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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Nanohydroxyapatite (nHA) plus seed
coating (SC) improved maize
productivity.

• Higher P-use efficiency with nHAs plus
SC than nHAs alone or bacterial
reinforce

• nHAs alone or combined with PSB
strongly upregulated maize PHT1
transporters.

• SC alone efficiently promoted bacterial
establishment in the plant-soil system.

• Propionic acid release and P-solubiliza-
tion by PSB with nHAs drive maize P
uptake.
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A B S T R A C T

Phosphate nanomaterials, such as hydroxyapatite/β-tricalcium nanoparticles (nHAs) derived from food industry
by-products, offer a sustainable alternative to enhance P-use efficiency in agriculture. However, their limited
solubility remains a challenge. This study first investigated the mechanisms of P solubilization of salmon and
tuna bones (SnHAs and TnHAs) in fifteen strains of phosphate-solubilizing bacteria (PSB) by an in vitro system.
Then, best-performing strains were assembled in a consortium and tested in vivo on maize. We hypothesized that
combining nHAs and the PSB consortium inoculated as seed coating (SC) outperforms single treatments alone in
promoting plant growth and P cycling, and ensures the establishment in plant-soil system without a bacterial
reinforcement (BR) by an additional inoculum suspension. The synergistic effect of nHAs and PSB was proved,
improving maize root (+22 %) and total plant biomass (+29 %), as well as P (+32 %) and K (66 %) uptake
compared to single treatments. With nHAs and SC, P-use efficiency and recovery increased by 25 % and three-
fold, respectively, compared to nHAs alone or with bacterial reinforcement. Consistently, root and substrate
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bacterial biomass were associated with nHAs plus SC, while nHAs alone or with PSB upregulated PHT1;1 and
PHT1;2 transporter genes in maize. Finally, linking the in vitro and in vivo system, we demonstrated that pro-
pionic acid production and P-solubilization efficiency of PSB co-applied with nHAs are key drivers of maize
growth and P uptake. Our findings indicated that co-applying nHAs and PSB through SC offers a sustainable
strategy to improve maize P-use efficiency.

1. Introduction

Phosphorus (P) is essential for crop development, supporting plant
growth from early stages to vegetative and reproductive phases (de Bang
et al., 2021; Zhang et al., 2023). It plays a fundamental role in root
development, aboveground biomass accumulation, seeds formation, and
grain quality enhancement (Mollier and Pellerin, 1999; Wang et al.,
2023). Plant availability of soil P is limited due to several factors,
including high soil pH, immobilization onto clay particles, precipitation
with cations (e.g., Ca, Al, Fe), and binding in metal complexes (Shen
et al., 2011; Roberts and Johnston, 2015; Azam et al., 2019). Tradi-
tionally, mineral P fertilizer production has relied on finite rock phos-
phate reserves, with 50 % projected to be depleted by 2100 (van Vuuren
et al., 2010). The increasing demand for P fertilizers, along with the need
to maintain and improve soil P status, has heightened the urgency of
improving P use efficiency. However, P recovery rarely exceeds 30 % of
the applied P within the first year, and often remains within the 10–15 %
range (Hedley and McLaughlin, 2005; Roberts and Johnston, 2015; Liu
and Lal, 2015). Nevertheless, P-recovery efficiency varies significantly,
as it depends on multiple factors, including soil properties, the solubility
of newly formed P compounds, and plant species (Sonmez and Pier-
zynski, 2017). Generally, P is applied as phosphate salts, which are
easily leached off (Sharpley et al., 2001), or as solid formulations with
large particle sizes and low soil mobility (Reynolds and Davies, 2001).
As a result, P fertilizer application has led to substantial variability in
topsoil availability worldwide, contributing to environmental concerns
(Swaney and Howarth, 2019; Panagos et al., 2022). Excessive soil P
accumulation has caused P leaching and, therefore, long-term surface
water degradation, promoting algal blooms and other symptoms of
eutrophication (Schindler et al., 1974; Carpenter, 2005; Dupas et al.,
2015). Additionally, immobilized P can be lost through water soil
erosion and transported by sediments, significantly reducing P-recovery
efficiency and, in some cases, contributing to P runoff into water bodies
(Carpenter and Bennett, 2011). Given these challenges, it is essential to
develop efficient alternatives to mineral P fertilizers, while reducing
reliance on non-renewable P sources and mitigating their economic and
environmental consequences (Sharpley et al., 2001; Herrera-Estrella and
López-Arredondo, 2016).

Emerging nanotechnologies offer promising strategies to improve P
use efficiency (Gogos et al., 2012; Hazarika et al., 2022; Liu and Lal,
2015). Recently, hydroxyapatite-based nanoparticles (nHAs) have
gained attention for their small particle size, high surface area, and
gradual P release in soil (Montalvo et al., 2015; Xiong et al., 2018a).
Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a naturally occurring
biocompatible phosphate and the primary inorganic component of some
food industry by-products and waste materials, such animal and fish
bones (Piccirillo et al., 2014; Abdelmigid et al., 2022; Pilotto et al.,
2024). After heating, HA often co-exists with β-tricalcium phosphate
(β-TCP, Ca3(PO4)2), structurally similar but more soluble than HA.
Nevertheless, although nHAs have been proposed due to their slow
release and their potential ability to directly enter in plant cells
(Montalvo et al., 2015), the low solubility of HA may limit their effec-
tiveness for crop P uptake (Larsen, 1966; Nair et al., 2010; Liu and Lal,
2015).

So far, under greenhouse conditions, synthetic nHAs have been re-
ported to increase soybean grain yield and plant biomass by 21 % and
30 %, respectively, compared to mineral fertilizer with the same P
content (Liu and Lal, 2014). However, the increases were not

statistically significant. Substantial improvements in soybean grain yield
and root biomass, from five- to 57-fold increases, were observed
compared to controls fertilized without P. Similarly, in controlled en-
vironments, synthetic nHAs at high rates (50 and 150 mg of P per kg of
soil) increased maize leaf biomass by 78 % and root and leaf P accu-
mulation by 70 % and 183 %, respectively, compared to unfertilized
controls (Jia et al., 2022). Furthermore, synthetic nHAs enhanced wheat
shoot dry weight and P uptake, particularly in acidic soils, compared to
both unfertilized control and bulk HA (Montalvo et al., 2015). Addi-
tionally, three different synthetic nHAs with varying surface charges
were tested on sunflower in P-deficient soils receiving basal mineral
fertilization (Xiong et al., 2018b). Negatively charged nHAs out-
performed triple superphosphate (TSP), rock phosphate and untreated
controls in terms of plant biomass, whereas positively and neutral
charged nHAs exhibited similar performance to TSP. Moreover, neutral
and negatively charged nHAs led to the highest shoot P uptake. Unlike
TSP, which exhibited a sharp decline in soil P release over time, nHAs
maintained a more constant dissolution rate, which improved their
effectiveness (Xiong et al., 2018a,b). In addition, nHAs derived from fish
bones promoted maize seedling growth and total dry mass by 50 % to
four-fold (Carella et al., 2021). This improvement was not correlated
with the P dissolution rate, as even the less soluble nHAs performed well
as fertilizer. These findings suggest that other factors beyond solubility
in water play a crucial role in P availability in soil and fertilizer use
efficiency. Other key factors may include soil interactions such as mi-
crobial activity and soil organic matter.

Under field conditions, applications of synthetic nHAs at increasing
rates (40–80 kg P2O5 ha− 1, equivalent to 17 and 35 kg P ha− 1), had no
significant effect on wheat grain yield or P uptake in grains and whole
plants compared to the diammonium phosphate (DAP, 80 kg P2O5 ha− 1)
(Taskin and Gunes, 2023). Therefore, while previous in controlled
studies support nHAs as a viable alternative to conventional fertilizers,
further research is needed to fully assess their effectiveness and to
ameliorate P solubilization (Zhu et al., 2023).

Phosphate-solubilizing bacteria (PSB) have been recently proposed
for their ability to enhance P solubility from both synthetic and biogenic
nHAs (Santana et al., 2019; Monroy Miguel et al., 2020; Kooshki and
Haghighi, 2024). These soil microbes thrive in the rhizosphere or even
colonize the endosphere of plants (Emami et al., 2020), and play a
crucial role in plant P acquisition by converting insoluble P compounds
into plant-available forms (Alori et al., 2017; Raymond et al., 2021). One
of the primary mechanisms though which PSB enhance P solubility is the
release of low-molecular-weight organic acids (OAs), which improves P
mobility in soils and its availability to plants (Farhat et al., 2015;
Manzoor et al., 2017; C. Li et al., 2021; X.L. Li et al., 2021). The pro-
duction of OAs lowers soil pH, thereby promoting the solubilization of
calcium phosphates, including HA (Rodriguez and Fraga, 1999). How-
ever, few studies have investigated the interaction between PSB and
nHAs, and they suggested that PSB strain selection is crucial for efficient
P solubilization (Santana et al., 2019; Monroy Miguel et al., 2020;
Kooshki and Haghighi, 2024; Pilotto et al., 2024). Moreover, the type of
applied nHAs may influence the efficiency of such interactions. For
instance, among 17 bacterial strains, only two demonstrated P dissolu-
tion levels comparable to tricalcium phosphate (TCP) (used as reference
in PSB studies) within just eight days post-inoculation (Santana et al.,
2019). Similarly, only 12 out of 43 bacterial strains efficiently solubi-
lized TCP in vitro (up to 54 %) after 20 days, whereas with nHAs, six
strains achieved P solubilization rates up to 73 % after five days (Monroy
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Miguel et al., 2020). All bacteria secreted citric acid and other OAs (i.e.,
succinic, lactic, propionic and malic acids), whereas none produced
oxalic, phosphoric, gluconic, malonic or maleic acids. These findings are
consistent with the results of Wang et al. (2016), who reported that nHA
dissolution efficiency followed this order: citric > oxalic > acetic acid.
When applied in soil, nHAs derived from chicken bones, either alone or
in combination with Pseudomonas alloputida, promoted root and total
dry weight of barley and increased soil P availability, achieving values
comparable to the sole application of P. alloputida under unfertilized
controls (Pilotto et al., 2024). Despite a 16 % higher soil P availability in
nHA and PSB treated soils, compared to the sole application of nHAs, no
significant differences in plant P uptake were observed. Conversely,
when applying two doses of nHAs derived from animal bones with
Pseudomonas putida, tomato plant exhibited enhanced fruit yield
compared to unfertilized controls, regardless bacterial inoculation
(Kooshki and Haghighi, 2024). Furthermore, PSB co-application resul-
ted in additional improvements in shoot and root biomass compared to
nHAs alone. Similarly, when maize was treated with nano-rock phos-
phate and Bacillus cereus, greater root biomass (38 %), grain yield (14
%), shoot and grain P accumulation (26 % and 9 %) and P-use efficiency
(18 %) were reported compared to not-inoculated controls (Yasmeen
et al., 2022). These results were attributed to decreases in rhizosphere
pH, which enhanced bacterial P solubilization and increased P desorp-
tion from soil particles. Given these findings, there is a knowledge gap
on the mechanisms underlying the efficacy of the combined use of nHAs
and PSB.

Phosphate-solubilizing bacteria can be applied either as a single
strain or as consortia. Studies indicate that PSB consortia exhibit greater
resilience and adaptability under fluctuating environmental conditions
(Haskett et al., 2021; Khan, 2022). These advantages are associated with
synergistic interactions between different PSB strains, allowing them to
perform complementary functions, such as enhanced nutrient solubili-
zation, pH modulation, and increased microbial stability in the soil
(Kumar et al., 2016; Hu et al., 2021). For example, when Pseudomonas
spp. were applied as consortia at increasing species richness, they
exhibited enhanced auxin production, P solubilization, and C meta-
bolism compared to single strains (Hu et al., 2021). Additionally, when
tested on tomatoes, microbial consortia significantly increased above-
ground biomass, N, P, K content in plant tissues, and ensured stable
Pseudomonas presence in the rhizosphere.

To improve the establishment and survival of PSB inoculants, seed
coating (SC) has been explored as a promising delivery method. It fa-
cilitates the direct introduction of inoculated microbes to plant roots
(Cortés-Rojas et al., 2021; Ma, 2019). Additionally, SC could enhance a
closer association between PSB and insoluble P sources, further
improving P solubilization (Raymond et al., 2021). However, one limi-
tation of SC-based inoculation is the relatively low number of bacterial
cells attached to the seed surface, which may reduce the effectiveness of
inoculation (Bashan et al., 2014). Thus, further research is needed on
PSB consortia rather than single strains, as well as on the optimization of
SC and inoculation methods to enhance P solubilization efficiency and
ensure the soil survival and activity of PSB inoculants.

Therefore, this study aims to uncover for the first time the mecha-
nisms through which a consortium of PSB enhances the solubilization of
nHAs synthesized from fish by-products. We hypothesized that: (i)
combining nHAs and a PSB consortium as SC provides greater benefits to
plant growth, P uptake, and P-use efficiency than single treatments; (ii)
SC promotes the establishment and growth of PSB in plant-soil system
without the need for a simultaneous PSB re-inoculation. Initially, nHAs
with varying solubilities were synthesized from salmon and tuna bones
and physico-chemically characterized. An in vitro bottom-up approach
was employed to identify the most effective PSB strains across different
substrates and pH conditions, and focusing on OAs production as
mechanism of solubilization. Then, after assessing IAA production, N
fixation, and compatibility among strains, a multifunctional PSB con-
sortium was assembled. This system was scaled-up to an in vivo

experiment with maize (Zea mays L.) as a model plant, evaluating the
effects of PSB SC alone and in combination with an additional PSB
inoculum reinforcement, and its interaction with nHA on plant. Maize
growth, P and K uptake, and P-use efficiency as a proxy for environ-
mental sustainability, resource conservation and pollution mitigation,
were used for the assessment. Phosphorus plant uptake was also inves-
tigated by analyzing the expression of six P-related genes, and total
bacterial biomass was quantified as an indicator of bacterial soil
enrichment and root colonization. Finally, we examined the relationship
between P-solubilization efficiency and OA production of the PSB con-
sortium in interaction with nHAs and plant parameters to identify the
key traits responsible for plant functional changes.

2. Materials and methods

2.1. Salmon and tuna nHAs

Salmon bones were sourced from a local supermarket in Lecce
(Italy), while tuna bones were provided by Mare Aperto S.p.A. (Genova,
Italy). The dried bones were calcined in air at 700 ◦C in a Naberthem
furnace (Nabertherm GmbH, Lilienthal, Germany) with a heating rate of
5 ◦C per minute for a duration of 1 h. The calcined bones were then
manually crushed into a powder, and further refined by ball milling in
isopropyl alcohol to achieve a uniform particle size, producing salmon
and tuna nHAs (SnHAs and TnHAs, respectively) (Teixeira et al., 2017).
The phase composition, determined by X-ray diffraction (XRD), showed
that SnHAs had a ratio of β-TCP:HA of 45 %:55 % (w/w), while TnHAs
were composed of 98–99 % pure HA (Fig. S1a), which is less soluble than
β-TCP (Dorozhkin and Epple, 2002). FTIR spectra for SnHAs and TnHAs
showed similar features, namely the presence of peaks attributed to
phosphate and carbonate groups, and HA (Fig. S1b). SnHAs also showed
an additional peak corresponding to β-TCP (Ebrahimi et al., 2017). The
Zeta potential (ζ) of SnHAs was − 34.7 mV (± 0.2 mV) (Fig. S1c), indi-
cating sufficient repulsive force to prevent particle agglomeration and
flocculation. The ζ of TnHAs was below the threshold of agglomeration
(− 15.3 ± 0.6 mV) (Fig. S1c), indicating instability in the solution
(Mahbubul et al., 2019). The scanning electron microscopy (SEM) mi-
crographs of SnHAs indicated spherical particles (Ø < 50 nm) (Fig. S1d,
e), while particles with an elongated shape were observed for TnHAs
(200–400 nm in length and 30–50 nm in width) (Fig. S1f,g respectively).
The P concentration, spectrophotometrically determined (Piccirillo
et al., 2014), was 18.4 % for SnHAs, 16.6 % for TnHAs, and 17.5 % for
β-TCP. β-TCP was used as reference phosphate in the following in vitro
screenings. Details about the synthesis and characterization of SnHAs
and TnHAs are reported in Supplementary Materials and methods 1.

2.2. In vitro characterization and phosphate solubilization efficiency of
PSB strains

Fifteen bacterial strains, previously identified as capable of solubi-
lizing β-TCP or classified as potential PSB, were selected from earlier
studies (e.g., Pérez-Rodriguez et al., 2020; Sessitsch et al., 2005). The
identities, DSMZ numbers, and internal codes of these strains are pro-
vided in Table 1 (for references see Table S1). All selected bacterial
strains are classified as biologically safe (Risk Group 1) according to the
German Federal Institute for Occupational Safety and Health. The in
vitro qualitative screening allowed selecting the six best-performing PSB
strains (PG0319, PG1211, PR0393, PC1218, PT0405, PP0616) and one
mild performer (PF0520). Details about the in vitro qualitative screening
on six different inorganic P sources with varying solubility, i.e., β-TCP,
SnHAs, TnHAs, mineral nHAs (MnHAs), AlPO4

− , and FePO4
− , are given in

Supplementary Materials and methods 2. Additionally, these strains
were IAA producers (Fig. 1b,c) (Cumpa-Velásquez et al., 2021), and N2
fixers, except for PT0405 (Fig. 1d,e) (Batista et al., 2021). Moreover,
these strains grew optimally on plates amended with CMC, as indicated
by the EI values (Fig. S2). Information on the methodologies for
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characterizing strain properties are provided in Supplementary Mate-
rials and methods 3.

The seven selected PSB strains were used for a quantitative in vitro
analysis of P solubilization over time under acidic (pH: 5.5) and alkaline
conditions (pH: 7.5). Three different P sources were chosen to represent
a gradient of solubility: β-TCP (high solubility), SnHAs (medium solu-
bility) and TnHAs (low solubility), with β-TCP included for comparison.
The PSB strains were grown as described in Supplementary Materials
and methods S2. A 100 μL aliquot of overnight bacterial culture
(OD600nm = 0.1) was inoculated into 100 mL flasks containing 50 mL
of liquid NBRIP, adjusted pH of 5.5 and 7.5. Uninoculated flasks served
as negative control, and each treatment was performed in quadruplicate.
The cultures were incubated in a rotary shaker at 28 ◦C at 140 rpm in
dark conditions. Samples of 1.5 mL were collected from each flask at
intervals of 0, 3, 5 and 7 days (designed as T0, T3, T5, and T7, respec-
tively) for quantitative P analysis. The collected samples were centri-
fuged at 10,000 rpm for 10 min, and the P content in the supernatant
was measured using a spectrophotometer (Infinity Pro200, TECAN) at
400 nm, calibrated against a standard KH2PO4 curve, and analyzed with
the Merck Spectroquant P reagent kit (Piccirillo et al., 2014). To
calculate the percentage (%) of solubilized P, the total P content (w/w)

Table 1
Identities and codes of the phosphate-solubilizing bacterial (PSB) strains used in
the study. See Table S1 for references.

PSB strain identity DSMZ numbera Internal codeb

Cellulosimicrobium cellulans DSM 20106 CC1
Cellulosimicrobium cellulans DSM 46031 CC2
Cellulosimicrobium terreum DSM 18665 CT1006
Pantoea eucalypti DSM 23077 PE1109
Paraburkholderia terricola DSM 17221 PT0405
Paraburkholderia phytofirmans DSM 17436 PP0616
Paraburkholderia phytofirmans DSM 103130 PP0220
Priestia megaterium DSM 3228 BM0204
Pseudomonas corrugata DSM 7228 PC1218
Pseudomonas fluorescens DSM 289 PF0520
Pseudomonas graminis DSM 100941 PG0319
Pseudomonas graminis DSM 11363 PG1211
Pseudomonas koreensis DSM 16610 PK0810
Pseudomonas moorei DSM 12647 PM12647
Pseudomonas rhodesiae DSM 7527 PR0393

a DSMZ: German Collection of Microorganisms and Cell Cultures GmbH
(https://www.dsmz.de).

b Internal code: the code used in the study.

Fig. 1. Examples of the phosphate-solubilizing activity on tricalcium phosphate by weak (CC1, Cellulosimicrobium cellulans), mild (PF0510, Pseudomonas fluorescens),
and strong (PG0319, Pseudomonas graminis) phosphate-solubilizing bacteria (PSB) screened under acidic (left) and alkaline pH (right); (b) indole acetic acid (IAA)
production by PSB. Data are mean ± SE. Different letters represent significant differences among strains, according to one-way ANOVA and post hoc Tukey-B test (P
< 0.001); (c) examples of IAA producing strains and controls; (d) biological N2-fixing activity by PSB on solid and (e) on semi-solid New Fabio Pedrosa medium. The
control represents the non-inoculated media. See Table 1 for PSB identities.
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was determined in β-TCP, SnHAs and TnHAs. See Materials and methods
S1 for details. At each time point, pH changes in the medium were also
measured to monitor potential acidification, which may indicate organic
acid production by PSB strains (Chen et al., 2006).

2.3. Characterization of OAs secreted by PSB

At the end of the in vitro quantitative screening (T7), samples were
harvested and filtered (Ø = 0.2 μm) to investigate the OA production by
PSB strains within each substrate and pH conditions (three replicates for
each strain, substrate and pH). The detection and quantification of tar-
geted OAs (i.e., acetic, tartaric, oxalic, malic, fumaric, succinic, gluconic
and propionic acids) were carried out on the seven selected PSB strains
by Ultra Performance Liquid Chromatography-Mass Spectrometry
(UPLC-MS) (Feng et al., 2010) equipped with Waters H-Class quaternary
pump, with an autosampler, and coupled with XEVO TQD detector
(Waters, USA). Isocratic elution was performed using a Waters Aquity
UPLC HSS T3 column (2.1 mm × 50 mm, Waters, USA), with the mobile
phase consisting of ammonia 0.05 % in MilliQ water, with a flow rate of
0.3 mL min− 1, and maintained at 45 ◦C. Samples (30 μL) were directly
injected into the column, and OAs were identified by retention time and
mass fragments of OAs analytical standards (Chebios, Italy).

2.4. In vivo experimental system

2.4.1. Establishment of the PSB consortium
To assess the compatibility of the best-performing PSB strains when

assembled as a consortium the Kirby-Bauer test was applied (Irabor and
Mmbaga, 2017). This methodology compares strains in pairs to detect
potential inhibition areas between them. Briefly, after 24 h of incubation
in liquid LB, strain 1 (PSB 1) was swabbed uniformly onto the LB plate
surface using a sterile cotton swab and left to dry. Meanwhile, four
sterile 5-mm Whatman discs (Cytiva, Milan, Italy) were aseptically
dipped into a 24-hour-old suspension containing strain 2 (PSB 2) and
placed at four equidistant points (approximately 1.5 cm from the edge of
a 90-mm-diameter Petri plate) on the plate swabbed with PSB 1. The
plates were incubated at 28 ± 2 ◦C and observed for potential inhibition
areas over seven days. Each pairwise compatibility test was performed
in triplicate.

2.4.2. Setting-up of the in vivo experimental system
The four best-performing PSB strains (Pseudomonas graminis PG0319

and PG1211; Pseudomonas rhodesiae PR0393; Paraburkholderia terricola
PT0405) were selected based on their efficiency in solubilizing P under
both pH conditions, cellulase activity and strain compatibility, and they
were assembled to establish a PSB consortium for maize SC. SnHAs were
selected to be used as the P source since they were more prone to bac-
terial solubilization than TnHAs. Maize (Zea mays cv. Lolita, Pioneer Hi-
Breed, USA) was chosen as a model plant. Before SC, the germination
rate was assessed according to the International Rules for Seed Testing
(ISTA, 2023; https://www.seedtest.org/en/publications/international-r
uleSseed-testing). Healthy and homogenous maize seeds (n = 150) were
surface sterilized with NaClO and 70 % ethanol, washed with sterile
dH2O, dried and placed at 4 ◦C in the dark for 24 h before coating.

In detail, the PSB consortium was established by mixing an equal
volume of each 22-hour-old PSB suspension to get the same bacterial
abundance in the final inoculum (OD600nm = 0.5). The resulting PSB
broth was mixed with an equal volume of sterile 2 % CMC to form a
slurry in which maize seeds were dipped and stirred for 1 h. Once

coated, seeds were dried under a laminar flow overnight. Control seeds
were coated with CMC plus mock inoculum (double sterilized PSB
broth). Before being transferred into the pots, the coated seeds were pre-
germinated for seven days in the dark, and the germination rate was
assessed (average of 95 %). Pre-germination was carried out in sterile
Petri dishes (Ø 35 mm) containing a mixture of sterilized soil, vermic-
ulite and quartz sand (1:1:1) (hereafter mixed substrate). Soil proprieties
are reported in Table S2. The mixed substrate was autoclaved by two
cycles (24 h apart) at 121 ◦C for 21 min and used for both pre-
germination and pot experiments.

The SnHA (0.5 g) was applied to the substrate of each pot (10 × 10 ×

14 cm3: 1300 mL), placed at 7 cm from the bottom of the pot, and then
covered with the mixed substrate. Pre-germinated seeds (one per pot)
were transplanted 4 cm above and covered with the remaining mixed
substrate. An additional PSB inoculum (PSB reinforcement) was also
applied after transplanting to test a greater PSB density. Treatments
were the following: (i) no SnHAs + mock-inoculum coated seeds (con-
trol: − S NB); (ii) no SnHAs + PSB seed coating (− S SC); (iii) no SnHAs +
PSB seed coating + PSB reinforcement (− S BR); (iv) SnHAs + mock-
inoculum coated seeds (+S NB); (v) SnHAs + PSB seed coating (+S SC);
(vi) SnHAs + PSB seed coating + PSB reinforcement (+S BR). Pots were
placed in a growth chamber at 25/18 ◦C day/night temperature, 16/8 h
light/dark cycle, 65/50 % day/night humidity. The experiment was set
up according to a completely randomized, and seven replicates for each
treatment, for a total of 42 pots. Pots were watered every four days with
deionized water, and every ten days with a modified Hoagland’s solu-
tion (Hoagland and Arnon, 1950) having 1/4 of the quantity of P
required achieving a minimum threshold for the plant (Gómez-Muñoz
et al., 2018).

2.5. Samplings and analyses of maize growth and nutrient uptake

All samplings were performed after 34 days of growth, correspond-
ing to stage 1 (GS1; Hanway, 1963), i.e., maize plant with the collar of
fifth leaf visible. Maize roots, stem, and leaves were sampled and, after
oven-drying for 72 h, dry weight (DW) was recorded. Dry samples
(approximately 0.3 g) of roots, stem and leaves were ground and
mineralized in 8.0 mL of nitric acid (65 % trace grade, VWR, Milan,
Italy) in Teflon vessels by microwaving (COOLPEX Smart Microwave
Reaction System, Yiyao Instrument Technology Development Co., Ltd.,
Shanghai, China). Four replicates per treatment were analyzed. The
solution was diluted with Milli-Q water to reach a final volume of 30 mL
and filtered samples (Ø 0.45 mm) were analyzed for P and K by induc-
tively coupled plasma-optical emission spectrometry (ICP-OES) using a
spectrometer (Agilent Technologies, Italy).

The Phosphorus Use Efficiency (PUE) of SC and BR was calculated
using the following formula:

PUE =
Maize P uptake with SnHAs

P applied with SnHA
× 100

where:
Maize P uptake with SnHAs is the total P accumulation in maize plant

fertilized with SnHAs, calculated as the sum of P concentration in each
plant organ multiplied by its corresponding DW; P applied with SnHA
corresponds to 18 % of the total of SnHA dose applied per pot, based on
the concentration of P in SnHAs.

The Phosphorus Recovery Efficiency (PRE) of SC and BR was
determined as:

PRE =
(Maize P uptake with SnHAs) − (Maize P uptake without SnHAs)

P applied with SnHAs
×100
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where:
Maize P uptake without SnHAs represents the P accumulation in the

biomass of maize not fertilized with SnHAs, calculated as the sum of P
concentration in each plant organ multiplied by its corresponding DW.

2.6. Primer design and real time RT-qPCR validation of plant P-related
genes

At GS1, fresh roots were ground with liquid nitrogen for gene
expression analysis (three replicates for each treatment). Total RNA was
extracted from 100 mg of each sample using the RNeasy Mini Kit
(Qiagen, Venlo, Netherlands). During the extraction, RNA was column-
digested using the RNase-Free DNase Set (Qiagen, Venlo, Netherlands).
Before reverse transcription to complementary DNA (cDNA), RNA ex-
tracts were checked for integrity, quantity, and purity by agarose gel
electrophoresis (1 %), Qubit™ RNA HS Assay (Life Technologies,
Thermo Fisher Scientific, Waltham, MA, USA), and Nanodrop (Thermo
Fisher Scientific, Waltham, MA, USA). A total of 18 RNA extractions
were performed (three replicates for each treatment). Each RNA extract
(total RNA: 655 ng) was reverse transcribed to cDNA using the iScript™
Reverse Transcription Supermix (Biorad, California, USA). Specific
primer pairs for P transporters were designed using the NCBI primer
design tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
(Table S3). Before real time RT-qPCRs, each primer pair was subjected to
a thermal gradient amplification and primer efficiency. Only primer
pairs having an efficiency between 90 % and 110 % were selected. De-
tails on target P genes, primer names, sequences, and efficiency are re-
ported in Table S3. The reaction mix for the real time RT-qPCR was
performed in a total volume of 10 μL containing 1 μL of each cDNA
(1:10), 5 μL of SsoAdvanced™ Universal SYBR® Green Supermix (Bio-
rad, California, USA), 1 μL of each primer (10 μM), and 2 μL of nuclease-
free water. The amplification cycle was as follows: an initial denatur-
ation at 95 ◦C for 3 min, 39 cycles of denaturation at 95 ◦C for 10 s, and
an annealing/extension at 59 ◦C for 30 s. The RTqPCR analyses were
conducted in a CFX Connect Real-Time System (Biorad Laboratories,
California, USA). After amplification, a melting curve analysis from
65 ◦C to 95 ◦C was generated to check primer specificity. Each 96-multi-
well contained a control (nuclease free water; Qiagen, Venlo,
Netherlands). For each sample three technical replicates were included.
The analysis of the relative gene expression was performed according to
the 2− ΔΔC

T method (Livak and Schmittgen, 2001). The transcript level of
the plant genes in − S NB was used as control, and the polyubiquitin
containing 7 ubiquitin monomers as reference gene (Pii et al., 2016).

2.7. Quantification of the bacterial biomass in the substrate and maize
roots

The bacterial biomass in the substrate and maize roots was measured
as a proxy of persistence of PSB inoculum. DNA was extracted from the
substrate and maize roots (four replicates for each treatment for a total
of 24 samples for substrate and 24 samples for roots) using the DNeasy
PowerSoil Kit (Qiagen, Venlo, Netherlands), following the manufac-
turer’s instructions. Bacterial biomass was analyzed by a quantitative
PCR (qPCR) (Fierer et al., 2005) approach using the Eub338/Eub518
primer pairs (Eub338: 5′-ACTCCTACGGGAGGCAGCAG-3′; Eub518: 5′-
ATTACCGCGGCTGCTGG-3′), targeting the 16S rRNA gene (Vilgalys and
Hester, 1990; Lane, 1991; Gardes and Bruns, 1993; Muyzer et al., 1993).
The analyses were conducted in a CFX Connect Real-Time System
(Biorad Laboratories, California, USA) with the following thermal pro-
gram: an initial denaturation at 95 ◦C for 15 min, followed by 40 cycles
of 95 ◦C for 1 min, 53 ◦C for 30 s, and 72 ◦C for 1 min, followed by a
melting curve analysis from 58 ◦C to 65 ◦C. The qPCR reactions mix was
as described above. Each 96-well plate also contained reactions with
two-fold serial dilutions of pure bacterial DNA (Streptomyces rochei DSM
41732) to verify the linearity of the relationship between threshold cycle
(Ct) and DNA concentration. Standard curves were generated using a

triplicate of plasmids. Each sample was run in triplicate, and the mean Ct
value was used for the calculation of the 16S rRNA gene copies. Results
refer to one gram of substrate or root dry weight.

2.8. Statistical analysis

One-way ANOVAs were performed to analyze the effect of PSB strain
(fixed factor) on PSI measured on β-TCP plates, IAA and cellulase pro-
duction. For PSI, each pH condition was analyzed separately. Two-way
ANOVAs were conducted to test the effect of the PSB strain and time
point (fixed factors), and their interaction on solubilization efficiency
and solubilized P in β-TCP, SnHAs and TnHAs liquid media for each pH
condition separately. Similarly, a two-way ANOVA was used to test the
effect of the application of PSB (NB, SC, and BR), SnHAs (− S; +S), and
their interaction on maize growth and nutrient uptake. Following
ANOVAs, post hoc Tukey-B test was performed for testing significant
differences (P ≤ 0.05) among samples. Percentage data were trans-
formed prior statistical analyses. One-way ANOVA was used to analyze
PUE and PRE using +S NB, +S SC, and +S BR as treatments. Moreover,
linear regressions were generated to model the relationship between pH
(independent factor) in β-TCP, SnHAs and TnHAs media, and solubilized
P (dependent factor) over time for each pH condition.

A t-test was conducted to compare the relative expression of P-
related genes in the roots of maize treated with SnHAs (− S; +S) across
different PSB treatments (NB; SC; BR). Each test compared the 2− ΔΔC

T of a
specific treatment against a reference group, i.e., − S NB. Similarly, a t-
test was employed to compare the bacterial abundance in soil and maize
roots under each treatment against S NB. All univariate analyses were
conducted using the SPSS 25.0 software package (SPSS Inc., Chicago, IL,
USA), and results were plotted using ggplot2 package (Wickham and
Wickham, 2016) in R.

A permutational multivariate analysis of variance (PERMANOVA)
was applied to investigate the effect PSB strain (fixed factors) and sub-
strate (β-TCP, SnHAs, and TnHAs) on the OA profile at each pH (three
replicates for each treatment). Data were normalized and the Euclidean
distance matrix was calculated. P values were calculated using 999
permutations, together with the explained variance by factors. The
dispersion among samples was tested by the analysis of multivariate
homogeneity (PERMDISP). PERMANOVA pairwise comparisons were
performed for PSB strain and substrate. PERMANOVA was also per-
formed, as described above, to test the effect of PSB treatment (NB, SC,
BR), SnHAs (− S, +S), and its interaction on maize growth, P and K plant
uptake, and P-related gene expression in roots (three replicates for each
treatment). The PERMDISP was also conducted. Then, the principal
coordinate analysis (PCoA) was performed to visualize the relevant
patterns.

To understand the relationship between the efficiency in solubilizing
P (i.e., % of solubilized P in the in vitro system at T3, T5 and T7) and OA
production of the strains included in the PSB consortium (independent
variables) and plant parameters (i.e., plant growth, P uptake and gene
expression; dependent variables), and to identify the main traits
responsible for plant functional changes, a multivariate statistical
approach (RELATE analysis) was applied. The RELATE analysis allows
to determine the strength of the correlation between two matrices in
rank-order patterns of dissimilarity (Clarke and Warwick, 2001). The
treatments +S NB and +S SC of the in vivo systems, and the same
treatments in the in vitro system conducted at pH 7.5, were utilized for
the analysis. We utilized the matrix of data collected in the in vitro
system at pH 7.5 since the value was similar to the pH of the soil utilized
in the in vivo experiment. The data matrices of the independent and
dependent variables were normalized, and Euclidean distance re-
semblances were calculated. The analysis was based on the Spearman
rank and 999 permutations with ρ equal to 1 representing the perfect
relationship,. Since the RELATE was significant, we displayed the par-
aments of both matrices using PCoA biplots. To find the best descriptor
of the relationship, the BEST analysis, based on BioEnv methods (all
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combinations), Spearman rank, and 999 permutations, was applied
(Clarke et al., 2008). PERMANOVAs and PERMDISP were performed
using the vegan R package (Oksanen et al., 2020). Pairwise comparisons
were performed using the pairwiseAdonis R package (Martinez Arbizu,
2020). PCoA biplots were generated by the stats package. RELATE and
BEST analyses were performed using PRIMER 7 and PERMANOVA +

software (Clarke and Gorley, 2015; Anderson et al., 2008).

3. Results

3.1. Phosphate solubilization activity by PSB

In the qualitative in vitro screening, none of the 15 strains, including
the strong solubilizers (e.g., P. graminis PG0319), showed solubilization
activity, i.e. a solubilization halo around the colony, when inoculated on
SnHAs, TnHAs, MnHAs, AlPO4

− and FePO4
− (Fig. S3). In β-TCP, the PSB

strains exhibited a solubilization activity ranging from weak to strong,
under both acidic and alkaline conditions (Table S4). Examples of weak,
mild and strong solubilization activities are illustrated in Fig. 1a. Details
about the results of the qualitative screening are given in Supplementary

Results 1.
In the quantitative in vitro screening, the percentage of solubilized P

in all substrates and pH conditions was affected by the interaction be-
tween PSB strain and time (Table S5). In β-TCP, under acidic pH con-
ditions, the average over time of the percentage of solubilized P of the
PSB strains was 54 % (Fig. 2). Over time, PG0319 achieved 77 % solu-
bilization of P, followed by PR0393, PG1211, PC1218 and PT0405 with
75 %, 68 %, 50 % and 49 %, respectively. PP0616 exhibited the lowest
average value of 15 %. Most strains demonstrated a time-dependent
increase in the solubilization efficiency, with a consistent 10 % rise
from T3 to T7. For example, PG0319 solubilized 68 % at T3, 75 % at T5,
and 83 % at T7. PG1211, PC1218, PR0393 and PF0504 also exhibited
this upward trend, whereas PT0405 and PP0616 reached their highest
solubilization at T3 and T5, respectively, before declining at T7. Under
alkaline pH, the average over time of the percentage of solubilized P was
48 %, with PG0319 similarly showing the highest value (77 %) and
PP0616 the lowest (10 %). Consistently under acidic conditions, the
best-performing strains were PG0319, PG1211, PC1218 and PR0393,
which maintained a high efficiency over time, with the highest solubi-
lization observed at T5. In addition, PT0405 and PP0616 substantially

Fig. 2. Solubilized phosphorus (P) (%) in liquid media across four time points (T0, T3, T5, and T7) by selected phosphate-solubilizing bacteria (PSB) in tricalcium
phosphate (TCP), salmon hydroxyapatite nanoparticles (SnHAs) and tuna hydroxyapatite nanoparticles (TnHAs) under acidic and alkaline pH (5.5 and 7.5,
respectively). See Table 1 for PSB identities. Data are mean ± SE (n = 4). Different letters represent significant differences among PSB strains and time points,
according to two-ways ANOVA and post hoc Tukey-B test (P ≤ 0.05) (see Table S4 for P values).
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decreased their activity at T7 after their peak at T5.
In SnHAs, PSB strains showed a lower percentage of solubilized P

over time. Averaged over PSB strains, the solubilization efficiency was
42 % under both acidic and alkaline conditions (Fig. 2). At pH 5.5,
PR0393 achieved the highest rate (54 %), followed by PG0319, PG1211
and PT0405 (52 %). In contrast, strains PC1218 and PF0520 demon-
strated intermediate efficiencies (37 % and 39 %, respectively), whereas
PP0616 had the lowest rate (10 %). The maximum efficiency was
observed at T5, with an average of 55 % among the top strains (PG0319,
PG1211, PR0393 and PT0405). At pH 7.5, the solubilization efficiency
of the best-performing strains remained stable. Notably, efficiency
increased progressively over time, reaching the peak at T7, with the top
strains reaching on average 50 %.

In TnHAs, the overtime average percentage of solubilized P was
lower compared to β-TCP and SnHAs under both pH conditions (Fig. 2).
Despite this, significant differences were observed among strains. At
acidic pH, the best performers were PR0393, PG0319, PG1211 and
PT0405, with an average of efficiency of 12 %, 10 %, 10 % and 9 %,
respectively, and a peak at T5. At alkaline pH, all strains performed
better, with a general maximum solubilization at T7. For instance,
strains PT0405 and PG0319 showed increases of 65 % and 50 % in ef-
ficiency, respectively, compared to acidic pH. The pattern of changes of
the amount of solubilized P (mg L− 1) across substrates and pH condi-
tions, was similar to the pattern observed when calculated using the
total P content in β-TCP, SnHAs and TnHAs (Fig. S4).

Most PSB strains significantly lowered the pH in all substrates at both
pH conditions, whereas ineffective strains, like PP0616, did not affect
pH in the liquid medium (Fig. S4). Under acidic pH, a negative moderate
relationship between the pH and the amount of solubilized P was
observed (R= 0.511; P< 0.001) (Fig. S4a), while a stronger relationship
was found under alkaline pH (R = 0.690; P < 0.001) (Fig. S4b).

3.2. Organic acids secreted by PSB

Under both pH conditions, PERMANOVA indicated that the inter-
action between PSB strains and substrate was significant (P < 0.001)
(Table S6). The PSB strains secreted different OAs across substrates (i.e.,
TPC, SnHAs, and TnHAs). The variance explained by the interaction was
30 % and 38 % at pH 5.5 and 7.5, respectively. The patterns are visu-
alized in the PCoA biplots in Fig. 3, and PERMANOVA pairwise com-
parisons of the interaction PSB strain and substrate are shown in
Table S7. As an example, under acidic and alkaline conditions, PG0319

inoculated in TCP produced gluconic acid, while in SnHAs it produced
fumaric acid (Fig. 3). The same strain inoculated in TnHAs secreted
fumaric acid at a lower concentration under acidic conditions (Fig. 3a),
and acetic acid and propionic under alkaline conditions (Fig. 3b).

3.3. Maize growth, nutrient uptake, and P-use efficiency

The selected best-performing PSB strains used as consortium for
maize seed coating (i.e., P. graminis PG0319 and PG1211, P. rhodesiae
PR0393, and P. terricola PT0405) were compatible since they did not

Fig. 3. Principal coordinate analysis (PCoA) biplot based on the significant effects of PSB strains, substrates, and their interaction on the organic acid (OA) pro-
duction at acidic (pH 5.5) and alkaline conditions (pH 7.5). Data were normalized and the Euclidian distance matrix of similarity calculated. See Table S5 for
PERMANOVA for significant values.

Table 2
Effect of the interaction between inoculation with phosphate-solubilizing bac-
teria (PSB) and application of salmon hydroxyapatite nanoparticles (S) on roots,
stem, leaves and total plant dry weight (DW; g plant− 1) of Zea mays (L.) at
growth stage 1 (GS1).

DW

Roots Stem Leaves Total plant*

− S†

NB‡ 0.91 ± 0.06
ab§

0.71 ± 0.03 a 0.47 ± 0.02 ab 2.10 ± 0.08
a

SC 1.09 ± 0.03 c 0.91 ± 0.03 cd 0.57 ± 0.03 bc 2.57 ± 0.09
b

BR 1.12 ± 0.03 c 1.03 ± 0.03 d 0.60 ± 0.03 c 2.75 ± 0.10
b

+S
NB 0.80 ± 0.03 a 0.75 ± 0.03 b 0.47 ± 0.02 ab 2.02 ± 0.05

a
SC 1.03 ± 0.05 bc 0.90 ± 0.03

bcd
0.53 ± 0.02
abc

2.46 ± 0.09
b

BR 0.85 ± 0.03 a 0.77 ± 0.03
abc

0.43 ± 0.02 a 2.05 ± 0.08
a

P (PSB) <0.001¶ <0.001 0.049 <0.001
P (S) <0.001 0.085 0.006 0.006
P (PSBxS) 0.025 <0.001 0.004 <0.001

* Total plant is the sum of roots, stem, and leaves.
† − S = no application of SnHAs; +S = application of SnHAs.
‡ NB = mock inoculum coated seeds; SC = PSB seed coating; BR = PSB seed

coating + PSB reinforcement.
§ Values are mean ± SE. Values within the same column followed by different

letters indicate significant differences according to a two-way ANOVA and the
post hoc Tukey-B test (P ≤ 0.05) (seven replicates).
¶ In bold significant P values.
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produce any inhibition halo and were able to grow simultaneously on
plates (data not shown). Significant interactions between PSB inocula-
tion (NB, SC, BR) and SnHAs (− S, +S) application were observed for all
maize growth parameters and nutrient uptakes (Table 2; Table 3). With
no SnHAs, the application of PSB strains either as SC or BR significantly
promoted root and total plant DW compared to the control (NB) (+11 %
and 27 %, respectively) (Table 2). Consistently, stems and leaves
significantly increased. By contrast, with SnHAs only SC increased root
and total DW compared to NB (+29 % and 22 %), reaching values
similar to − S SC and − S BR. Stem and leaf DW did not differ among
treatments with SnHAs.

In roots, P content significantly improved with +S SC, showing a 47
% increase compared to other treatments, except for − S SC exhibiting
similar values (Table 3). Stem, leaf, and total P content was enhanced by

PSB without SnHAs (+40 % on average). Similarly, when SnHAs was
applied, SC and BR enhanced P in stems and leaves compared to − S -NB
(+36 % and 24 %, respectively), although no variation was reported
with respect to +S NB. Notably, +S SC increased total plant P content
compared to − S and +S NB (+32 %), reaching values similar to PSB
without SnHAs.

With the application of SnHAs, PUE and PRE, used as indexes of
sustainability of P application and potential environmental risks, were
significantly enhanced by seed coating (+S SC), increasing by 25 % and
three-fold, respectively, compared to the application of SnHAs alone or
with bacterial reinforcement (+S BR) (Fig. 4a,b). Treatments +S NB and
+S BR showed similar P-use efficiencies.

Seed coating with SnHAs promoted root K content compared with
other treatments (+66 %), whereas without SnHAs no difference was

Table 3
Effect of the interaction between inoculation with phosphate-solubilizing bacteria (PSB) and application of salmon hydroxyapatite nanoparticles (S) on phosphorus (P)
and potassium (K) content (mg plant− 1) in roots, stem, leaves, and total plant of Zea mays (L.) at growth stage 1 (GS1).

P K

Roots Stem Leaves Total plant * Roots Stem Leaves + Total plant

− S†

NB‡ 1.16 ± 0.19 ab § 1.34 ± 0.27 a 0.96 ± 0.09 a 3.46 ± 0.39 a 36.07 ± 4.08 abc 76.03 ± 6.71 a 37.44 ± 2.61 a 149.54 ± 10.41 a
SC 1.29 ± 0.20 bc 1.83 ± 0.24 bc 1.31 ± 0.10 bc 4.43 ± 0.43 bc 31.83 ± 1.16 ab 97.90 ± 2.63 b 51.49 ± 1.47 bc 181.23 ± 4.11 bc
BR 1.16 ± 0.08 ab 2.03 ± 0.08 c 1.46 ± 0.05 c 4.65 ± 0.14 c 41.45 ± 2.42 bc 102.93 ± 0.93 b 59.01 ± 4.60 a 203.38 ± 4.91 c

+S
NB 0.95 ± 0.07 a 1.54 ± 0.05 ab 1.19 ± 0.22 abc 3.68 ± 0.25 a 24.31 ± 0.85 a 88.09 ± 1.25 ab 38.97 ± 1.45 a 151.37 ± 2.40 a
SC 1.56 ± 0.19 c 1.90 ± 0.14 bc 1.24 ± 0.09 bc 4.70 ± 0.34 c 44.43 ± 3.95 c 97.12 ± 2.04 b 45.78 ± 0.83 ab 187.33 ± 5.90 bc
BR 0.98 ± 0.05 ab 1.73 ± 0.13 bc 1.14 ± 0.11 ab 3.84 ± 0.27 ab 29.12 ± 1.59 a 89.89 ± 4.22 ab 42.86 ± 1.96 ab 161.88 ± 7.42 ab
P (PSB) <0.001¶ <0.001 0.025 <0.001 0.170 0.003 0.004 0.001
P (S) 0.005 0.029 0.001 0.006 0.280 0.899 0.056 0.244
P (PSBxS) 0.005 0.029 0.001 0.006 <0.001 0.010 0.007 0.003

* Total plant is the sum of roots, stem, and leaves.
†
− S = no application of SnHAs; +S = application of SnHAs.

‡ NB = mock inoculum coated seeds; SC = PSB seed coating; BR = PSB seed coating + PSB reinforcement.
§ Values are mean ± SE. Values within the same column followed by different letters indicate significant differences according to a two-way ANOVA and the post hoc

Tukey-B test (P ≤ 0.05) (four replicates).
¶ In bold significant P values.

Fig. 4. P-use efficiency (a) and P-use recovery (b) of the application of salmon hydroxyapatite nanoparticles (SnHAs; +S) and PSB inoculation (no bacteria, NB; seed
coating, SC; bacterial reinforcement, BR). Boxplots show median, first and third quartiles, and minimum and maximum values. Four replicates per each treatment.
Different letters represent significant differences among treatments, according to one-way ANOVA and post hoc Tukey-B test (P ≤ 0.05). Principal coordinate analysis
(PCoA) biplot (c) on the effects of the application of PSB (NB, SC, BR) and SnHAs (no SnHAs, − S; SnHAs, +S) on: dry weights (DW) and nutrients (P, K) in roots (R),
stem (S), leaves (L), total biomass (B); relative expression of P-related genes (PHT1;1, PHT1;2, PHT1;4, PHT1;5, PHT1;6, ACP1) in roots, and total bacterial biomass
(BB) in the substrate (S) and in roots (R). The output is based on the significant effect of the interaction between the two factors following PERMANOVA
(see Table S8).
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observed among treatments (Table 3). Stem and leaf K content did not
change after applying PSB and SnHAs in comparison to +S NB, but it
increased under +S SC compared to − S NB (+32 %). Similarly, without
SnHAs, BR promoted K stem content (35 %) compared to − S NB, and
reached the highest total plant K uptake among all treatments. More-
over, − S SC and +S SC promoted total K content with respect to NB with
and without SnHAs (+22 %).

3.4. Expression of P-related genes in roots of maize and quantification of
bacterial biomass

Several genes, such as PHT1;1, PHT1;2, PHT1;4 and PHT1;6, dis-
played significant upregulation under specific treatments compared to
− S NB, while PHT1;5 and ACP1 remained unaffected (Fig. 5). The
expression of PHT1;1 significantly increased by 113 % and 53 % under

+S NB and +S SC treatments, respectively. Moreover, PHT1;2 signifi-
cantly increased by 50 % under − S BR, and by 27 %, 30 % and 67 %
under BR, SC and NB with SnHAs. The relative expression of PHT1;4
significantly increased under SC and BR without SnHAs (53 % and 73 %,
respectively), as well as by applying +S NB (50 %). PHT1;6 was signif-
icantly upregulated by − S BR, and by +S BR and +S NB (80 %, 120 %
and 320 %, respectively). Bacterial biomass in the substrate, measured
as 16S gene copies per g of soil, significantly increased in − S SC (+20 %)
compared to − S NB, while no effects were observed in other treatments
(Fig. 6a). In the roots, − S BR and +S BR significantly increased bacterial
biomass by +12 % and 11 %, respectively, compared to − S NB (Fig. 6b).

3.5. Overall effect of PSB and SnHAs on plant and soil parameters

PERMANOVA revealed a significant interaction between PSB inoc-
ulation and SnHAs application on plant and soil parameters (P < 0.001),
which explained 50 % of the total variation (Table S8). The PCoA biplot
confirmed the complex interactions between these two factors (Fig. 4c).
The treatments − S SC and − S BR clustered together, and had a pattern
similar to +S SC, promoting plant growth and nutrient parameters in
above-ground tissues. Additionally, +S SC strongly increased bacterial
biomass in substrate and roots, along with P and K content in roots.
Treatments − S NB, +S NB and +S BR showed similar patterns among
each other, showing a high relationship with the expression of PHT1;5.
By contrast, +S NB was related to a greater expression of PHT1;1, ACP1
and PHT1;6 genes. Overall, PHT1;2 and PHT1;4 genes were highly
correlated, as well as PHT1;1, ACP1 and PHT1;6, whereas PHT1;5
clustered alone.

3.6. Mechanisms of plant P uptake

The functional response of maize was highly related to the solubili-
zation efficiency of the PSB strains and to the secreted OAs at T7 in the in
vitro system, as supported by the significance of RELATE analysis (ρ =

0.706; P = 0.016). This relationship is clear when comparing the bac-
terial parameter patterns in the in vitro system and the plant patterns
displayed in the PCoA plots (Fig. S7a,b). Moreover, the BEST analysis
highlighted the best predictors of plant functionality (ρ = 0.861, P =

0.014), namely propionic acid considering one descriptor (r= 0.780), or
the solubilization efficiency at T7 and propionic acid considering two
descriptors (r = 0.834) (Fig. 7c). These BEST predictors were also

Fig. 5. Relative expression of P-cycle related genes, such as P transporters
(PHT1;1, PHT1;2, PHT1;4, PHT1;5, PHT1;6) and acid phosphatase 1 (ACP1), in
maize roots after phosphate-solubilizing bacteria (PSB) inoculation (seed
coating, SC; seed coating + PSB reinforce, BR) and salmon hydroxyapatite
nanoparticles (SnHAs) application (no SnHAs, − S; SnHAs, +S). The relative
expression of genes was determined by double standardisation method (Livak
and Schmittgen, 2001) using the transcript level of the reference gene poly-
ubiquitin containing 7 ubiquitin monomers (poliub7) and that of the control
(no SnHAs, no bacteria; − S NB). Boxplots show median, first and third quar-
tiles, and minimum and maximum values. Three replicates per each treatment,
and three technical replicates for each sample. Different symbols represent
significant differences between the control and treatments according to t-test (*
P ≤ 0.05; ** P ≤ 0.001; *** P ≤ 0.0001).

Fig. 6. Bacterial biomass in the substrate (a) and maize roots (b) after
phosphate-solubilizing bacteria (PSB) inoculation (seed coating, SC; seed
coating + PSB reinforce, BR) and salmon hydroxyapatite nanoparticles (SnHAs)
application (no SnHAs, − S; SnHAs, +S). The 16S rRNA gene copy number was
determined according to Fierer et al. (2005), using standard curves generated
by two-fold dilutions of pure bacterial DNA (Streptomyces rochei DSM 41732). Ct
value was used to calculate 16S gene copies. Results were referred to one gram
of roots and substrate. Boxplots show median, first and third quartiles, and
minimum and maximum values. Three replicates per each treatment, and three
technical replicates for each sample. Different symbols represent significant
differences between the control and treatments according to t-test (* P ≤ 0.05;
** P ≤ 0.001; *** P ≤ 0.0001).
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highlighted in red the PCoA plot (Fig. S7a).

4. Discussion

4.1. In vitro mechanisms of P solubilization

The characterization of the two forms of nHAs derived from different
by-products revealed clear differences: SnHAs contained both β-TCP and
HA, while TnHAs were pure HA (Fig. S1a), which is known to be less
soluble (Dorozhkin and Epple, 2002). FTIR analysis confirmed β-TCP in
SnHAs, along with CO₃2− and -OH groups (Fig. S1b), which may
enhance solubility and stability in aqueous environments (Dorozhkin,
2010; Pan and Darvell, 2010). Surface charge analysis showed SnHAs
had a more negative charge than TnHAs (Fig. S1c), a factor influencing P
availability, as negatively charged nHAs increase P diffusion in acidic
soils (Xiong et al., 2018b). The ζ also indicated that SnHAs were more
stable in solution. Additionally, SEM micrographs showed SnHAs as
spherical particles (<50 nm) and TnHAs as rod- or needle-shaped grains
(300 nm) (Fig. S1d–g), impacting dissolution rates and mobility due to
differences in surface area (Sasson et al., 2007). All parameters indicated
that SnHAs may offer greater P availability compared to TnHAs. When
nHAs were tested in the qualitative in vitro screening, the 15 PSB strains
showed a feeble solubilization of SnHAs, and no solubilization of TnHAs
(Fig. S3) likely due to their weak solubility, as reported by Dorozhkin
(2010) studying the solubility of HA-derived compounds. However, it is
important to note that, consistent with our findings, other researchers

have reported that plate assays can be misleading for weakly soluble P
forms (Bashan et al., 2013a; Santana et al., 2019). Indeed the experi-
ments performed in liquid confirming the ability of PBS of solubilizing
also HA and not just β-TCP. Concerning TnHA, in fact, some solubili-
zation in liquid took place, although to a smaller extent than in SnHA.
Considering that TnHA is constituted almost exclusively by HA (see
Fig. S1a and S1b), the solubilized P has to come from HA and not from
β-TCP.

Among the six tested P substrates, β-TCP proved to be the most
suitable substrate for preliminary discrimination of PSB strains (Fig. S3).
On β-TCP, outstanding strains under both pH conditions comprised
Pseudomonas species (P. graminis, P. rhodesiae, P. corrugata) (Table S4),
which are widely considered strong P solubilizers (Rodriguez and Fraga,
1999; Alori et al., 2017). Similarly, Paraburkholderia species (P. terricola,
P. phytofirmans), recently gained attention as promising novel P sol-
ubilizers (Hsu et al., 2018; do Amaral Leite et al., 2024), also
outperformed.

To ensure a more reliable assessment of PSB effectiveness for agri-
cultural applications, it is crucial to avoid relying solely on β-TCP as
selection factor. Integrating quantitative assays offers a more realistic
measure of PSB performance, especially when aiming at using less sol-
uble P compounds such as nHAs (Bashan et al., 2013a,b). Indeed, in our
study, quantitative screenings demonstrated the potential of SnHAs as a
viable P substrate, as they were more readily solubilized by PSB
compared to TnHAs (43 % vs 16 %) (Fig. 2; Fig. S4). The assessment
conducted at different time points and varying pH conditions was also

Fig. 7. Principal coordinate analysis (PCoA) biplot (a) of the efficiency in solubilizing P (i.e., % of solubilized P at T3, T5 and T7) and organic acid (OA) production in
the in vitro system of the PSB strains included in the consortium together with the salmon hydroxyapatite nanoparticles (SnHAs) (+S SC), and of the salmon hy-
droxyapatite nanoparticles applied alone (+S NB) under alkaline pH. PCoA biplot (b) of the plant traits (i.e., plant growth, P uptake and gene expression) measured in
the in vivo system for the treatments +S NB and +S SC. In the PCO plot the vectors in red are those significant based on the BEST analysis. Results of the BEST analysis
(c) based on BioEnv methods (all combinations), Spearman rank, and 999 permutations for identifying the best descriptor of the significant relationship between the
two matrices: PSB traits in the in vitro system (independent variables) and plant parameters in the in vivo system.
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pivotal for elucidating the kinetics and mechanisms of nHAs solubili-
zation. In fact, we found that nHAs solubilization kinetics followed a
species- and time-dependent pattern. For instance, some Pseudomonas
species (e.g., P. graminis, strains PG0319 and PG1211) exhibited a time-
dependent increase in nHA solubilization, whereas P. rhodesiae and
P. terricola showed a decline in activity by day five (Fig. 2). Oscillatory
kinetics during P solubilization of nHAs were also reported by Delvasto
et al. (2006), observing an initial rapid phase, followed by a rise-and-fall
pattern. They attributed this pattern to re-precipitation processes,
particularly to the formation of brushite (CaHPO4⋅2H2O), which re-
dissolves and contributes to the fluctuation of P concentrations. The
solubilization dynamics were linked to pH stabilization and mineral-
ogical changes, as suggested by Illmer and Schinner (1995), indicating
complex interactions among microbial activity, pH changes, and P re-
precipitation.

In addition, our study emphasized that a decrease in pH correlates
with a greater P solubilization, under both pH conditions, although
under acidic conditions the correlation was stronger (Fig. S5). The
acidification of the surrounding environment is considered as one of the
main consequences of the solubilization of Ca-P minerals by PSB
(Raymond et al., 2021). Thus, acidic environments could have enhanced
P solubility from nHAs. This was also reported by Xiong et al. (2018b)
who investigated P availability of nHAs in an Ultisol and a Vertisol,
characterized by acidic and alkaline pH, respectively. They found that in
Ultisol, nHAs increased P availability due to their high dissolution under
acidic conditions. This trend was also highlighted by Dorozhkin (2012),
who found that the dissolution rates of HA increase with decreasing pH,
which is a common observation in mineral dissolution. The process was
explained by surface protonation, which weakens Ca–O bonds, thus
accelerating dissolution.

However, certain factors can influence HA and nHAs solubilization
even in alkaline environments, such as the biosynthesis of OAs by PSB
which can facilitate the release of phosphate ions (Wang et al., 2016;
Alori et al., 2017; Monroy Miguel et al., 2020). In the present work, the
analysis of OA production in SnHAs and TnHAs highlighted strain- and
substrate-specific metabolic profiles of the seven selected PSB at both pH
(Fig. 3). For instance, the production of gluconic acid was particularly
high when the four best-performing PSB strains were inoculated with
β-TCP (P. graminis, PG0319 and PG1211; P. rhodesiae, PR0393;
P. terricola, PT0405). Accordingly, the ability of gluconic acid to bind
Ca+ ions and enhance P solubilization is widely reported for mineral P
forms (Farhat et al., 2015), especially for Gram-negative bacteria such as
our inoculants. Indeed, Gram-negative bacteria were reported to oxidase
glucose to gluconic acid (Sharma et al., 2015). The fact that PG0319 and
PG1211 shifted the metabolism to produce acetic acid under alkaline
conditions when applied with HAs, especially with SnHAs (Fig. S6) is
noteworthy. Conversely, PT0405 produced acetic acid in solubilizing
SnHAs and TnHAs under acidic pH. This pH-dependent metabolism
underlines the adaptation of the strains in solubilizing P across different
P sources and environmental conditions. Strain PR0393 demonstrated a
more substrate-specific solubilization ability, particularly excelling in
solubilizing TnHAs, suggesting specialized mechanisms, based on the
secretion of fumaric acid, for the solubilization of P for that substrate.
The strain PT0405 stood out for its broad metabolic flexibility. In fact, it
produced a wider range of OAs, including gluconic, acetic and propionic
acids, contributing to its effectiveness in solubilizing both SnHAs and
TnHAs. Its OA production under both acidic and alkaline pH conditions
indicates the suitability of strain PT0405 to be used in diverse envi-
ronments in which variable soil pH affects P availability. To the best of
our knowledge, only a few studies focused on the effects of OAs in the
nHA dissolution mechanism (Wang et al., 2016; Priyam et al., 2019;
Monroy Miguel et al., 2020). Our findings on OA production with nHAs
are consistent with the results of Priyam et al. (2019), who reported that
gluconic acid, among all studied OAs, showed the most significant cor-
relation with nHA solubilization by Bacillus licheniformis. Accordingly,
some Pseudomonas strains were previously reported to secrete gluconic

acid to solubilize bulk rock phosphate (Hameeda et al., 2006). However,
contrasting results were found by Monroy Miguel et al. (2020), who
reported that none of the studied PSB species produced gluconic acid
while solubilizing nHAs. They found that the nHA dissolution rate was
higher when citric acid was applied, followed by oxalic and then acetic
acid. Although acetic acid was found to be the least effective in solubi-
lizing P in the short-term, it might be the most successful in providing P
to crops in the long-term.

The four best-performing PSB strains demonstrated IAA production
and N2 fixation, except for PT0405 which demonstrated an appreciable
IAA production, but no N2 fixation ability (Fig. 1b-e). Multi-strain and
multi-species consortia can provide complementary plant-beneficial
functions, resulting in stronger cumulative benefits over single-specie
inocula (Hassani et al., 2018; Liu et al., 2023). For example, consortia
including isolates both producing IAA, solubilizing inorganic P, and
fixing N2 proved more effective for enhancing plant growth than indi-
vidual strains (Kumar et al., 2016; Shilev et al., 2020). When designing
bacterial consortia using different strains and species, a key aspect is to
verify the interactions among them in terms of compatibility (Minchev
et al., 2021). Therefore, in our study, we observed no antagonistic ac-
tivity among strains, and thus we proceeded with PSB consortium as-
sembly for SC.

4.2. In vivo interaction between PSB and nHAs on maize growth, nutrient
uptake, and P-use efficiency

Our first hypothesis of synergies between SnHAs and PSB was
partially confirmed by maize growth and nutrient uptake (Table 2;
Table 3). Indeed, in terms of root and total plant growth, as well as P and
K uptake, the combined application of SnHAs (+S) and PSB seed coating
(SC) had a greater impact compared to the sole application of SnHAs.
However, the +S SC treatment did not outperform the PSB inoculation
alone (SC and BR), and similar plant parameters were reported when
SnHAs was applied alone (+S NB) compared to no application of nHAs
(− S NB). Similar to our results on SnHAs in comparison with no appli-
cation, no significant variation was observed on the root growth of
cornsalad (Valeriana locusta) treated with fish-bones nanoparticles
(Adamiano et al., 2021). However, contrary to our results, decreases in
shoot dry weight were found on cornsalad (Adamiano et al., 2021), and
a beneficial effect of the sole application of biogenic nHAs was reported
on root and total plant biomass of barley (Pilotto et al., 2024). Con-
cerning synergies between PSB and nHAs, Pseudomonas alloputida co-
applied with nHAs did not show any enhanced combined effect on
barley growth and nutrients compared to the PSB applied alone under
fertilized controls (Pilotto et al., 2024). This inconsistency with the
synergism we observed for total plant biomass may be due to the use of a
single strain instead of a PSB consortium. In addition, P. alloputida was
not screened either for IAA production which is known to promote root
growth or for N2 fixation. Additionally, no synergism was observed on
soybean shoot and root biomass when Bacillus velezensis, reported to be a
good P solubilizer (Saxena et al., 2020), was co-applied with HA in lime
and no-lime soils, characterized by alkaline and acidic pH (C. Li et al.,
2021; X.L. Li et al., 2021). Nevertheless the application of nHAs with
B. velezensis SC in combination with a fungicide synergistically pro-
moted soybean plant growth. This was explained by the capacity of the
fungicide to inhibit the competition between the inoculated Bacillus and
some fungi, allowing, similarly to our experiment, an optimal environ-
ment for bacterial growth and functioning. Consistently in non-sterile
soil, it was demonstrated that when urea-nHAs was co-applied with
PSB, such as Bacillus megaterium or Pseudomonas aeruginosa, it remark-
ably promoted hemp plant growth compared with the sole application of
urea-nHAs or single PSB (Vadhel et al., 2023), thus supporting a syn-
ergism between treatments. The synergism we observed between SnHAs
and SC on the root and total plant P content (Table 3) proved the sig-
nificant role of PSB consortia in the dissolution of weakly soluble P
forms, such as nHAs, and highlighted for the first time the efficacy of SC
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to enhance P solubilization from nanoparticles. Concerning the com-
bined effect of HA (nano)particles and PSB on plant P uptake, only a few
studies have been conducted (Meyer et al., 2017; Pilotto et al., 2024),
and none have applied microbial consortia. Pilotto et al. (2024) found
that the combined application of nHAs with P. alloputida did not
determine a synergistic effect on barley P concentration and content in
both roots and shoots. Accordingly, in calcareous soil, the combination
of P. protegens and 33P-labeled synthetic HA did not synergistically
enhance wheat P uptake, either in non-sterilized or sterilized soil (Meyer
et al., 2017). The lack of synergism, with respect to our results (Table 3),
can be attributed to high soil pH of the substrates used in other exper-
iments, which can limit the availability of P from HA, thereby reducing
the effectiveness of bacterial inoculation, or to the efficiency of the
selected PSB strains. Moreover, the inoculum density might have led to a
competition of nutrients among microbes (Meyer et al., 2017; Mawarda
et al., 2020), leading to a decline in the beneficial effect on plant P
uptake. This could also explain why in our study the addition to the
substrate of a PSB reinforcement failed to deliver synergisms on maize
growth and nutrient uptake, compared to the lower bacterial cell density
characterizing SC (Table 2; Table 3).

The significant increase of PUE and PRE observed with PSB coating
and salmon-derived nHAs (Fig. 4a,b) strongly supports the potential
environmental benefits of the system (Veneklaas et al., 2012). Our re-
sults indicated for the first time the potential role of PSB consortia in
enhancing the amount of total biomass of maize that is produced per
unit of P taken up from SnHAs. Indeed, a previous study on barley, in
which a single species of PSB was applied with nHAs, found higher soil P
availability when compared to the sole application of nHAs, but no
significant differences in plant P uptake (Pilotto et al., 2024). The unique
study that invested P use efficiency found greater PUE in tomato when
nano-rock phosphate and a single species of PSB were applied with
respect to not-inoculated controls (Yasmeen et al., 2022).

Similar to P, K content was synergistically increased by the in-
teractions of the two factors, SnHAs and PSB (Table 3). Certain PSB
species exhibit the ability to solubilize both P and K, including Pseudo-
monas and Paraburkholderia species, used as inoculants in our con-
sortium (Han and Lee, 2006; Tian et al., 2024; Zhang et al., 2024). This
ability was strongly linked to the production of OAs. Therefore, our PSB
consortium facilitated the simultaneous uptake of both P and K, indi-
cating the multifaceted beneficial traits of the strains in the in vivo
system.

Inorganic P acquisition is facilitated by both plant secretion of acid
phosphatases in soil and by the induction of high-affinity P transporters
(Smith et al., 2003; Li et al., 2004). Among the five PHT transporter
families (PHT1, PHT2, PHT3, PHT4 and PHT5), in maize the PHT1 family
comprises 13 high-affinity transporters (PHT1;1-1;13) (Liu et al., 2015),
which are strongly expressed at the root-soil interface, including root
hairs (Nagy et al., 2006; Nussaume et al., 2011; López-Arredondo et al.,
2014; Lambers and Plaxton, 2015). In our study, four out of six P-related
genes were differentially upregulated by the treatments (Fig. 5). The
activation of PHT1 transporters was widely studied in response to
mycorrhizal inoculation (Loth-Pereda et al., 2011; Tian et al., 2013;
Sawers et al., 2017), as well as to PSB, although to a lesser extent
(Srivastava and Srivastava, 2020; Alzate Zuluaga et al., 2021). Our re-
sults demonstrated that SnHAs, alone or in combination with PSB
treatments, with both SC and BR, exerted a great contribution to upre-
gulating P transporters, especially in PHT1;1, PHT1;2, PHT1;4 and
PHT1;6. Nevertheless, the role of PSB alone, particularly BR treatment,
was more evident than SC (i.e., PHT1;2, PHT1;4, PHT1;6). These results
are partially consistent with the findings on maize growth and P uptake,
unravelling the complex regulatory mechanisms of the interactions be-
tween SnHAs and PSB. Interestingly, the expression of PHT1;5, although
it was not significantly affected by treatments, appears to be inhibited
compared to the control, showing a mean decrease of − 50 % across all
the treatments. Similar results were reported by Alzate Zuluaga et al.
(2021) who found that the expression of PHT1;5 in maize was

downregulated by the inoculation of Enterobacter strain 15S compared to
uninoculated plants. They observed that PHT1;5 tended to decrease its
expression in inoculated plants, regardless of soil P availability. This
implies that the reduction might not be due to changes in P uptake after
bacterial inoculation, but rather to plant response to the association with
the bacteria. In addition, the P acquisition we observed in our study can
also be regulated by members of other PHT families, such as PHT2,
PHT3, PHT4 and PHT5 (Wang et al., 2017). No significant differences in
ACP1 gene expression were observed between treatments and control.
However, despite the lack of statistical significance, we could detect
some trends in gene regulation across treatments. For example, with the
co-application of SnHAs and PSB, a decrease of 12 % in ACP1 expression
was observed, while with SnHAs or PSB alone its expression increased
(+30 % and +10 %, respectively). Since acid phosphatase production is
an alternative strategy for plants to cope with P deficiency (Zhang et al.,
2023), the reduced expression of ACP1 in +S SC and +S BR treatments
may suggest an adequate P status in maize plants.

4.3. Effect of SC on the establishment and growth of PSB in plant-soil
system

To test our second hypothesis, we evaluated the effectiveness of SC in
promoting the establishment and growth of PSB in the plant-soil system.
We hypothesized that SC alone would be sufficient to support the bac-
terial growth in the substrate and roots, leading to an efficient inoculum
establishment without the need for additional BR. Indeed, soil re-
inoculation is typically more expensive in large-scale applications
because it requires specialized equipment, larger volumes of inoculants,
and higher storage and transportation costs, making it more expensive
than SC (O’Callaghan, 2016; Rocha et al., 2019). To maintain the bac-
terial threshold and survival, and prevent inoculant loss, we used CMC
as an adhesive, ensuring stable inoculation and promoting consistent
root colonization and microbial growth, as suggested by Bashan et al.
(2014). The strains included in the PSB consortium exhibit endophytic
competence (Phillips et al., 2008; Poosakkannu et al., 2015; Vio et al.,
2020), making SC a suitable technique to introduce these beneficial
microorganisms directly into the rhizosphere with the potential to
colonize roots. In our study, SC without SnHAs increased the bacterial
biomass in the substrate, suggesting that coating effectively delivered
the PSB strains, which thrived in the environment (Fig. 6). However,
within the roots, bacterial biomass was higher in the BR treatments, and
there was a clear correlation between increasing bacterial inoculum
density and higher root bacterial biomass. Nevertheless, looking at the
global pattern of the treatments (Fig. 4c), both root and substrate bac-
terial biomass were strongly associated with the +S SC treatment, sug-
gesting that SC efficiently promoted bacterial growth and persistence.
These findings indicated that SC was sufficient for enriching bacterial
biomass in the substrate and for enhancing root colonization, after 34
days of maize growth in microcosm, without the need for bacterial re-
inoculation.

4.4. Linking in vitro and in vivo studies on PSB and nHA substrates to
disclose the mechanisms of P solubilization and related plant performance

Our results demonstrated a strong functional linkage between the
activity of the PSB consortium used as SC and maize performance,
emphasizing the role of OAs and solubilization efficiency in plant
nutrient acquisition and gene expression regulation. The clear rela-
tionship between in vitro solubilization patterns and in vivo plant growth
(as displayed in the PCoA plots, Fig. 7a,b) further supports this
connection, suggesting that the microbial activity measured under lab-
oratory conditions is a strong predictor of plant performance under real
conditions. Propionic acid and solubilization efficiency at the latest time
of sampling were the most influential predictors of plant functionality
and this reveals the importance of specific OAs in mediating P avail-
ability and plant uptake efficiency. Previously, citric acid was found to
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be the best predictor for P solubilization from nHAs (Wang et al., 2016;
Monroy Miguel et al., 2020). Thus, the detection of specific OAs might
be predictive of high P solubilization efficiency and P uptake by plant
when combining efficient PSB and nHAs. The PCoA biplot (Fig. 7a,b)
revealed that most in vitro parameters positively correlated with plant
growth and nutrient uptake, indicating that PSB-driven phosphate sol-
ubilization enhances maize performance. However, fumaric and tartaric
acids exhibited an opposite trend, suggesting these OAs do not
contribute to enhanced nutrient assimilation and plant growth. Instead,
their positive correlation with plant P gene expression could indicate an
alternative regulatory role, possibly linked to metabolic shifts in plant-
microbe interactions, as described by Rosier et al. (2018) studying
biochemical network in plant-PSB interactions. These findings provide
strong evidence that specific microbial metabolic traits, especially sol-
ubilization efficiency and OA secretion, can drive plant functional
responses.

5. Conclusions

The results of our study demonstrated that co-applying phosphate-
based materials from food industry residues (i.e. salmon bones) SnHAs
and PSB SC synergistically enhanced maize root growth and total plant
biomass compared with nHAs applied alone. In terms of nutrient uptake,
our findings highlighted the synergisms between SnHAs and SC on P
content, and the efficiency of the PSB consortium in solubilizing weakly
soluble P forms, such as nHAs. Indeed, P-use efficiency and recovery
increased with SnHAs and SC with by 25 % and three-fold, respectively,
compared to SnHAs alone and SnHAs with bacterial reinforcement (BR).
Maize P uptake declined when co-applying SnHAs with BR, likely due to
higher inoculum density causing nutrient competition among microbes
and reducing beneficial effects on P uptake. We also found that the total
bacterial biomass in both root and substrate was closely related to SC
plus SnHAs. Thus, consistently with our hypothesis SC could efficiently
promote bacterial establishment without additional inoculation. Finally,
we demonstrated that propionic acid production and P-solubilization
efficiency of PSB co-applied with nHAs are key drivers of maize growth
and P uptake. Additionally, SC with SnHAs strongly promoted maize
growth and P uptake while downregulating P-related genes compared to
SnHAs alone. This demonstrates that in absence of PSB, the plant acti-
vates P transporter genes to counteract P starvation. Therefore, the co-
application of SnHAs and SC provides a promising sustainable strategy
to enhance crop productivity and P-use efficiency by exploiting fish
industry residues, while minimizing inoculant density. Future studies
should explore the application of SnHAs and SC in non-sterilized soils to
assess their interactions with resident microbial communities, and
testing their feasibility in soils across different climates. Lastly, a broader
study on plant transcriptomic response is needed to identify the involved
biological, molecular, and metabolic mechanisms.
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