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Abstract: The production of mineral fertilisers relies heavily on mineral deposits that are becoming
depleted or is based on processes that are highly energy demanding. In this context, and in line
with the circular economy and the European Green Deal, the recovery of nitrogen (N), phosphorus
(P), and potassium (K) from organic wastes using chemical technologies is an important strategy
to produce secondary raw materials for incorporation into mineral fertilisers, partially replacing
the traditional sources of N, P, and K. However, there are very few studies on the agronomic and
environmental effects of such substitution. The aim of this work was to evaluate plant growth
under microcosm conditions and the effect on the soil microbiome of mineral fertilisers in which
part of the N, P, or K content comes from bio-based materials (BBMFs), namely ash, struvite, and a
patented chemical process. The crop was maize, and a metataxonomic approach was used to assess
the effect on the soil microbiome. The BBMF treatments were compared with a control treated with a
conventional mineral fertiliser. The conventional fertiliser performed significantly better than the bio-
based fertilisers in terms of maize biomass production at the first sampling point 60 days after sowing
(DAS), but at the last sampling point, 90 DAS, the BBMFs showed comparable or even better biomass
production than the conventional one. This suggests that BBMFs may have a slightly slower nutrient
release rate. The use of fertiliser, whether conventional or BBME, resulted in a significant increase in
microbiome biodiversity (Shannon index), while it did not affect species richness. Interestingly, the
use of fertilisers modulated the composition of the bacterial community, increasing the abundance
of beneficial bacterial taxa considered to be plant-growth-promoting bacteria, without significant
differences between the conventional mineral fertilisers and the BBMFs. The predominance of PGPRs
in the rhizosphere of crops when BBMFs are used could be part of the reason why BBMFs perform
similarly or even better than conventional fertilisers, even if the rate of nutrient release is slower. This
hypothesis will be tested in future field trials. Thus, BBMFs are an interesting option to make the
food chain more sustainable.

Keywords: bio-based fertilisers; bio-based mineral fertilisers; waste valorisation; maize; soil
microbiome; soil health; bacterial community; PGPR

1. Introduction

European Union (EU) waste management policies aim to reduce the environmental
and health impacts of waste and improve Europe’s resource efficiency [1]. Turning waste
into resources is key to a circular economy; in particular, bio-waste valorisation is an
attractive approach that can offer potentially useful alternatives for dealing with residues [2].
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Basic valorisation strategies, including composting, reusing, and incineration, are well
known and accepted worldwide practices which, however, are able to recover/convert only
a fraction of the waste into useful products [3,4]. Advanced valorisation strategies based on
chemical technologies are more attractive from the practical, economic, and sustainability
points of view, leading to numerous possibilities for the production of goods [5]. Therefore,
these advanced strategies, including different extraction approaches for the production of
useful bio-based materials, can diversify the generation of multiple products from a single
feedstock [6,7].

In response to the rising demand for food from an increasing world population, the
farming sector must answer the challenge in a sustainable way, increasing its productivity
and the efficient use of quality nutrients provided by fertilisers as well as reducing the
carbon footprint of food production [8]. Fertilisers are an integral part of the food supply
chain, and their contribution, in combination with good agricultural practices, is a key
aspect to make food systems fair, healthy, and environmentally friendly, as intended by the
Farm to Fork Strategy, which is at the heart of the European Green Deal [9].

At present, the production of fertilisers relies heavily on fossil mineral resources, the
reserves of which are limited and declining: mainly natural gas, phosphate rock, and
potassium salts [10]. The European fertiliser industry is also highly dependent on imports
of these raw materials, making it very vulnerable to supply and pricing policies outside
Europe [11]. Therefore, the implementation of efficient nutrient recycling strategies is a
challenge for the fertiliser industry [12], and advanced chemical technologies have been
developed to recover nitrogen (N), phosphorus (P), and potassium (K) from bio-waste for
use as secondary raw materials in the production of mineral fertilisers. This is considered
to be an energy-efficient and environmentally friendly alternative for the valorisation of
organic waste [13]; in fact, the EU expects that raw materials from bio-waste origins will
replace up to 30% of the non-renewable raw materials currently used for the production
of mineral and organic-mineral fertilisers [14], giving rise to so-called bio-based mineral
fertilisers, or BBMFs [15]. In line with the EU Fertiliser Regulation and circular economy
principles, BBMFs in Europe use locally available waste streams and avoid the use of fossil
resources [15]. Although BBMFs offer many advantages, the main knowledge gap is about
the availability of N, P, and K from the new fertilisers, as the molecular forms of the N, P,
and K from the bio-based sources might be different from those from conventional sources.
As a result, the availability of these nutrients can vary depending on factors such as soil
type, climate, and specific crop needs [16], requiring specific analysis to evaluate their
performance and environmental impact [17]. The most relevant bio-based materials that
can be used as ingredients of mineral fertilisers are struvite [18] and biomass ash-based
products [19], which are recognised as such in the last European regulation about mineral
fertilisers [20]. The Regulation states that the Commission will collect information on the
feasibility of using such raw materials for the production of mineral fertilisers. For this
reason, struvite and biomass ash have been used in this work as a partial replacement for
conventional raw materials.

As there is a lack of information on the effect of mineral BBMFs on plant growth
and soil microbiomes, the aim of this work was to evaluate the performance of BBMFs
in a microcosm trial with maize with the following objectives: (i) to evaluate the effect
of BBMFs on plant growth compared with conventional mineral fertilisers with the same
nutrient content but produced from conventional raw materials; (ii) to evaluate the envi-
ronmental performance of BBMFs by assessing their effects on the soil bacterial community,
in terms of biodiversity and composition, compared with conventional fertilisers and an
unfertilised control.

2. Materials and Methods
2.1. Description of the Bio-Based Fertilisers

To reduce the dependence on mineral fertilisers from non-renewable sources of raw
materials, in this work, four BBMFs were designed in which a varying percentage of the
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conventional and non-renewable raw materials (Table 1) were replaced with a renewable
source obtained from bio-based materials. The total N-P,O5-K;O content, in percentage
w:w, was 8-15-15 for all the products. In the control, the raw materials were the conven-
tional ones (see Supplementary Materials Table S1 for detailed information), whilst in
the fertilisers named PKA, PA, PD, and ST, respectively, the percentages of N-P,O5-K,O
indicated in Table 1 came from the renewable source indicated (for a complete description
of the raw materials of all the products, see Supplementary Materials Table S1).

Table 1. Chemical description of fertilisers (conventional fertiliser and BBMFs) used in the micro-
cosms assay.

. Nutrients Content . Nutrients Content
Total Nutrients Content from Renewable Bio-Based Origin Bio-Based Source from Mineral Conventional Origin
Fertili
ertiliser — “% P,0s (% K0 (% N (% P05 (% K0 (% N (% P,0s5 (% K0 (%
WiW) WiW) WiW) WiW) WiW) WiW) WiW) WiW) WiW)
Cé’é‘g"l 8 15 15 0.00 0.00 0.00 - 8.00 15.00 15.00
PKA 8 15 15 0.00 3.16 3.33 Ash 8.00 11.84 11.67
PA 8 15 15 0.00 3.91 0.00 Ash 8.00 11.09 15.00
CaHPOj, from the
patented process
PD 8 15 15 0.00 5.35 0.00 DMPhos 8.00 9.65 15.00
(EP17382535)
ST 8 15 15 0.22 5.00 0.00 Struvite 7.78 10.00 15.00

2.2. Microcosm Assay Design

The microcosm assay under greenhouse conditions was carried out to analyse and
compare the performance of new BBMFs and conventional fertilisers (CF).

The BBMFs were tested in maize (Zea mays L.) plants, cultivar Antalya, grown in4 L
pots filled with 3100 g of substratum. The statistical design was a completely randomised
design (CRD) with six treatments, including controls: non-fertilised (C—), control with
conventional fertilisation (C+), and four treatments with the new BBMFs: PKA, PA, PD,
and ST. There was a total of 18 pots per treatment and 2 plants per pot. The substratum was
a mixed soil-vermiculate at a ratio of 3:1 (volume:volume). The soil was a basic (pH 7.93),
sandy loam texture (sand 58%, silt 22%, clay 20%), 1.87% organic matter, total N content of
0.13%, P Olsen 13.51 ppm, Ca* 20.69 cmol-kg~!, Mg* 0.80 cmol-kg~!, K* 1.27 cmol-kg ™!,
and a CEC (total cation exchange capacity) of 12.4 cmol-kg ! (see Supplementary Materials
Table S2 for detailed information). Except for the unfertilised control, each pot received
exactly the same quantity of N (0.96 g), P,Os, and K,O (1.80 g of each); the amount of
each fertiliser varied according to its actual content of each nutrient, as indicated in Table 1.
Four days later, maize seeds were sown in the pots. The plants were watered as needed to
keep the soil at 80% field capacity +10%.

2.3. Sampling and Plant and Soil Chemical Analysis

A first destructive sampling was carried out 60 days after sowing (DAS) (6 samples),
followed by a final sampling at the end of the experiment, at 90 DAS (12 samples). Fresh
and dry (oven-dried at 60 °C to a constant weight) aerial biomass was determined. Three
samples per treatment were taken for plant nutrient analysis as well as for soil chemical
analysis. Soil samples were taken at 20 cm depth with a plastic column.

For plant nutrient analysis, dry samples were crushed with a blade mill. Total nitrogen
(N) was determined using the Dumas method, and total phosphorus (P) and potassium (K)
using an inductively coupled plasma-optical emission spectrometer (ICP-OES).

For chemical soil analysis, NH*"-N, NO3~-N, and available P and K content were
determined. NH**-N and NO3~-N were analysed immediately after sampling to avoid
environmental exposure of the sample and potential alteration of the analytical results. The
amount of NH**-N in soil was measured with the selective electrode method [21], and
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the NO®~-N was measured with the UV spectrometry method [22]. For the remaining
analyses, the soil was air-dried at room temperature and sieved through a 2 mm screen.
The available P content was determined with the Olsen method, and the K (cation) was
extracted with AcONHy4 1 N pH 7; concentration values were determined using ICP-OES.

2.4. Metataxonomic Analysis

In order to determine the impact of the new BBMFs in the rhizosphere microbiome,
analysis of the bacterial community using a metataxonomic approach was carried out. For
each treatment, five replicates were collected, each one comprising rhizosphere roots of
two plants. Samples were taken at the end of the experiment, 90 DAS. To avoid cross-
contamination between one sample and the next, the tools used for sampling were cleaned
and disinfected with alcohol at 70%. Rhizospheric soil in contact with the roots was col-
lected using previously sterilised brushes to avoid cross-contamination, sieved (2 mm),
homogenised, and stored at —80 °C for subsequent DNA extraction. Total microbial DNA
extraction was performed with the DNeasy Power Soil kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. The 165 rDNA gene amplicons were amplified
following the 16S rDNA gene Metagenomic Sequencing Library Preparation Illumina pro-
tocol. The gene-specific sequences used in this protocol target the 165 rDNA gene V3 and
V4 region. Illumina adapter overhang nucleotide sequences were added to the gene-specific
sequences. The primers were selected from Klindworth et al. [23]. The full-length primer se-
quences to follow the protocol targeting this region were 165 rDNA gene Amplicon PCR For-
ward Primer (5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC
WGCAG-3') and 16S rDNA gene Amplicon PCR Reverse Primer (5-GTCTCGTGGGCTCGG
AGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3).

Microbial genomic DNA (5 ng/uL in 10 mM Tris, pH 8.5) was used to initiate the
protocol. After 165 rDNA gene amplification, the multiplexing step was performed using
Nextera XT Index Kit (FC-131-1096). An amount of 1 pL of the PCR product was run
on a Bioanalyzer DNA 1000 chip to verify the size; the expected size on a Bioanalyzer
trace is ~550 bp. After size verification, the libraries were sequenced using a 2 x 300 pb
paired-end run (MiSeq Reagent kit v3 (MS-102-3001)) on a MiSeq Sequencer according to
the manufacturer’s instructions (Illumina). Quality assessment was performed using the
Prinseq-lite program [24]. R1 and R2 from the Illumina sequencing were joined using flash
from the suite [25]. Taxonomic affiliations were assigned using the RDP_classifier [26].

2.5. Data Analysis

Analysis of variance (ANOVA) was performed using the treatments as fixed factors.
The effects of the treatments on aerial biomass, plant nutrient content, and soil nutrient
content were analysed, and Tukey’s test was used for the mean, using IBM-SPSS v.26.0
(IBM Corporation, Armonk, NY, USA).

Primer v7 and PERMANOVA+ software was used to analyse the bacterial community
structure [27]. Diversity metrics, identified as the species richness and the Shannon diversity
index of the soil microbial communities, were determined, and boxplots were used to
visualise the distribution of diversity indices. The significance of effect sizes was tested by
pairwise comparison of results from the permutation analysis of variance (PERMANOVA;
9999 permutations) using the treatments as a fixed factor.

Stacked bar charts were used to represent the relative abundances of microbial taxa at
the phylum level, while heatplots at the amplicon sequence variant (ASV) level were used
to show the detailed organisation of the bacterial communities. Heatplots were used for
clustering the bacterial community in the treatments according to Bray—Curtis dissimilarity
and for assembling the 50 most frequent genera according to hierarchical clustering based
on the index of association.

The variation in the composition of the bacterial communities after the application of
the different treatments was evaluated using non-metric multidimensional scaling (nMDS)
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calculated on the basis of the Bray—Curtis similarity from Hellinger transformed data
(square root of relative abundance).

The significance of the pairwise comparisons between the responses to the treatment
within each treatment for the bacterial community was verified with PERMANOVA for
9999 permutations; dissimilarity was performed using Bray-Curtis with treatment consid-
ered as the fixed factor. A permutational test of multivariate dispersion (PERMDISP) was
conducted prior to the PERMANOVA, based on the distance of samples in relation to the
group average, to determine any deviation in dispersion in the similarities.

A canonical analysis of principal coordinates (CAP) was used to model changes in
the community among the different treatments. The analysis was based on Bray—Curtis
dissimilarities calculated from square root transformed abundances. Segmented bubble
plots, showing segments whose sizes were directly proportional to the average taxa relative
abundance across the treatments, were overlaid on the CAP ordination. Selection of taxa at
the genus level was based on similarity percentage (SIMPER) analysis and heatmap results.

Once PERMANOVA was performed and differences between groups (treatments)
were determined, the datasets were also tested for group similarity and dissimilarity by
applying the SIMPER function at ASVs level with a cut-off for the lowest contribution of
30% within the community. SIMPER identified which taxa distinguished the components
of such groups.

To investigate the relationship between bacterial clusters and plant data, an interaction
network was constructed. In detail, a contingency matrix based on Pearson r coefficients
was calculated on the 50 most frequent bacterial taxa obtained in the previous heatplot
analysis with fresh and dry biomass and content of N, P, and K. According to the correlation
obtained in the contingency matrix, bacterial taxa were clustered using the complete linkage
algorithm, and clusters were defined using the similarity profile routine (Simprof) test
(999 permutations) for level p < 0.05. To simplify the network, single correlations of mean
values for bacterial taxa within each cluster were calculated for each of the plant biometric
variables. Networks were generated by hand. The Simprof test and contingency matrices
were generated using Primer-7 software.

3. Results
3.1. Plant Growth Parameters

The outcomes from the microcosm assays (Figure 1) reveal a distinctly positive impact
of the fertiliser products across all treatments, including both conventional fertiliser (C+)
and BBMFs, on the aerial biomass production of maize plants. Both fresh and dry weights
at 60 and 90 DAS showed a biomass increase as a result of fertilisation compared with
the non-fertilised control (C—), underlining the efficacy of the fertilisation (Figure 1A-D).
However, at 60 DAS, only the BBMF PKA and the conventional fertiliser (C+) showed
significant differences compared with the C— (Figure 1A,B), whilst at 90 DAS, all the BBMFs
and the C+ produced significant differences from the C— (Figure 1C,D). Therefore, this
suggests that the conventional fertiliser exhibits a higher rate of nutrient delivery compared
with the BBMFs. Additionally, it is important to note that by the end of the experiment
(90 DAS), the fresh and dry weights of the plants in the PA (ash bio-based source) treatment
and the dry weight of the PD (DMPhos bio-based source) treatment surpassed those of the
C+, although the differences were not statistically significant (Figure 1C,D).
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Figure 1. Bar plot showing mean aerial biomass (g/plant) of maize fertilised with new BBMFs
compared with the non-fertilised control (C—) and the control with conventional fertilisation (C+).
Fresh (A) and dry (B) biomass taken at 60 DAS. Fresh (C) and dry (D) biomass taken at 90 DAS.
Black bars indicate standard deviation of six replicates for the samples taken at 60 DAS and of
twelve replicates for samples taken at 90 DAS. Different letters indicate significant differences among
treatments assessed with Tukey’s test with a significance level fixed for p < 0.05.

3.2. Plant and Soil Nutrient Content
3.2.1. Plant Nutrient Content

At 60 DAS, the N content was statistically higher in the C+, PKA, and PA treatments
compared with C—, while at 90 DAS, this difference was also significant for the PD treat-
ment. However, it is noteworthy that in both periods, 60 and 90 DAS, no statistically
significant differences were observed between the fertilised treatments (Table 2).

Table 2. Mean values and standard deviation of aerial nutrient content (N, P, and K) of maize
plants grown in microcosmos conditions fertilised with new BBMFs compared with a non-fertilised
control (C—) and a control with conventional fertilisation (C+). (Significance level: *** p < 0.001;
*0.001 <p <£0.01; *0.01 < p < 0.05; ns not significant). A Tukey’s test was used to compare mean
values; the means followed by the same letter did not significantly differ for p < 0.05.

N (%) P (mg/kg) K (cmol(+)/kg)
Treatment
60 Days 90 Days 60 Days 90 Days 60 Days 90 Days
Cc— 324+024%  140+£032P> 427895+ 342.37° 721.25 +79.13 ¢ 42,332.08 =+ 939.85 17,106.51 + 161.71 P
C+ 416+0502 21940372  5286.88 +£433.75P¢  1268.67 +87.982  44,682.54 + 438345  20,352.58 -+ 701.28 2
PKA 4554+0222 21340062 605244 + 106397  1079.36 + 12.182P  44,988.06 + 1336.85  19,168.08 + 1963.77
PA 41840102 19440132  6346.77 + 624.66°° 109245 + 42943 4551750 +2913.02  18,433.63 + 1207.63 2
PD 403+0203% 217 +0.052 6630.11 +190.03®  1133.62 £ 22573  44159.85 + 6904.36  19,020.83 & 139.28 ab
ST 396+0333%  1.87+026% 668529 +435.162  1218.19 +£99.55%  45,875.72 +4835.01  19,038.87 + 794.80 2P
ANS;@EQ"H 0.56 0.27 2,624,348.29 1416.67 4,778,125.48 0.10
F value 6.60 4.90 16.89 25.38 0.28 3.13
Significance ** * ok A ns i

In the case of P, at 60 DAS, only the BBMF treatments showed significantly higher levels

than C—, while at 90 DAS, all the fertilised treatments (C+ and BBMFs) were statistically
different from C—. There were no statistically significant differences in K content between
the treatments at 60 DAS. At 90 DAS, only the C+ showed a significant difference compared
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with C—, although none of the BBMFs showed statistically significant differences with C+.
It is important to note that at 60 DAS, the highest values of both P and K were observed in
the ST treatment. However, at 90 DAS, the highest values were found in the C+.

3.2.2. Soil Nutrient Content

The results detailing NO3;~-N, NH;*-N, and available P and K content in the soil are
presented in Table 3. A decline in nutrient content is evident in the second period due to
plant absorption. In general terms, the content was higher in the fertilised treatments.

Table 3. Mean values and standard deviation of nutrient soil content (N-NHy*, N-NO3~, P, and
K) from maize plants grown in microcosmos conditions fertilised with new BBMFs compared with
non-fertilised control (C—) and control with conventional fertilisation (C+). (Significance level:

p < 0.001; ns not significant). A Tukey’s test was used to compare mean values; the means
followed by the same letter did not significantly differ for p < 0.05.

N-NH** (mg/kg) N-NO3~ (mg/kg) P (mg/kg) K (mg/kg)
Treatment
60 Days 90 Days 60 Days 90 Days 60 Days 90 Days 60 Days 90 Days
C— 0384020 025+0.06 14.05+167P 5.68 +0.54° 13.95 +298° 1129 £ 149 ¢ 1.15+0.05 1.05 £ 0.03
C+ 0.41+0.11 0254006 411840712 4048 4+0.10% 1928 +4.12° 4858 +£435P 1.67 £ 0.38 138 £0.21
PKA 070 £0.36  032+0.01 4132+0.762 3518 £32° 3235+ 6.91° 76.84 £6.74° 1.80 + 0.36 1.47 +£0.20
PA 0564030 032+007 4058+£0923 3581+£0.18% 64.16+1370% 52914 6.36° 1.80 £ 0.33 1.52 +£0.17
PD 0.68+033 0314007 4053+0802 374142162 81.11+17.322 4765+11.52> 1.93+0.22 1.37 £0.23
ST 0.63+032 027+£007 40.13+1432 396541552 31.22+6.67P 61.2649.822> 197+ 042 1.56 +0.26
ANOVA 0.06 0.003 356.85 525.75 2109.71 1416.67 0.27 0.10
mean square
F value 0.71 0.98 290.25 176.97 20.90 25.29 2.66 2.61
Significance ns ns *HE xEE o o ns ns

The differences between the treatments and controls in soil NH**-N content were
not statistically significant. Nevertheless, at 60 DAS, the soil ammonium content was
higher in the fertilised treatments, but at 90 DAS, the differences were negligible, with the
highest content observed in the PKA and PA treatments. On the other hand, soil nitrate
was significantly higher in the fertilised treatments than in C— in both periods, although
no significant differences were observed between the fertilised treatments.

Concerning available P in the soil, in general terms, there were no statistically sig-
nificant differences between the fertilised treatments. At 60 DAS, only the PA and PD
treatments showed significantly higher levels than C—, but at 90 DAS, all fertilised treat-
ments were statistically different from C—. In the case of K dynamics, although there were
no statistically significant differences in K content between the treatments in either of the
periods (60 and 90 DAS), it is essential to note that K content in fertilised treatments was
consistently higher compared with the C—.

3.3. Metataxonomic Analysis
Effect of Fertiliser Application on Soil Bacterial Diversity

The effect of the treatments on the internal biodiversity of the bacterial populations
(alpha diversity) was evaluated using two indices, species richness (S) and Shannon’s
index (H') (Figure 2 and Table 4). The PERMANOVA showed that the value of S was not
modified by the treatments, while the index of diversity H" was significantly affected by
them (Table 4). Specifically, H' increased in all fertilised treatments compared with C—
except for PKA (Figure 2), although such an increase was statistically significant (p < 0.05)
only for C+, ST, and PD (Table 4 and Figure 2).
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Figure 2. Box plots showing the distribution of diversity indices for each treatment. S: Number of
ASV (A); H': Shannon index (B). Different letters indicate significant differences for p-values below
0.05. Significance was assessed through PERMANOVA (No. of permutations = 9999). The lower and
upper bounds of the boxplots show the first and third quartiles (the 25th and 75th percentiles), the

middle line shows the median, and whiskers above and below the boxplot indicate inter-quartile
ranges. Letters indicate significant differences for p < 0.05.

Table 4. Result of permutation analysis of variance (PERMANOVA) on changes in the alpha diversity
indexes of the bacterial community within treatment and results of PERMANOVA tests on pairwise
comparisons between treatments. Pseudo-F and ¢ values of effect sizes are reported; p-values < 0.05
are indicated in bold.

Number of ASV H’
Groups
Pseudo-F/t p-Values Pseudo-F/t p-Values

Comparisons between groups 0.406 0.8365 3.1656 0.0194
C—,C+ - - 2.383 0.0469
C—, PKA - - 0.98671 0.3699
C—,PA - - 1.8228 0.0779
C—,PD - - 2.8406 0.0153
C—, ST - - 2.1237 0.0485
C+, PKA - - 1.8045 0.0925
C+ PA - - 1.0618 0.3164
C+,PD - - 0.097895 0.9131
C+,ST - - 0.82197 0.4327
PKA, PA - - 1.0373 0.3519
PKA, PD - - 2.4278 0.0179
PKA, ST - - 1.4378 0.1907
PA, PD - - 1.5995 0.1178
PA, ST - - 0.39919 0.7048
PD, ST - - 1.3391 0.2205

Subtle variations were noted in the bacterial community structure at the phylum
level among the different treatments. In total, 23 phyla were found, with 11 being the
most abundant, as shown in Figure 3. The dominant phyla were Actinobacteriota and
Proteobacteria, exhibiting minimal variations across the different treatments, including
Actinobacteriota, Planctomycetota, Gemmatimonadota, and Bacteroidota. The most notable phyla
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variation between treatments was observed among the less abundant phyla, including
Cyanobacteria, Fusobacterota, Abditibacteriota, and others (Figure 3).
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Figure 3. Stacked bar plot of bacterial taxa grouped according to phyla. Data are shown as rela-
tive abundance.

The treatments exerted an influence on the bacterial community structure; the PER-
MDISP test showed that multivariate dispersion was not significant within the treatments
(F =0.3868, p > 0.9608), and PERMANOVA evidenced significant differences between
treatments (p < 0.0001; Table 5). This divergence is prominently evident in the formation
of two distinct groups: one comprising the C— treatment, and the other comprising all
fertilised treatments. This partition is visually discernible in the nMDS plot (Figure 4) and
is further accentuated in the CAP plot (Figure 5).

Table 5. Results of permutation analysis of variance (PERMANOVA) on changes in bacterial com-
munity structure (phylum level) between treatments and results of PERMANOVA tests on pairwise
comparisons between treatments. Pseudo-F and f-values of effect sizes are given; all the pairwise
comparisons were significant at p-values < 0.05. Percentages correspond to the mean dissimilarity in
pairwise comparisons between treatments as extracted from SIMPER analysis (Appendix A).

Groups PERMANOVA Dissimilarity Percentages
Pseudo-F/t p-Values (SIMPER Analysis)
Comparison between groups 4.8455 0.0001
C—/C+ 2.585 0.0076 27.71
C—/PA 2.5267 0.0095 24.97
C-/PD 2.6287 0.0083 26.12
C—/PKA 2.5729 0.0066 25.74
C-/ST 2.3397 0.0072 27.04
C+/PA 2.3017 0.0088 24.59
C+/PD 2.0196 0.0084 23.18
C+/PKA 2.1465 0.0077 23.98
C+/ST 1.8722 0.0087 24.69
PA/PD 2.4263 0.0079 23.37
PA/ST 1.8639 0.0068 22.82
PD/ST 1.8012 0.0093 22.84
PKA/PA 2.1037 0.0075 21.57
PKA/PD 1.9288 0.0075 20.98

PKA/ST 1.78 0.0077 22.74
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Figure 4. Non-metric multidimensional scaling (nMDS) of bacterial communities formed by ap-
plication of new BBMFs compared with non-fertilised control (C—) and control with conventional
fertilization (C+). The nMDSs were originated with a contingency matrix calculated on the basis of
Bray-Curtis similarity from Hellinger transformed data (square root of relative abundance).

Transform: Square root
Resemblance: S17 Bray-Curtis similarity
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Figure 5. Segmented bubble plots showing segments whose sizes are directly proportional to
the average relative abundance per treatment for each of the different size/genus categories (as
different colours).

Variations in grouping were attributed to multiple taxa, as explained by both the
SIMPER analysis (Table 5) and the heatplot (Figure 6). According to SIMPER, the average
dissimilarity percentage ranged from 27.7% (C—/C+) to 20.98% (PKA /PD) (Table 5). The
most substantial dissimilarities were observed between the C— and the fertilised treat-
ments, as can be observed in both nMDS and CAP analyses. The bubble plots constructed
over CAP illustrate the key genera (Tychonema, Arthrobacter, and Achromobacter) that pre-
dominantly contribute to these distinctions (Figure 5). Tychonema had a high presence in
C—, but experienced a reduction or disappearance in the fertilised treatments. In contrast,
Arthrobacter was absent in C— but consistently present in all fertilised treatments. As for
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Achromobacter, it showed a minor presence in C— but a higher prevalence in C+; in the re-
maining BBMFs treatments, its presence resembled that in C—, with the lowest abundance
observed in the PKA treatment.
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Figure 6. Heatplot of the 50 most frequent bacterial taxa in the experimental design, comparing new
BBMF treatments, non-fertilised (C—), and conventional fertilised control (C+). Scale bar represents
Hellinger transformed data (square root of relative abundance), and symbols represent bacterial
phyla. Bacterial taxa are ordered according to index of association.

Likewise, Pseudoarthrobacter, Skermanella, Blatococcus, and the Unassigned group pre-
sented the highest and constant abundance in all treatments. Other groups presenting
constant relative abundance across all the treatments were Flavobacterium, Agromyces,
Streptomyces, Bradyrhizobium, Pseudoarthrobacter, Bacillus, and Pseudomonas, among oth-
ers (Figure 6). In Figure 6 can also be found other genera exclusively present in one or
more treatments: such is the case of Nafulsella, present only in PKA treatment; Acidovorax,
Phormidium, and Phormidermis in PA treatment; Noviherbaspirillum in PKA, PD, and C+;
Olivibacter in PKA, PD, and C+; Bdellovibrio in ST and C+ and in lower abundance in PD; or
Kocuria in ST, PD, and C+.

The correlation between the bacterial clusters and the plant biometrics was estimated
using the Pearson r coefficient. Obtained clusters differently correlated with the plant
biometric parameters (Figure 7); i.e., cluster A correlated negatively with these parameters,
while clusters B and E correlated positively. On the other hand, clusters C and D did not
correlate with any of the analysed plant characteristics (Figure 7).
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Figure 7. Network of interaction based on Pearson r correlation coefficient between bacterial consortia
and plant biometrics measured in the experiment. Bacterial taxa are ordered according to complete
linkage clustering of Pearson r coefficient. Clusters A, B, C, D, and E defined according to results
obtained with Simprof test (999 permutations) for level of p < 0.05. Positive and negative interactions
are indicated with red and blue colours, respectively. Grey lines represent no interaction. The strength
of interactions is represented by different line thicknesses proportional to the Pearson r values.

4. Discussion

The introduction of BBFs in the EU market faces several challenges. Firstly, policies
on their use are still under development [28]; secondly, there are economic concerns due
to the influence of individual and social factors on farmers’ intentions to use BBFs [29].
In the third place, there is a lack of comprehensive studies on the impact of BBFs on crop
yield and soil quality and health, which adds another layer of complexity to the effective
implementation of BBFs in agricultural practices [30]. To date, the majority of previous
studies evaluating the fertilising capacity of BBFs in crops have focused predominantly on
basic bio-waste valorisation products, such as the application of digestate [31], compost [32],
and byproducts resultant from incineration, such as ashes [33]. In contrast, there is a
noticeable lack of research focusing on advanced valorisation products [15], which include
nutrient recovery for use either as a separate fertiliser or as an integral part of a conventional
fertiliser. It is also notable that most of the existing studies have focused on the recovery
process itself rather than assessing its effectiveness in improving crop performance [34,35].

In this sense, our study is a pioneer in the evaluation of the effect of mineral BBFs
(BBMFs) on plant growth and their environmental impact, i.e., mineral fertilisers that
include in their composition nutrients recovered from organic wastes, with a special focus
on phosphorus (P) extracted with advanced chemical processes. The results obtained
suggest that BBMFs may have a slightly slower nutrient release rate in the early stages of
plant growth compared with conventional fertilisers, while maintaining the same rate of
nutrient assimilation as the crop progresses. To prove this, at the last sampling, the plants
fertilised with BBMFs had the same levels of N, P, and K in their biomass as the control
fertilised with a conventional mineral fertiliser (C+). In addition, there was no depletion of
soil nutrients, and thus, it appears that BBMFs act as a slow-release fertiliser, modulating
nutrient release so that in the early stages, when crop demand is lower, the nutrient release is
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lower, and as the crop demand increases, nutrient availability increases, which could reduce
the risk of nutrient leaching when crop demand is lower. In this regard, the application of
slow-release fertilisers, specifically those containing P, plays an important role in enhancing
sustainability within crop production systems by promoting the efficient utilization of
fertilisers [36]. This application proves instrumental in mitigating the challenges associated
with P in soils, such as potential availability loss due to immobilization and runoff-induced
losses [37,38].

In spite of the lack of studies in agricultural crops assessing the effectiveness of BBMFs
that integrate material of bio-based origin in the fertiliser composition, studies do exist
that examine the performance of BBFs from basic bio-waste valorisation [15]. The available
works on this topic agree that plant growth and yield potentials with recovered nutrients
are either similar or better than those of conventional fertilisers [39]. In this sense, e.g., in a
study encompassing various crops, including maize, it was observed that, on the whole, the
fertilising effect of P from ashes was similar to that of highly soluble P fertilisers like triple
superphosphate (TSP), resulting in an increase in P uptake of cultivated crops as well as in
increased soil P pools and P saturation [40]. In another study, the use of struvite in wheat
grown in a pot experiment produced very similar rates of total P uptake per plant to those
obtained using TSP but with a slow rate of nutrient release [41]. In our study, we did not
use BBFs as such, but they were used as a raw material for N, P, and K to be incorporated
into the mineral fertiliser, and the conclusion is the same: that ash and struvite, either as
such or after chemical processing, are good sources of nutrients for crops, even comparable
to the traditional mineral sources.

Before BBMFs can be applied in the field, it is necessary to assess the impact of BBMFs
on soil quality and health, which was performed in this work using a microcosms test.
The soil microbiome has a direct effect on soil quality and soil health. Although there are
subtle differences between the two concepts, soil quality is defined as the ability of a soil to
function within the ecosystem and land-use boundaries to sustain biological productivity,
maintain environmental quality, and promote plant and animal health [42]. In this context,
soil health takes a broader perspective that considers the long-term viability of soil as a
living system, taking into account the multiple functions it performs in the ecosystem
beyond just crop production [43]. Our approach to soil health includes an analysis of the
bacterial community structure.

The biodiversity indices evaluated, including species richness and the Shannon index,
showed a sustained stability of soil bacterial richness and an overall increase in soil diversity
with the addition of fertiliser products, whether conventional mineral fertiliser or BBMF. It
is well known that microorganisms respond to fertilisation, albeit with a strong influence
of plant species and soil conditions, especially in terms of carbon (C), N, and P content [44].
Not only organic fertilisers, which provide a readily available C source, but also chemical
fertilisers can directly promote the growth of specific microbial populations by providing
essential nutrients that subsequently influence and modulate the community structure [45].
This was clearly demonstrated in our analysis, as there was a statistically significant and
notable increase in the relative abundance of ASVs in the fertilised treatments compared
with the unfertilised control (C—). A key factor contributing to this difference was the
reduction or absence of the cyanobacterium Tychonema in the fertilised treatments that
we observed. Similar results were obtained by Semenov et al. [46], who reported that the
introduction of NPK fertilisers led to a suppression of the relative abundance of Tychonema.
Similarly, Santoni et al. [47] reported that Tychonema played a significant role, contributing
the most (10.65% of the total dissimilarity) to the differences in bacterial communities
between organic and conventional farming systems, with a reduction observed in con-
ventional farming. While several genera of cyanobacteria can improve plant health [48],
Tychonema has been reported to be harmful to human and animal health due to toxin pro-
duction and to be invasive in certain contexts, especially in aquatic environments [49,50].
In addition to Tychonema, Arthrobacter and Achromobacter were also crucial in differentiating
C— from the other treatments, but unlike Tychonema, the presence of these other two genera
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was enhanced by the addition of fertiliser. Both Arthrobacter and Achromobacter contain
species known as plant-growth-promoting rhizobacteria (PGPR) [51-53], which exhibit
plant-growth-promoting (PGP) properties such as P solubilisation, abscisic acid (ABA) and
siderophore production, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity,
and stress alleviation, among others [54-58].

Furthermore, the relative abundance of Pseudarthrobacter, Skermanella, and Blastococcus
remained unaffected by the addition of any type of fertiliser. Notably, these genera exhibited
the highest values of relative abundance in the two most abundant phyla (Proteobacteria
and Actinobacteria) across all the treatments. These bacteria are often recognised as PGPR
or, as in the case of Blastococcus, playing an essential role in sustaining and boosting
soil resilience and soil health [59-61]. Other genera consistently present but in lesser
abundance were Flavobacterium, Agromyces, Streptomyces, Bradyrhizobium, Bacillus, and
Pseudomonas. This constitutes a beneficial community because all these genera contain
beneficial microorganisms [51,59,62].

The addition of fertiliser has a direct influence on the proliferation of specific microbial
populations. In this sense, our study shows that these differences are due to subtle varia-
tions between several microbial groups. Interestingly, certain genera seem to be associated
with certain treatments. For example, Nafulsella was identified exclusively in the PKA treat-
ment; it is a genus commonly found in soils [63]. Similarly, a cluster comprising Acidovorax,
Phormidium, and Phormidesmis was specifically associated with the PA treatment. Acidovorax
is known to harbour both PGPR and plant pathogenic species [64,65]; Phormidium and
Phormidesmis are ubiquitous cyanobacteria found in various environments and sometimes
used for plant growth promotion or soil remediation [66-68]. Additionally, we observed
other beneficial microorganisms associated with specific treatments; e.g., Novihervaspirillum,
a common soil genus, was present in the PKA, PD, and C+ treatments [69,70]; Olivibac-
ter, frequently encountered in rhizosphere soil exhibiting PGPR traits [71,72], displayed
elevated relative abundance in the PKA, PD, and C+ treatments; Bdellovibrio, a bacterial
predator known to house PGPR and biocontrol species [73,74], was detected in the ST and
C+ treatments and in lower proportions in PD; and Kocuria, recognised as a PGPR [75], was
observed in the ST, PD, and C+ treatments.

While there is evident modulation of the soil bacterial structure contingent upon
fertiliser treatments, the ASVs involved in this study mainly represent genera that harbour
beneficial microorganisms. This likely reflects the predominantly healthy composition of
the initial soil bacterial community. These findings were further supported by correlation
analysis. Broadly, we identified bacterial clusters showing positive correlations with plant
growth and nutrient content in the plant biomass, as well as others showing negative
correlations. Cluster B, consisting of Skermanella, Flavisolibacter, and Microvirga, exhibited
strong positive correlations with fresh weight (FW), dry weight (DW), and nitrogen (N),
phosphorus (P), and potassium (K) content. This cluster comprises beneficial microorgan-
isms such as Skermanella, a diazotroph commonly found in soil and reported as a biological
control agent [76,77]; Flavisolibacter, a PGPR phosphate solubiliser and indole-3-acetic acid
(IAA) producer [78]; and Microvirga, a nitrogen-fixing bacterium [79,80].

Likewise, Cluster E also demonstrated a significant correlation with FW, DW, and
K plant content, and a weaker correlation with P and N plant content. This cluster
encompasses a broader range of genera, predominantly comprising PGPR species or
indicators of soil health. Notable genera in this cluster include Bdellovibrio, Massilia,
Phormidium, Phormidesmis, Acidovorax, Flavobacterium, Olivibacter, Arthrobacter, Kocuria,
Noviherbaspirillum, and Nafulsella, previously mentioned as beneficial microorganisms; as
well as Dyadobacter, known as a PGPR commonly present in the rhizosphere that enhances
crop yield [81]; Streptomyces, commonly found in plant microbiomes with PGPR charac-
teristics [82]; Rubrobacter, associated with potassium absorption and soil health [69,83];
Virgibacillus, housing halophytic PGPR species [84,85]; Pseudonocardia, a P-solubilizing
bacterium and disease-suppressive bacterial agent [86,87]; Nocardioides, possessing PGPR
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capabilities to mitigate saline stress conditions [88,89]; and Promicromonospora, a PGPR pro-
ducing gibberellins and mitigating the adverse effects of salinity and osmotic stress [90,91].
Overall, the cluster that correlates negatively with growth parameters and nutrient con-
tent (Cluster A) and those that do not correlate (Clusters C and D) predominantly comprise
microorganisms whose relative abundance remains unaffected by fertiliser additions.

5. Conclusions

In conclusion, the metataxonomic analyses indicated a modulation of the bacterial
community influenced by the application of fertilisers. In general terms, the genera en-
hanced by the fertilisers are considered beneficial microorganisms because of their role in
promoting plant growth, alleviating stresses such as salinity, or acting as biocontrollers.
However, it should be noted that this particular soil naturally contained beneficial bacteria,
as was observed in the untreated soil (C—), although the fertilisation significantly increased
the presence of beneficial taxa. It is also important to emphasise that BBMFs improve the
composition of the soil microbiome in a way similar to conventional mineral fertilisers.
While numerous studies suggest that mineral fertilisation reduces microbial diversity and
thus the presence of beneficial microbial taxa essential for plant health, such an effect is the
consequence of excessive fertiliser use [92,93]; our results show that a rational application of
mineral fertilisers, i.e., according to the soil fertility and the expected crop yield, improves
soil microbiome composition. It is hypothesised that the slower rate of nutrient release in
the BBMFs could be compensated by the increase in PGPR in the rhizosphere of the crop,
and this could be the reason for the similar or even better plant growth with BBMFs. Field
trials are currently underway to scale up the results to the field level.
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Appendix A

Results of the SIMPER analysis corresponding to the metataxonomic analysis.
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