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Struvites with comparable nitrogen and phosphorus composition have 
similar agronomic response but shape cherry tomato rhizosphere bacterial 
community structure differently 
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A B S T R A C T   

Struvites are circular-economy based fertilisers which are set to reduce some of the demand on finite phosphate 
rock in the European Union. While they are near similar in P and N content, with low P water solubility, subtle 
chemical differences exist between recovered struvites from different wastewaters. The objectives of this study 
were to assess if two struvites similar in N and P, but differing feedstock material, similarly effect tomato growth 
and tomato rhizosphere bacteria. A glasshouse experiment was setup using low-P soil and applications of struvite 
from municipal wastewater (MWS), struvite from potato wastewater (PWS) and compared to single super
phosphate (SSP). While Tomato aboveground biomass yields were similar between the struvites (39.5 and 37.4 
g/pot), they were 17–22 % lower in comparison to the SSP treatment (47.8 g/pot) when harvested during the 
early fruiting stages. However, P uptake was not significantly different among all the treatments ranging 21.6 to 
25.4 mg P/pot. The PWS treated soil had a plant available P of 5.52 mg P/L at the fruiting stage that was 
comparable to that of SSP (4.74 mg P/L) but significantly greater than that of the MWS treatment (4.37 mg P/L). 
PWS and SSP tomato rhizosphere bacteria were ecologically similar but ecologically distant to the MWS treat
ment. Slow growing oligotrophic bacteria of the Xanthobacteraceae, Planococcaceae, and Bacillaceae families were 
abundant in MWS possibly because of the presence of Fe which limited P dissolution from the struvite. We 
concluded that while tomato had a similar agronomic response to PWS and MWS, the struvites affected the soil 
bacteria in the tomato rhizosphere differently. Long-term studies at field scale are recommended to identify the 
long-term suitability of struvites for horticulture crops.   

1. Introduction 

The main source of phosphorus fertiliser in current agriculture is 
finite phosphate rock which is only available in a few countries and not 
necessarily of a good quality for commercial use. Major phosphorus rock 
producers are China, United States of America, Morrocco, and Russia 
whose total production account for >72 % of global supply (Jasinski, 
2022; Vaccari et al., 2019). The finite nature of these reserves creates a 
distinct need of more sustainable phosphorus fertiliser. As a result, the 
fertiliser landscape in the EU is changing towards circular economy- 
based technologies to manufacture alternative phosphorus fertilisers 
(Carreras-Sempere et al., 2021). Recently, the interest in recycled 
derived fertilisers such as struvites has risen because of their potential to 
avail multiple benefits in terms of country self-sufficiency and 

environmental sustainability. 
Struvite fertilisers are made from recovered phosphorus, generally 

precipitated as magnesium ammonium phosphate (NH4MgPO4⋅6H2O) 
from various wastewaters. Struvites with potential agricultural appli
cation have been recovered from various P and ammonium containing 
wastewaters such as semiconductor wastewater (Ryu et al., 2012), 
phosphogypsum wastewater (Miroslav et al., 2021), yeast industry 
anaerobic effluent (Uysal et al., 2014), wood based activated carbon 
wastewater (Wang et al., 2023) and urine (Kabdasli et al., 2022). The 
chemical properties of recovered struvite can vary depending on the 
chemical composition of the wastewater, the chemical additives used (e. 
g. MgSO4, MgCl2.H2O), and the precipitation conditions. As shown by 
several studies, various minerals and elements (in various chemical 
forms) such as MgHPO4.7H2O, KMgPO4.6H2O, NH4MgAsO4.6H2O, K, 
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Zn, Cu, Al, and Fe can be absent or present in varied concentrations 
(Kabdasli et al., 2022; Miroslav et al., 2021; Uysal et al., 2014). 
Regardless of these chemical variances, all struvites are sparingly solu
ble in water with <3 % of the P water soluble (Jama-Rodzeńska et al., 
2022; Wang et al., 2023). 

When applied to soil, struvites only liberate P slowly compared to 
conventional P fertilisers made from acidulated apatite rocks. Consid
ering a struvite product with similar intrinsic chemical properties, the 
amount of P and other elements that eventually become available for 
plant uptake per unit time is a function of the soil condition (mainly pH, 
temperature, organic matter content and soil microbial composition and 
activity), plant root activity and the interaction of plant and soil activity. 
To generalize, it has been shown that acidic soil conditions result in 
higher struvite dissolution rates (~0.43 mg struvite/d) compared to 
alkaline soils (~0.03 mg struvite/d) (Degryse et al., 2016; Valle et al., 
2022) and addition of microorganisms capable of solubilising P greatly 
improve struvite dissolution (Hernández Jiménez et al., 2021; Jokkaew 
et al., 2022). Given that root activity is at its lowest during the early 
growth stages of plants, the effect of the soil condition on struvite 
dissolution becomes the major factor. In the initial stages of plant 
establishment, microbial activity therefore presumably takes prece
dence in driving struvite dissolution. 

The application of struvite fertilisers to soil may directly or indirectly 
affect soil microbiota. Direct effects could result from soil solution 
chemistry that favours particular microbial groups to proliferate, while 
adsorbed pharmaceuticals (i.e. antibiotics from wastewater) could result 
in an opposite effect. It has been shown, through spiking urine, that up to 
26 % of pharmaceuticals may get adsorbed onto struvite crystals during 
precipitation. While these do not pose a significant risk to humans or 
animals through plant uptake (de Boer et al., 2018), they may affect the 
proliferation of some soil bacteria especially in the case of antibiotics. 
Such studies present a “worst case scenario” as the concentration of 
pharmaceuticals in wastewater and the resultant recovered struvite in a 
real-world setting will be much lower. Other direct effects of struvite 
application to soil include soil pH increase and release of potentially 
toxic adsorbed elements such as Cu, Al, and Fe which in turn affect soil 
microbiota (Wang et al., 2023). It is therefore prudent to investigate the 
interactions of struvite fertilisers with soil microbiota to shed light into 
the environmental effects of struvite application. 

Most research on the use of struvite as a fertiliser has focused on its 
agronomic efficiency on various field crops and perennials (Hernández 
Jiménez et al., 2021; Hertzberger et al., 2021; O’Donnell et al., 2021; 
Omidire and Brye, 2022; Valle et al., 2022) with much less focus on 
resultant soil microbiota changes (Carreras-Sempere et al., 2022). A 
paucity of studies have looked at soil microbiota effects and this is in 
particular the case for horticultural crops which are economically 
important. One of these horticultural crops is tomato which has a trade 
value of over a billion euros in the EU (~ 360,000 t of exports and ~ 
790,000 t of imports per year) (Eurostat, 2023). 

The objectives of this study were therefore to assess two struvites 
with similar N and P content, but differing manufacturing processes 
alongside the use of superphosphate on tomato plant growth and the 
corresponding tomato rhizosphere bacteria. Our hypothesis was that 
while struvites have high nutrient use efficiencies, their short-term 
application may be less beneficial than fast P releasing superphos
phate and that differing P fertilisers will have a distinctive effect on the 
bacterial rhizosphere community structures. 

2. Materials and methods 

2.1. Potting soil 

The soil used for plant growth was collected from a grassland site in 
County Limerick, Ireland. The soil was sieved through a 5.6 mm mesh 
size sieve to remove stones, twigs, and gravel, and kept moist (approx
imately 10 % water w/w) before being used as potting soil. This soil was 

a sandy loam soil (54 % sand, and 8.6 % clay) that had a bulk density of 
1037 kg/m3 and a water holding capacity (WHC) of 22.4 %. The soil was 
chosen because it had a low available P content (Irish soil P index 2, 
Table 1), which is ideal for robust P application agronomic comparisons. 
Other chemical attributes of the soil are given in Table 1. Briefly, the soil 
was slightly alkaline and had low exchangeable Na, Mn, and Zn. 

2.2. Experimental setup 

The experiment consisted of 4 treatments (3 - P fertiliser types and a 
no P control) replicated 6 times and arranged in a randomised complete 
block design (RCBD). Phosphorus treatments consisted of single super 
phosphate - SSP (7.6 % P, 0 % N, 0 % K), struvite from municipal 
wastewater - MWS (14.8 % P, 5.5 % N, 0.06 % K), and struvite from 
potato processing wastewater - PWS (15.3 % P, 5.1 % N, 1.9 % K). About 
1.75 kg of soil was placed in clean plastic bags and the various fertilisers 
were added at 80 mg P/ kg soil and then thoroughly mixed by shaking 
before placing the soil into a 3 L pot. N and K were applied at planting as 
NH4NO3 and KNO3 at 182 mg N/ kg soil and 142 mg K/ kg soil 
respectively. Micronutrients were applied routinely once every week to 
each pot as a 100 mL micronutrient solution. This solution contained the 
following per litre 2.22 g - MgSO4.7H2O, 1.80 g - CaCO3 (anhydrous), 
3.29 g - NaCl, 3.0 mg - H3BO3, 1 mg - CuCl2.H2O, 20.0 mg - MnCl2.H2O, 
0.4 mg - (NH4)Mo7O24.4H2O, and 1.5 mg - ZnCl2 (Middleton and Tox
opeus, 1973). Physicochemical properties of PWS and MWS struvites are 
available online (https://www.nmi-agro.nl/wp-content/uploads/2019/ 
09/21022022_WPT1_D3.4-Product-factsheets.pdf). 

2.3. Planting and experimental management 

Germination tray seeded healthy cherry tomato (var. Mr Fothergill’s 
Garden Pearl) seedlings at the 3-leaf stage were transplanted into pots (2 
seedlings per pot) and initially watered with collected rainwater to field 
capacity. Watering was done routinely to approximately 75 % WHC 
using average soil water depletion values for each treatment obtained 
from weighing the pots once a week. Average day (d) temperatures in 
the glasshouse ranged between 19 and 34 ◦C and night temperatures 
ranged between 14 and 25 ◦C during the experiment (Supplementary 
Fig. S1). 

2.4. Plant and soil sampling 

Aboveground biomass harvesting of tomato plants was done by 
cutting the stems at soil level, at 60 d after transplanting (DAT) during 
the early fruiting stages. At this time, fruits were at various stages of 
development so the fruit yield, though useful for comparison, was not 
representative of the final yield if the plants were allowed to grow 
longer. All fruit was separated from the above ground biomass, and both 
were weighed after being dried to a constant mass in an oven at 75 ◦C. 

Soil sampling was done in three stages and not pooled together (for 
enzymatic, molecular, and chemical analysis). For enzymatic analysis, 
rhizosphere soil was sampled by taking loosely root-attached soil after 
gently shaking the roots and this was put in a fridge at 4 ◦C until analysis. 
For DNA extraction and subsequent molecular analysis, the rhizosphere/ 
rhizoplane soil used was sampled by gently scrapping the roots, using a 
flamed spatula. The obtained soil was transferred into 2 mL collection 
vials and immediately stored at − 20 ◦C until DNA extraction was per
formed. For chemical analysis (P, pH), bulk soil in each pot was mixed 
and sampled by coning and quartering, then further air-dried and sieved 
through a 2 mm sieve before chemical analysis. 

2.5. Plant chemical analysis and soil chemical and enzymatic analysis 

Dried tomato aboveground biomass (stem and leaves) was ground 
and digested in concentrated nitric acid (70 %) (1 g sample: 10 mL acid) 
on a DigiBlock digester and diluted to 25 mL before chemical analysis. 
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These were then analysed for P, Ca, K, S, Mg, Fe and Na content via 
inductively coupled plasma optical emmission spectroscopy (ICP-OES). 
Nutrient uptake was then calculated according to eq. (1): 

Nutrient uptake (mg/pot) =
%Nutrient content x Biomass yield (mg/pot)

100
(1) 

Soil available P was measured colorimetrically at 882 nm using a 
UV–Vis Spectrophotometer (Murphy and Riley, 1962) after a 30-min 
extraction from soil (1:5 v/v) in Morgan’s extractant (10 % NaOAc 
pH 4.8) (Peech and English, 1944). Soil pH was measured using a pH 
meter in a 1:5 (w/v) soil: water mixture. 

Soil alkaline and acidic phosphatase activity of soil was analysed by 
measuring p-nitrophenol released using a UV-Vis spectrophotometer 
after incubating fresh soil with p-nitrophenol phosphate (PNPP) solution 
(Tabatabai, 1994). 

2.6. Tomato plant and soil data analysis 

Tomato biomass production, fruit yield and nutrient uptake and soil 
chemical attributes data were analysed using IBM SPSS Statistics soft
ware (version 28). Data were tested for normality and homogeneity of 
variance using the Shapiro-Wilkinson and Levene tests respectively 
before running a one-way analysis of variance (ANOVA) at 95 % con
fidence interval. The normality assumption was met for all the data 
(pShapiro-Wilkinson > 0.05), while the assumption of homogeneity of 
variance was met for all the data except for Mg and S uptake data. The 
Tukey HSD statistic was used to separate significantly different means 
for all data that met normality and homogeneity of variance assump
tions. For Mg and S uptake, data that had significant heterogenous 
variances, a robust test of equality of means was done using the Brown- 
Forsythe test and separation of means was done using the Games-Howell 
statistic. 

2.7. Molecular microbiological analysis 

Soil DNA extraction from 0.25 g of rhizosphere soil was performed 
using a DNeasy® PowerSoil® Pro Kit (Qiagen GmbH) according to the 
manufacturer’s guidelines. DNA quantification and quality were 
assessed using a microplate spectrophotometer (Eon plate reader with 
Take 3 plate, BioTek, Winooski, VT). DNA of a 260/280 nm range of 
above 1.8 and above 20 ng/μl were subjected to amplicon based 
sequencing. 

16S rRNA gene amplicon sequencing was caried out at the Novogene 
Bioinformatics Technology Co., Ltd. to determine changes in bacterial 
structure. The DNA was amplified in the 16S rRNA gene region V3-V4, 
using the 341F/806R primer sets (5′- CCTAYGGGRBGCASCAG - 3′, 5′ - 
GGACTACNNGGGTATCTAAT - 3′) (Hjelmso et al., 2014). The PCR 
products of correct size were initially assessed via 2 % agarose gel 
electrophoresis. Suitable PCR products were ligated with Illumina 
adapters. Library quality was checked using a Qubit Fluorometer and 
real-time PCR for quantification, while a bioanalyzer was used for size 
distribution detection. Libraries were then sequenced on a paired-end 
Illumina platform (NovaSeq) to generate 250 bp paired-end raw reads 
which were then merged using FLASH (version 1.2.11) (Magoc and 
Salzberg, 2011) and pre-treated to obtain clean tags following QIIME2 
protocols. Amplicon Sequence Variants (ASVs) were generated by 

denoising through de-duplicating sequences using the DADA2 param
eter in QIIME2. Annotation of each ASV was done using a Naive Bayes 
classifier that applies the QIIME2’s classify-sklearn algorithm (Bokulich 
et al., 2018; Bolyen et al., 2019) to obtain abundance tables at kingdom, 
phyla, class, order, family, genus, and species levels. Sequences were 
deposited in the Sequence Read Archive (BioProject ID: PRJNA996060, 
accession numbers SAMN36511351-74). 

Alpha and beta diversities were determined with QIIME2 (Version 
2022–02). Principal coordinates analysis (PCoA) was performed and 
graphed in R software (version 4.0.3) using the ggplot2 package 
(Wickham, 2016). Bacterial abundance heat maps were created in R. 
Functional Annotation of Procaryotic Taxa (FAPROTAX) analysis (Louca 
et al., 2016) was done with the Python software (version 2.7.15). Dif
ferences of abundances between treatments were assessed for signifi
cance using pairwise t-tests and metastat (α = 0.05) (Paulson et al., 
2011) in R software. The correlation between alpha diversity and plant 
biomass, soil pH, Morgans extractable P, and soil alkaline phosphatase 
activity was assessed using Spearman rank correlation in R software. 

Phosphorus cycling genes (phoD) were quantified via real time 
amplification using the primers ALPS-F730 (5’-CAGTGGGACGACCAC
GAGGT-3′) and ALPSR1101 (5’-GAGGCCGATCGGCATGTCG-3′) 
(Sakurai et al., 2008) in a LightCycler 96 Real-time PCR System. The 
following recipe was used for PCR reactions: 5 μl of qPCR Universal 
Master Mix (KAPA SYBR FAST - Kapa Biosystems, Boston, MA), 3 pmol 
of each primer, 1 μl template (10 ng/μl), 2 μl of 5 M Betaine and 1.4 μl 
PCR grade water to make a 10 μl reaction. The cycling conditions used 
consisted initial denaturation and activation at 95 ◦C for 300 s, 45 
amplification cycles consisting of denaturation at 95 ◦C for 3 s, 
annealing at 60 ◦C for 20 s and an extension at 72 ◦C for 20 s. Samples, 
standards and non-template controls were run in triplicates on 96-well 
microtiter plates and a melt curve analysis was done to check the 
specificity of the reaction. Tests for significance were conducted as 
described above for tomato plant data. 

3. Results 

3.1. Tomato growth and fruit yield 

At the time of harvest, struvite treatments PWS and MWS produced 
total aboveground biomass that was 17 and 22 %, below that of SSP 
(significant, p < 0.001; Fig. 1). However, addition of PWS and MWS 
fertilisers led to significantly more biomass than the control (31 and 24 
% respectively). No significant difference was observed between the two 
struvite treatments at the aboveground biomass level. The similar 
outcome to aboveground biomass was observed for dry fruit yield where 
PWS, MWS and SSP produced significantly (p < 0.001) more dry fruit 
mass at 69, 51 and 128 % respectively compared to the No P control. 
Overall, SSP had the highest yields (Fig. 1). 

3.2. Phosphorus, Ca, Na, K, Mg and S uptake in tomato biomass (leaves 
and stems) 

Phosphorus uptake was not significantly different (p = 0.08) be
tween the four treatments per pot (Fig. 2a). Though Na and S uptake was 
not significantly different between the control, PWS, and MWS, the SSP 
treatment had significantly (p < 0.001) greater Na (at least 40 %) and S 
(at least 46 %) uptake (Fig. 2b,f). Calcium uptake significantly varied (p 

Table 1 
Properties of soil used for pot trial.  

pH OM (%) Total N (%) Avail. P (mg P/L) CEC (meq/100 g) Exchangeable cations (ppm) 

K Mg Ca Zn Mn B 

7.5 7.5 0.43 4.6 15.0 154 217 4252 4.9 43 1.38 

OM - organic matter, CEC - cation exchange capacity. 
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< 0.001) with treatments following a similar trend to aboveground 
biomass in the order: No P < MWS = PWS < SSP (Fig. 2c). While P 
treatments had at least 45 % more Mg uptake compared to the control, 

Mg uptake did not vary among the P fertilized treatments (Fig. 2e). 
Potassium uptake was greatest in the No P control (Fig. 2d), about 15 % 
less in the struvite fertilisers and SSP had the lowest K uptake (25 % less 

Fig. 1. Total aboveground dry mass of tomato (fruit and shoots) after growth with various phosphorus sources. S.D. – standard deviation, n = 6. Different letters 
below bars indicate statistical significance at α = 0.05. 

Fig. 2. Plant P, Na, Ca, K, Mg and S uptake in tomato shoots (stem and leaf only) after application of various P sources. Error bars are standard deviation, n = 6. 
Different letters above bars indicate statistical significance at α = 0.05. 
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compared to the control, p < 0.05). 

3.3. Selected soil attributes after tomato growth 

Soil available P was lowest in the No P control at 2.32 mg P/L 
(Table 2) and was significantly higher (p < 0.001) by factor 1.9, 2 and 
2.4 when MWS, SSP and PWS were applied, respectively. Comparing 
with the initial available P of 4.6 mg P/L (Table 1), tomato growth 
without P application depleted available P, while SSP and MWS main
tained a similar range to initial available P and PWS increased available 
P at time of harvest. Compared to the No P control, addition of MWS and 
SSP significantly (p = 0.004) reduced soil pH by about 0.23 units while 
PWS had similar pH to the No P control (Table 2). Soil acidic and 
alkaline phosphatase activity was however not significantly different 
across treatments (p = 0.96 and 0.46 respectively) at time of harvest. 

3.4. Treatment effects on phoD gene abundance and bacterial community 
structure 

Copy numbers of the phoD gene in rhizosphere soils were high 
overall, exceeding 109 copies per gram soil (fresh weight). There were 
however, no significant differences (p = 0.63) in the phoD gene copy 
numbers across all treatments (Table 2). 

Alpha diversity community metrics (Chao1, Shannon, Pielou and 
Simpson) significantly varied with treatment (Table S1). The MWS 
treatment had the lowest (p < 0.05) ASV richness as measured by the 
Chao1 and Shannon indices (Table S1) while the SSP and PWS treat
ments were statistically similar to each other (pChao1 = 0.84 & pShannon =

0.13) and had the highest ASV richness. The same constellation was 
observed for ASV evenness (Pielou and Simpson indices). Principal co- 
ordinate analysis of beta diversity (weighted unifrac distance matrix) 
revealed that bacterial community composition in the treatments could 
be distinguished on the first axis (Fig. 3). Bacterial community compo
sition of the SSP and PWS treatments appeared to overlap. Both SSP and 
PWS were separated on the first axis to the No P treatment and were 
most distant to the MWS treatment. No further separation was visible on 
the second axis. Statistical pairwise comparisons Anosim (R2 ≥ 0.13), 
Adonis (R2 ≥ 0.12), and MRPP (A ≥ 0.01)) of soil bacterial community 
differences confirmed significant differences (p < 0.05) in bacterial 
community structure between all the treatments with the exemption of 
SSP and PWS treatments (Table S2). 

Further analysis of taxa with significant intra-group variation was 
done via meta-analysis (Fig. 4). Compared to No P, MWS resulted in 
significantly higher relative abundance of Xanthobacteraceae, Plano
coccaceae, Bacillaceae and Methyloligellaceae, while Peptos
treptococcaceae, Alicyclobacillaceae and Streptococcaceae were 
significantly reduced. When compared to No P, out of the ten most 

abundant bacterial families, application of PWS resulted in significantly 
reduced abundances of only Bacillaceae and Chthoniobacteraceae. How
ever, the application of SSP significantly reduced abundances for Xan
thobacteraceae, Planococcaceae, Bacillaceae, Alicyclobacillaceae, and 
Streptococcaceae, while Peptostreptococcaceae significantly increased in 
abundance. Comparison of the two struvites (MWS and PWS) revealed 
significant opposite effects on abundances of Xanthobacteraceae, Plano
coccaceae, Bacillaceae, Peptostreptococcaceae, Alicyclobacillaceae and 
Streptococcaceae, with the first three families showing higher relative 
abundance and the last three families being lower in relative abundance 
in MWS when compared to PWS. 

Functional Annotation of Procaryotic Taxa (FAPROTAX) analysis 
revealed that MWS usually had the lowest abundance of functional 
categories (Supplementary Fig. S2). In comparison to PWS, MWS was 
lower in N-fixation, N-respiration, nitrite respiration, nitrification, S- 
respiration, Fe-respiration functional attributes, and higher in cellulo
lytic, methylotrophic, methanotrophic and nitrate respiration attributes 
(Suppl. Fig. S2). Compared to No P, addition of MWS significantly (p <
0.01) reduced chemoheterotrophic and fermentation bacteria while 
addition of SSP significantly reduced (p = 0.03) ureolysis bacteria 
(Suppl. Fig. S2 & S3). Tomato aboveground dry weight was strongly 
positively correlated with the taxon group X67.14 and Chitinophagaceae 
abundances (Fig. 5). Soil Morgan’s P content was positively correlated 
with Gaiellaceae and negatively correlated with Solibacteraceae. Soil 
alkaline phosphate activity was positively correlated to Mycobacter
iaceae, Micrococcaceae while it was negatively correlated to Sphingo
bacteriaceae families. 

4. Discussion 

The present study investigated tomato plants and their rhizosphere 
bacteria when fertilized with struvites, superphosphate or no P. At the 
outset we hypothesized that different types of P fertilisers will result in 
distinguishable short-term biomass gains and bacterial community 
structures but did not consider minor differences in the elemental 
struvite composition to be relevant. Here, the PWS fertiliser contained 
31 times more K (19 vs. 0.6 g/kg), as well as three times more S and Ca 
content than MWS (Table S3). These differences could have had limited 
influence on the P dissolution kinetics, albeit not enough to achieve 
significant agronomic differences between the struvites. Other studies 
have shown that increasing ionic strength can increase struvite solubi
lity (Rech et al., 2018). In addition, MWS had considerably more (17 
times) Fe content which could potentially precipitate with released 
phosphorus to form insoluble iron phosphates. It is likely that the higher 
Fe content in MWS could be a result of Fe that is generally used to 
immobilize arsenic during municipal wastewater treatment (Miroslav 
et al., 2021). The effect of high Fe and Al content limiting P availability 
is well known in conventional fertilisers (Tumbure et al., 2019). Tomato 
root exudates have limited ability to dissolve Fe bound P as shown by 
Khashi u Rahman et al. (2021), where exogenously applied tomato root 
exudates solubilised about eight times less Fe bound P compared to Ca, 
Al and organically bound P. Tomato plants secrete majorly oxalic acid in 
the rhizosphere, among formic, malic, malonic, lactic, acetic, citric, 
succinic, and propionic acids (Yang et al., 2016). This likely contributed 
to more P release from the PWS than the MWS in this study because 
oxalic acid is better at solubilising Ca bound P than Fe bound P and the 
acid can remove the Ca reaction product from solution which drives the 
reaction forward (Tumbure et al., 2022). The ability to solubilise Fe 
bound P is also less common in bacteria, limited to siderophore pro
ducing and phytate solubilising bacteria that can chelate the Fe such as 
those that belong to the Burkholderia genus (Tumbure et al., 2023; Wang 
et al., 2021). 

The observed delayed growth vigour in the struvite treatments sug
gests that P supply could initially be out of synchrony with plant re
quirements in the early growth stages of tomato (Supplementary Fig. S4) 
which then improves to similar levels to SSP by the fruiting stage as 

Table 2 
Soil available P, pH, phosphatase activity and phoD gene measured after tomato 
growth.   

No P PWS MWS SSP 

pH 7.32c ± 0.05 7.23abc ±

0.08 
7.09ab ± 0.17 7.09a ± 0.11 

Morgan’s P 
(mg P/L) 

2.32a ± 0.32 5.52c ± 0.45 4.37b ± 0.97 4.74bc ±

0.54 
ACP (ug PNP/ 

g soil) 
1078 ± 210 1071 ± 202 1118 ± 218 1066 ± 62 

ALP (ug PNP/ 
g soil) 

691 ± 139 788 ± 151 790 ± 76 756 ± 97 

phoD (copies/ 
g soil) 

8.8 × 109 ±

2.1 × 109 
1.0 × 1010 ±

1.8 × 109 
1.0 × 1010 ±

2.1 × 109 
9.2 × 109 ±

1.9 × 109 

± values represent standard deviation, n = 6. ACP - Acidic phosphatase, ALP - 
Alkaline phosphatase, PWS - struvite from potato processing wastewater, MWS - 
struvite from municipal wastewater and SSP – single superphosphate. pH and 
Morgan’s P measured in bulk soil, ACP, ALP and phoD measured in rhizosphere 
soil. 
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measured by tomato P uptake (Fig. 2). Other studies report slow P 
release rates in struvite compared to conventional fertilisers and attri
bute this to the chemical composition which varies from one struvite to 
another (Rech et al., 2018). It is likely that the struvite treatments could 
have performed agronomically the same or better than SSP if the tomato 
plants were cultivated over a complete growing season. Similar to this 
study, a pot study by Deinert et al. (2023) reported increases in available 
P in soil after MWS struvite addition and 54 d of ryegrass growth 
compared to a No P control. The measured high Morgan’s P content after 
plant harvest (Table 2) in PWS applied soil implies that the struvite 
could be better at supplying P over longer periods providing a long-term 
benefit. Indeed, during a three-year grassland field trial with PWS, MWS 
and SSP, both struvites achieved higher nutrient recovery rates in the 
harvested grass biomass than SSP over the three-year period (Patrick 

Forrestal, oral communication). Hence, longer growth periods could 
have led to improved fruit and plant biomass from the PWS treatments 
with the potential to exceed SSP applications. 

The lower soil pH at the end of the experiment in all treatments 
(Table 2) compared to initial soil pH (7.5) supports the assumption that 
rhizospheric soil acidification took place. An ensuing rhizospheric 
acidification has been noted resulting in better P availability from 
struvites (Robles-Aguilar et al., 2019). While initial vegetative vigour 
was reduced, it is likely that the tomato plants were able to adapt to low 
initial soil P conditions in the struvite treatments and prolonged P lim
itations on the no P treatment. It as has been shown by Wang et al. 
(2022a) that tomato plants can increase root H+-ATPase activity and H+

secretion under low available P conditions to improve P availability. 
While this study did not analyse P accumulation in tomato fruit and 

Fig. 3. Principal co-ordinate analysis (PCoA) of bacterial communities using weighted unifrac distance matrix (n = 6), MWS = blue disk, PWS = black diamond, SSP 
= green triangle, No P = red square. 

Fig. 4. Cluster heatmap of the identified ten most abundant bacterial families based on 16S RNA gene sequence analysis. Red colour indicates an increase in relative 
abundance per treatment, while blue colours indicate a reduction. Diamonds identify significant (light red), highly significant (dark red) or no significant (cream) 
differences. 
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roots, P uptake values in stem and leaves has been documented to 
constitute ~85 % of total uptake at 60 DAP by other researchers who 
analysed total P accumulation (Zhu et al., 2018). The same authors re
ported that total P uptake was not significantly different over two sea
sons, in field tomatoes at 95 DAP which received varying amounts of P. 
Even though nutrient solution was used in the present study to provide 
all the treatments with sufficient amounts of Ca and S, the observed 
greater Ca and S uptake in tomatoes which received SSP (Fig. 2c & f) is 
likely a result of extra Ca and S added through SSP (45 % w/w > CaSO4). 

Soil microbial action also influences total P dissolution in addition to 
the mentioned chemical constitution of a P source and plant root exu
dates. The major microbially-led P availing processes are extracellular 
enzyme actions (i.e. phosphatases), reductive dissolution and organic 
acid/metal chelation activity (Tumbure et al., 2023; Wang et al., 2021). 
However, since phosphatase enzymes and phoD gene abundance were 
not significantly different between treatments in this study, it is prob
able that secretion of low molecular weight organic acids (LMWOA) by 
microbes and the tomato plant had a greater effect on struvite dissolu
tion than P-solubilising bacteria. The resulting availability of P and other 
mineral elements from the different P sources affected microbial pro
liferation in the short term as witnessed by significant changes of bac
terial community composition in the MWS treatment. 

The increased abundances of Xanthobacteraceae, Planococcaceae, and 
Bacillaceae in the MWS treatment compared to No P, could have been 
encouraged by the presence of the less chemically soluble MWS because 
many genera in these families have the ability to solubilise sparingly 
soluble inorganic P (Li et al., 2019). Proliferation of Xanthobacteraceae is 
reported by other researchers as indicative of low P conditions that 
favour slow growing oligotrophic bacteria (Oliverio et al., 2020). 
Particular genera within the Xanthobacteraceae family such as Bra
dyrhizobium are known to produce siderophores that solubilise Fe 
bonded P. Similar reasons as above could explain when the two struvites 
are compared to each other, where MWS led to increased abundances of 
Xanthobacteraceae, Planococcaceae, and Bacillaceae. The PWS struvite 
could have been relatively more readily broken down by microbes and 
plant exudates compared to the MWS struvite. An opposite trend to that 
of MWS was observed when SSP is compared to No P, where Xantho
bacteraceae, Planococcaceae, and Bacillaceae abundances were reduced 
probably as a result of increased available P that increases microbial 
competition from non-P solubilising microbes. This result agrees with 
findings from Ikoyi et al. (2018) who found a reduction of genera such as 
Bacillus and Bradyrhizobium with increasing rates of soluble inorganic P 
fertiliser. The Reduction in Alicyclobacillaceae abundance in MWS 
compared to PWS is likely a result of MWS’s higher Fe content compared 
to PWS. A recent study by Liu et al. (2022) showed that increased 
content of poorly crystalline Fe(II) minerals in soil negatively impacted 
Alicyclobacillaceae abundance. 

The significant positive correlation with available P and Gaiellaceae 

abundance found in this study has been reported by other researchers in 
different soils and is attributed to genera in this family having the ability 
to produce alkaline and acid phosphatase (Wang et al., 2022b). Sol
ibacteraceae are known to proliferate in low P conditions (Lang et al., 
2021; Oliverio et al., 2020) and the negative correlation between 
available P and Solibacteraceae found in this study supports this. 

Bacterial community shifts in MWS applied pots observed through 
functional analysis to result in a reduction of chemoheterotrophic and 
fermentative soil functions may indicate reduced rates of organic matter 
breakdown. This is likely through the presence of Fe that may lead to Fe- 
organic complex formations that are difficult to decompose. Reductions 
in chemoheterotrophic function in the MWS treatment is likely to have 
been led by the significant reduction of Peptostreptococcaceae abundance 
that was observed earlier. 

On the other hand, compared to No P, addition of SSP led to a 
decrease in ureolytic function. Ureolysis is known to increase soil pH 
resulting in the precipitation of calcium carbonate (Bibi et al., 2018). It 
is unlikely that the reduced ureolytic function tipped the balance of soil 
acid/alkaline processes resulting in low soil pH because rhizospheric soil 
acidification was noted for all treatments. At the same time, the effect of 
pH on ureolytic function is also unlikely because, while the ureolysis 
enzymes are negatively affected by low soil pH (Singh and Nye, 1984), 
the measured pH at the end of the experiment was similar to what 
several researchers have noted to be in the optimum range for bacterial 
urease secretion and activity (Hasan, 2008). The reason for reduced 
ureolytic function after SSP addition as observed in this study is there
fore unknown. In comparison to PWS, MWS had higher cellulolytic, 
methylotrophic, methanotrophic and nitrate respiration attributes 
which are likely a result of different chemical compositions of the two 
struvites. In particular, the higher Fe content of MWS may have pro
moted the methane pathway, which has been reported recently in soils 
after addition of Fe (Zhang et al., 2022). 

Results from this study show that while struvite fertilisers from 
various sources can be agronomically effective P sources for horticul
tural plants such as tomatoes, they could have different short-term im
pacts on soil microbiota. Further studies that lead to full fruiting till 
senescence are recommended. The short-term bacterial community 
shifts noted in this study are essential as a starting point of enquiry, and 
potential future long-term studies on struvite use effects on soil micro
bial communities are recommended to improve our mechanistic un
derstanding on lasting environmental impacts of struvite fertilisers. 

5. Conclusion 

Results from this study demonstrated that variations in quantita
tively minor elements between struvites may not result in significant 
differences in terms of agronomic response of tomato. However, dis
tinctions in the bacterial community structure were observed and the 

1
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-1

Fig. 5. Spearman correlation of environmental variables and bacterial abundances at family level with positive correlations appearing in red and negative corre
lations appear in blue. Significant differences (p < 0.05) are highlighted as **. 
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two struvites tested resulted in bacterial community structures that were 
ecologically distant to each other. In the long-term, these rather subtle 
differences in struvite composition could lead to agronomically different 
outputs, when one considers that bacterial rhizosphere communities 
influence plant growth. In addition, while in the short-term the struvites 
could have provided near similar amounts to a growing tomato plant, 
the PWS soil amendment resulted in more plant available P at the to
mato fruiting stage which indicates that PWS could be more agronom
ically effective in the long-term. Further long-term field studies should 
shed additional light on the present observations. 
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