3.3. Phosphatase Activity and Gene Copy Numbers (phoC, phoD) in Soil

The potential ACP activity was around ten-fold higher than for ALP, with PLA60
displaying the highest value on average for ACP and SP0 the highest average value for
ALP (Table 5). However, neither ACP nor ALP activity in soil identified any significant
differences (p > 0.05). Assessment of the gene copy numbers for the alkaline and acid
phosphatases on the other hand revealed a significantly higher (p ≤ 0.05) phoC copy
number g−1 soil in the SSA treatment and a significantly higher phoD copy number g−1

soil in PLA60 and SSA60 (Table 5), which had also demonstrated significantly higher soil
pH levels (Table 4).

Table 5. Potential acid (ACP) and alkaline phosphatase (ALP) and absolute phoC and phoD gene copy
numbers per gram of L. perenne rhizosphere soil in microcosms.

Treatment ACP
(µg pNP g−1 Soil h−1)

ALP
(µg pNP g−1 Soil h−1)

phoC
(phoC Copies g−1 Soil)

phoD
(phoD Copies g−1 Soil)

SP0 1504.9 a ±79.0 121.9 a ±11.1 1.1 × 1007 b ±1.7 × 1006 1.5 × 1009 b ±1.8 × 1008

SP60 1556.1 a ±65.2 109.7 a ±8.3 1.1 × 1007 b ±9.7 × 1005 1.5 × 1009 b ±5.8 × 1007

PLA60 1608.1 a ±91.4 117.4 a ±6.5 2.2 × 1007 ab ±3.3 × 1006 2.8 × 1009 a ±2.7 × 1008

SSA60 1322.1 a ±94.0 115.9 a ±6.7 2.2 × 1007 a ±8.0 × 1005 2.5 × 1009 a ±1.1 × 1008

54 d of growth, n = 6, letters a,b indicate significant difference per column, ± = standard error.

3.4. Arbuscular Mycorrhizal Fungi Root Colonization

Root colonization with AMF was assessed via root staining and subsequent micro-
scopic evaluation (Supplementary Table S1). There were no statistically significant dif-
ferences (p > 0.05) detected between the treatments as arbuscular colonization ranged
between 43 and 63%, vesicular colonization ranged from 53 to 76% and hyphal colonization
exceeded 90%. Nevertheless, SP60 had the lowest average colonization with arbuscules
and hyphae, compared to other treatments.

3.5. Bacterial Community Analysis

The 16S PCR-DGGE analysis of the bacterial community in the rhizosphere soil of the
microcosm trial resulted in significant separation of the treatments (p < 0.01), as shown
in the CCA biplot in Figure 1. The treatments SP0, SP60 and PLA60 were separated
from SSA60 on the first axis, and PLA60 was separated from all other treatments on the
second axis. Pairwise comparison via PERMANOVA of all treatments using Benjamini–
Hochberg correction confirmed significant differences (p ≤ 0.05) in the bacterial community
for all treatments. Significant parameters (p ≤ 0.05) involved in the shift of the bacterial
communities in the treatments SSA60 and PLA60 were plant available P, shoot dry weight
yield, soil pH, phosphonate and phytate utilizing bacteria, phoC and phoD copy number
and vesicular root colonization.

For the 16S rRNA amplicon NGS analysis of DNA extracted from the rhizosphere soil
of the microcosm trial, a total of 4,195,879 demultiplexed sequences were received from
the sequencing facility. After filtering, merging and chimera detection using DADA2, an
average of 51,380 features (29.5%) per sample were obtained for further analysis in the
QIIME2 platform. None of the alpha diversity estimators were statistically significantly
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different (Supplementary Table S2). Shannon index ranged from 5.8 to 6.2, while Simpson
index exceeded 0.995.
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Figure 1. 16S rRNA gene PCR-DGGE based CCA biplot with environmental parameters plant dry
weight (dwt), phoC and phoD copy numbers, soil pH, phosphonate (PAA) and phytate (Phy) utilizing
MPN counts, plant available P (Pav) and AMF vesicle colonization (VC), significantly (p < 0.05)
affecting the rhizosphere soil bacterial community; CCA1 explains 30.02% and CCA2 14.16% of the
total variation of the data, n = 6.

A CCA biplot of the ASV matrix obtained from the 16S rRNA amplicon sequencing
results (Figure 2) revealed clear separations of all four treatments. The treatments SP0
and SP60 are separated from the two ash RDF treatments on the first axis, and SP60 and
SSA60 are separated from SP0 and PLA60 on the second axis. A pairwise comparison
using PERMANOVA confirmed significant separation (p ≤ 0.05) of all treatments after
Benjamini–Hochberg correction for multiple testing. Canonical analysis environmental
variable analysis revealed that vesicle colonization, P-mobilization capability from phytate
and phosphonoacetic acid, bioavailable P, shoot dry weight, soil pH and phoC and phoD
copy number significantly affected the bacterial community structures (p ≤ 0.05).

The ten most abundant phyla represented over 90% of the overall phyla present
(Supplementary Figure S2). In decreasing relative abundance these were Actinobacteria, Fir-
micutes, Proteobacteria, Planctomycetes, Verrucomicrobia, Chloroflexi, Acidobacteria, Patescibacte-
ria, Bacteriodetes and Thaumarchaeota. Post-hoc analyses of their relative abundance between
treatments revealed significant differences (p ≤ 0.05) in all but two of the ten most abun-
dant phyla. Actinobacteria and Bacteroidetes were the only of the top 10 phyla that were not
significantly different in abundance (p > 0.05) across the four treatments (Figure 3). While
the phyla Firmicutes and Patescibacteria were significantly relative lower in abundance in the
two ash RDF treatments when compared to SP0 and SP60, the opposite was observed for
the phyla Chloroflexi and Planctomycetes. Acidobacteria and Thaumarchaeota were significantly
relative higher in abundance in PLA60 than all other treatments, and still significantly
relative higher in abundance in SSA60 than in the SP0 treatment. Verrucomicrobia were
significantly relative higher in abundance in SP60 as well as PLA60. Proteobacteria was the
only phylum which had a significantly higher relative abundance in the SSA60 treatment.
At genus level, no significant differences between the treatments had been detected for the
bacterial community.
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Figure 2. CCA plot of the 16S rRNA amplicon sequencing data of the microcosm trial, significantly
correlated environmental parameters are perennial ryegrass dry weight (dwt), bioavailable P de-
termined via Morgan’s P (Pav), phosphonate-P mobilizing bacteria (PAA), phytate−P mobilizing
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lar root colonisation by AMF (VC), CCA1 explains 5.03% and CCA2 4.64% of the total variation of the
data, n = 6.
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Figure 3. Horizontal bar plot of top 10 relative abundance phyla for SP0 (blue, 1st top), SP60 (purple,
2nd top), PLA60 (yellow, 3rd top) and SSA60 (red, bottom) (16S rRNA NGS data), error bars state
standard error, significance determined via Kruskal–Wallis test and Wilcoxon post-hoc analysis and
Benjamini–Hochberg correction, different letters a–c indicate statistically significant differences for
each phylum (p ≤ 0.05), n = 6.
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3.6. Bacterial Community Analysis Based on phoD

There were 3,169,711 phoD functional gene paired-end sequences obtained from the
sequencing facility, out of which 1,934,508 (60.9%) were successfully merged in USEARCH.
Of the merged sequences, 612,338 were matched with zero differences. In total, 1,285,676
(66.6%) of the merged number of sequences passed the filter criteria and 765,090 (88.4%)
of those were singletons. In total, 5051 OTUs were picked at a 75% similarity threshold
and 2476 chimeral sequences (2.5%) were removed. Finally, 1,449,560 sequences were
mapped to OTUs. The alpha diversity index Simpson was significantly lower for the PLA60
treatment (0.987 vs. 0.988–0.989) compared to all other treatments, and all other alpha
diversity estimators (i.e., Shannon, ACE, Chao1) showed no significant differences between
the treatments (Supplementary Table S3). The phoD amplicon NGS data based CCA biplot
showed significant separation (p ≤ 0.05) of all treatments (Figure 4; PERMANOVA, Adonis,
confirmed via Benjamini–Hochberg correction). PLA60 and SSA60 were separated from
the SP0 and SP60 treatment on the first axis, and on the second axis a separation between
PLA60 and SSA60 is visible. Various environmental parameters were significantly affecting
the phoD harboring community that included available P, L. perenne dry weight, soil pH,
phoC and phoD gene copy numbers, phosphonate and phytate utilizing bacteria (MPN).
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Figure 4. CCA biplot of the phoD bacterial community structure of the microcosm trial, CCA1 explains
6.68% and CCA2 4.49% of the total variation of the data environmental parameters; plant available P
(Pav), phytate (Phy) and phosphonate (PAA) utilizing bacteria, L. perenne shoot dry weight (dwt),
phoC and phoD copy numbers and soil pH affected the community structure significantly (p < 0.05),
n = 6.

The ten most abundant genera detected in the analysis of the phoD sequences were, with
decreasing relative abundance: Frigoribacterium, Rhizobacter, Bifidobacterium, Leifsonia, Oerskovia,
Xanthomonas, Streptomyces, Microbacterium, Turicella and Rhodopseudomonas. These genera
comprised around 50% of the total genera in each treatment (Supplementary Figure S3) and
their relative abundance was significantly different for all (Figure 5).
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Figure 5. Mean relative abundance (%) bar plots of top 10 genera of the phoD functional amplicon se-
quencing with significantly different abundance, significance determined via Kruskal-Wallis test and
Wilcoxon post-hoc analysis and Benjamini-Hochberg correction, different letters a–d state significant
difference, P0 control (SP0) data depicted in light blue, mineral fertilizer (SP60) in purple and ash
fertilizer treatments (PLA60, SSA60) in yellow, n = 6.

The genera Leifsonia, Oerskovia, Rhodopseudomonas and Turicella were significantly
relatively lower in abundance (p ≤ 0.05) in the ash RDF treatments compared to the control
SP0 and SP60 fertilizer. Rhizobacter displayed the highest relative abundance in the P-free
SP0 treatment. For the genera Frigoribacterium, Streptomyces and Xanthomonas the PLA60
treatment had the highest relative abundance, followed by SSA60, while the SP60 treatments
displayed significantly lower relative abundances. The genus Microbacterium seemed to be
positively affected by the P addition, all P-fertilized treatments had a significantly higher
relative abundance compared to SP0. Lastly, the genus Bifidobacterium was significantly
relative higher in abundance in the SP60 and SSA60 treatment, while it was similarly
relative abundant in PLA60 and SP0.

4. Discussion

This study investigated the effects of ash RDF treatments at P concentration of
60 kg P ha−1 on a second growing season of perennial ryegrass alongside a positive (or-
thophosphate) and negative control (no P). Microbial capacities in rhizosphere P cycling
were investigated that included phosphonate and phytate utilization, phosphatase activities
and the related absolute gene copy numbers, as well as bacterial community structures were
assessed (16S, phoD) alongside mycorrhization of ryegrass roots. The present hypothesis
was that ash RDFs derived from incineration of poultry litter and sewage sludge positively
affect the abundance and function of P mobilizing bacteria and arbuscular mycorrhizal
fungi and have less impact on the soil microbial community than mineral P fertilizer in
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the long-term, while demonstrating plant growth promotion in L. perenne in a second
growing season.

Sewage sludge and manure incineration is practiced as a sanitary way to destroy
organic pollutants (pathogens, pharmaceutic compounds such as antibiotics, tranquilizers,
diuretics, and hormones). In countries such as Switzerland and the Netherlands, 100% of
sewage sludge is incinerated [49]. The resulting ash is nutrient-rich and under the right
processing conditions it can be applied as fertilizer. The utilization of ashes derived from
various nutrient-rich waste streams as fertilizer can be seen as product valorisation and
likely reduces the amount of sewage sludge going to landfill, thus supporting the circular
economy [50]. There is also potential for energy generation in the form of electricity or
heat during the thermal process of such wastes, as described for the poultry litter ash
used in this experiment [51]. Furthermore, the application of pyrolyzed biomass under
oxygen limiting conditions (biochar), has shown positive effects in terms of soil fertility
and the P cycling microbial community [52], raising interest in investigating the fate of
ash application to soil. Due to the high incineration temperatures of 900 and 1000 ◦C
respectively for the sewage (SSA) and poultry litter ash (PLA), only limited amounts of
carbon is expected to remain in the ashes [24]. Instead, high levels of Ca, P, K, Mg, Fe and
Al were determined in both ashes with the sewage sludge ash having particularly high
levels of Fe and Al (Supplementary Information S1). Therefore, one may assume that most
of the P in the ashes is present as Ca, Al or Fe -phosphate secondary mineral which may
become plant available due to microbial dissolution activities [25]. The short-term study of
the ashes fertilization that occurred prior to the present study investigated the mobilization
of P from tri-calcium phosphates (TCP) as indicator for the microbial capacity to mobilize
inorganically bound P [25]. There, significantly higher bacterial abundances were found
in the PLA but not in the SSA treatment in comparison to the P-free control. However,
both ashes were also applied in a field trial and there, TCP effects were only observed
within the first three months of application, while from five months onwards, significant
differences on TCP plates were no longer present [53]. The present microcosm study that
reused fertilized soils to simulate a long-term ashes fertilizer event focused on the microbial
processes of organically bound P mobilization (i.e., mineralization) under the assumption
that significant proportions of the inorganic fertilizer P has been converted into organic
forms by the time the microcosm study took place. Indeed in a previous grassland column
study, phosphatase activity increased with orthophosphate fertilization, suggesting that
significant amounts of inorganic P was first immobilized into organic forms [18] and then
putatively mineralized again.

Treatment with mineral P (SP60) in the present study resulted in the lowest agronomic
efficiency (difference method by yield) when compared to the ash treatments. However, AE
does not account for the P plant uptake, which was highest in SP60. Statistical significance
could not be determined for the plant elemental analysis, because the treatments had to
be pooled to acquire a reasonable sample size for elemental analysis, thus further studies
producing larger amounts of plant biomass would be needed to assess these trends. As
already indicated above, both ashes from the present study were also investigated for their
fertilizing effects at application rates of 40 kg P ha−1 in comparison to superphosphate
and struvites under L. perenne cultivation in a field trial. There, no differences between
treatments were detected regarding biomass yields within two years but apparent recovery
efficiency (RE) of PLA was lower than for superphosphate fertilization (Patrick Forrestal,
oral communication). While the present study is based on soils with low P availability (Irish
P index of 2, which is typical for Ireland) and a single application of P fertilizer, it is worth
noting that in other regions, soils may have a high P availability due to repeated fertilization.
In the latter case, a P saturation may occur, where a larger fraction of the applied P will
remain plant available [54]. According to Barrow [54] this higher plant availability is rooted
in a saturation effect where inorganic P is sorbed onto and into soil particles to a point where
sorption processes slow down and desorption increases to create a higher equilibrium of
orthophosphate in soil solution. In the present study however, one can expect that both
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PLA and SSA contain P in the form of particulate secondary minerals with Ca, Fe and Al.
While the present study has not investigated the inorganic chemistry of soil and fertilizer
P, we speculated that the presence of PLA and SSA in the soil beyond a growing season
would lead to the (partial) transformation of the phosphate secondary minerals in the ashes
into organic forms. Hence, this study investigated primarily (micro)biological factors in P
cycling (i.e., mineralization).

In the present study, the P fertilization effect in a second growing season had signifi-
cantly shifted the bacterial community in both the fingerprinting as well as the amplicon-
based sequencing analysis for all treatments. The vesicular AMF colonization of the roots
(VC) significantly affected the bacterial community structures as demonstrated by the
DGGE and the amplicon-based sequencing of 16S rRNA gene fragments. Interestingly, at
DGGE level VC appeared to separate SSA60 from the remaining bacterial communities,
while for the amplicon-based analysis this was the case for PLA60. The remaining factors
such as plant available P, dry matter yield, phosphonate and phytate utilization, phoC and
phoD gene copy numbers and soil pH appeared to be important for the distinction of SP60
from the bacterial communities from the RDF treatments.

High supply rates of P for plant growth have been previously linked to reduced rates
of root mycorrhization [55,56]. Even a single application of 20 kg P ha−1 to grassland
columns significantly reduced arbuscular colonization (AC) [18]. In the present study
SSA60 had the lowest P availability among the P fertilizer treatments while at the same
time the highest levels of AC, although this was only a trend (did not reach significance).
The opposite trend was observed for vesicular colonization (VC) in SSA60, which was
the lowest in this study of all treatments. Vesicles function as lipid storage bodies and
are described as a potential C sink [57]. Previously, limited photosynthate supply from
the plant host has been identified to lower VC rates [58], hence this could indicate that
SAA60 treated plants are nutrient limited, even with higher AC rates possibly due to low P
availability. Further studies would be necessary to confirm this hypothesis as the current
results are only trends and did not reach significance.

Soil pH had one of the strongest effects on the soil bacterial community. This is
likely due to the retained liming effect of the ash RDF treatments. Even a year after their
application, soil pH was still significantly higher than in SP60 and SP0, although the soil
pH still had to be considered rather acidic (pH 5.3). Soil pH is acknowledged as one of the
main stimulators of change for the microbial community structure [59] and it also affects P
availability in soil [60] as well as plant growth [61]. Liming is a common practice in acidic
temperate soils to improve P plant availability [62].

Neither ACP nor ALP activity in soil were affected by the treatments in the long term
in this current study, but nonetheless, significant higher phoC copy numbers were detected
in SSA60, and phoD copy numbers for both the PLA60 and SSA60 treatment. A negative
correlation between ALP activity and P plant availability was described recently [63], while
in the current study a significantly higher amount of plant available P for all P fertilized
treatments did not result in a lower ALP activity. However, P mineralization processes
can be steered not only through available P deficiencies in soils but by a demand for
C instead [64]. External carbon inputs (manure, sewage sludge, cellulose) to soil have
reportedly increased soil respiration and therefore indicate facilitated microbial growth [65].
Thus, the ash C input in the present study, in particular PLA60, could have contributed to
the increased abundance of phosphonate and phosphate-ester utilizing bacteria.

Detailed analysis of the bacterial 16S rRNA gene analysis revealed two out of the ten
highest relative abundant phyla were significantly higher in relative abundance in both ash
treatments compared to SP0 and SP60, namely Chloroflexi and Planctomycetes. Additionally,
PLA60 had significantly higher abundance of Acidobacteria and Thaumarchaeota compared to
SP0 and SP60. The phyla Acidobacteria, Planctomycetes, and Chloroflexi were also described
as part of the phoX (phosphatase)-harboring community [66]. Likewise, Actinobacteria,
Firmicutes and Planctomycetes, that were some of the highest relative abundant phyla in this
current study, have also been found to commonly contain phoD [66]. However, Firmicutes
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were significantly lower in relative abundance in the ash RDF treatments, while Actinobacte-
ria relative abundance was not significantly affected by any of the treatments. Actinobacteria
were reported to be effective inorganic P solubilizer via organic acid exudation [67]. Increas-
ing amounts of mineral P applications (5, 10, 20 kg P ha−1) have previously reduced relative
abundance of Actinobacteria and Firmicutes in grassland columns [18], which suggests that
mineral P application can negatively affect both phyla.

To study the functional diversity at the phosphatase gene level, the present study
decided to focus on phoD over phoC as for phoD, both ash treatments resulted in significantly
higher gene abundances over the control and conventional P fertilizer. Furthermore, the
same type of analysis was carried out with the same soils previously [25] as a short-
term study, where no significant shifts of the phoD community were identified. This
was different to the present study, where the presumptive long-term effect affected the
phoD community structure. Significant separation of the phoD-harboring community
in this current study was driven by the same environmental parameters as the overall
bacterial structure, except for VC. In this current study, ash fertilization demonstrated
positive as well as negative effects on the relative abundance of phoD-harboring genera.
Some of the genera with higher relative abundance for the ash treatments were generally
also predominantly abundant in other studies investigating organic fertilization. The
genus Xanthomonas was also detected in chicken manure and vegetable waste composting
samples [68]. Xanthomonas phoD sequences were also identified in black truffle inoculated
pine seedlings [69]. Streptomyces was one of the genera dominating long-term organically
fertilized soil in the Jiangxi Province in China [70] and was one of the abundant phoD
harbouring bacteria in composts containing biochar [71]. Yet to date, neither genus has
been reported in perennial ryegrass in connection to phoD. It therefore transpires that both
genera may represent important members of the phosphate-ester mineralizing communities
that are related to fertilizers and/or soil improvers. Therefore, their presence may suggest
a potential benefit for plant P availability.

5. Conclusions

In conclusion, ash RDF application was beneficial to the abundance of microbial P
mobilizers, as indicated by significantly higher PAA and phytate utilization and higher
phoC and phoD copy numbers and a shift in the phoD harbouring community, although
this did not translate into a higher phosphatase activity in soil compared to the mineral P
treatment. However, Pav was also increased in the ash treatments, likely due to P release
from phosphonates and phytates and high ACP activity in general, therefore it can be
assumed that the phoD-harbouring community in the ash RDF treatments might induce
ALP production when the soil becomes more P deficient. At the same time, the mineral
SP60 treatment demonstrated reduced microbial P mobilization capabilities, which suggests
a higher dependency on external P inputs upon plant available P depletion. Further studies
at field scale are necessary to study the potential use of ashes as P fertilizer. A particularly
interesting option would be to test combinations of quickly available P sources with ashes
in order to see whether the putative beneficial effects of the ashes at the microbial level can
be maintained while at the same time optimising crop yields.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments11030049/s1, Figure S1. Example of arbuscules (A)
and vesicles (B) in L. perenne roots after cultivation in soils fertilized with ashes, visualized at
600× magnification (BX60, Olympus, Tokyo, Japan); Figure S2: Mean relative abundance of the top
10 abundant genera obtained from 16S rRNA amplicon sequencing of the microcosm trial, all other
genera collapsed in “others”, n = 6; Figure S3: Mean relative abundance of the top 10 abundant
genera obtained from phoD amplicon sequencing of the microcosm trial, all other genera collapsed in
“others”, n = 6. Table S1: AMF colonization of the L. perenne roots after cultivation in microcosms for
54 days in soil amended with P fertilizers SP, PLA and SSA a year prior to the experiment, arbuscular
(AC), vesicular (VC) and hyphal (HC) colonization were recorded via microscopic investigation at
600× magnification after root staining with trypan blue, 100 observations per sample, ± represents
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standard error, n = 6; Table S2: Alpha diversity measures of 16S rRNA amplicon sequencing results of
the microcosm trial, significance determined via Kruskal-Wallis test and Wilcoxon post-hoc analysis
and Benjamini–Hochberg correction, different letters within a column indicate statistically significant
difference, n = 6; Table S3: Alpha diversity measures of phoD functional gene sequencing results of
the microcosm trial, significance determined via Kruskal–Wallis test and Wilcoxon post-hoc analysis
and Benjamini-Hochberg correction, different letters within a column indicate statistically significant
difference, n = 6. Reference [72] is cited in the supplementary materials.
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