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Abstract: In the previous half-century, natural rock phosphates (PN) have been a valuable alternative
for phosphorus (P) fertilizer for sustainable agriculture; furthermore, phosphogypsum (PG) has been
widely used as a soil amendment fertilizer since it improves some soil properties, increases crop
yields, and represents an environmental concern that can make a good economic profit; this research
aimed to study the effects of microbial consortia of phosphate-solubilizing microorganisms (PSM)
on the solubilization of PN and PG in the soil, and their effects on promoting plant growth and
nutrient assimilation using ryegrass as a plant model. Local supply of PG with Pseudomonas fluorescens
(MW165744) significantly increases root proliferation and plant biomass dry weight compared to other
isolates, as well as improves total P uptake, with a maximum value of 62.31 mg/pot. The opposite
occurred in mixing inoculation with Pseudomonas fluorescens, Pantoea agglomerans (MW165752) and
Stenotrophomonas maltophilia (MW221274), with a negligible total P assimilation of 5.39 mg/pot.
Whereas the addition of Pseudomonas agglomerans with PG gave outstanding total P absorption of
57.05 mg/pot when compared with PN input of 38.06 mg/pot. Finally, the results prove that the
co-inoculation of Pseudomonas fluorescens with PG could be a promising and alternative option to use
it as a source of P fertilizer for plants and to maintain a high level of nutrients in the soil.

Keywords: phosphate-solubilizing microorganisms; rock phosphate; phosphogypsum; nutrient
uptake; plant growth; ryegrass

1. Introduction

Soils are naturally low in phosphorus (P), and are thus readily available to support
the rapid development of plants [1]. Therefore, natural rock phosphates (PN) could play
a valuable role as a cheaper P source in agriculture [2]. Intensive or industrialized agricul-
ture practices achieve high yields and allow the rapid development of cultures but require
large quantities of chemical fertilizers [3]. Besides the extensive use of chemical fertilizers
is a threat for human health [4], the use of phosphate-based fertilizers increased by 29% be-
tween 2004 and 2014 [5]. Nevertheless, the phosphate industry detains an essential position
at the economic level in Tunisia, with four industrial units active producing phosphoric acid
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and phosphate fertilizers from phosphate rock exploitation; this phosphoric acid, made
by the wet process, produces huge quantities of phosphogypsum (PG) [6-8], representing
a serious concern for the fertilizer industry [9,10]. Today, the biggest problem facing the
Tunisian phosphate industry is the pollution of the Gulf of Gabes by PG [11,12]. The PG
contains toxic elements that could be harmful to the environment and human health as
well, namely heavy metals and radionuclides [13]. The annual worldwide PG production
is around 200-250 million tons [14], of which 10 million tons are produced by the Tunisian
phosphoric acid companies [14].

At the industrial scale, PG can be used in some applications such as building materials,
fertilizers, and soil treatment processes, but most of it is dried up in stockpiles above the
ground causing serious contamination of soil and aquifers [15]. Treating and reusing PG as
a fertilizer in agriculture can be considered a greener practice that is already used in many
parts of the world [16-18]. The phosphorus and calcium present in PG make it an acceptable
amendment for soils lacking organic matter [19]. Rhizoremediation has also been proposed
as an innovative way of PG landfills remediation, via the establishment of a vegetative cover
on PG stacks [20]; this technique can be improved by the addition of microorganisms into
the soil (bioaugmentation) and may offer an attractive alternative to traditional processes
towards a more economic and greener solution for PG reclamation [21]. Thus, the use of
bacteria capable of stimulating plant growth could improve phytoextraction efficiency [22].

Among these microorganisms, the phosphate-solubilizing microorganisms (PSM) such
as Pseudomonas, Mycobacterium, Bacillus, Pantoea, Rhizobia, and Burkholderia, are bioinocu-
lants that have the ability to convert insoluble phosphorus into a soluble form and can be
used to reduce the use of phosphate fertilizers in agriculture [23-27].

Tomer et al. [28] concluded that the stimulating effect of localized application of P
with inoculation on the growth of ryegrass, with different amounts of PN or PG in sterile
soil, improved the wheat grain yield and phosphorus uptake, while reducing the fertilizer
input by 30%.

The kinetics of nutrient uptake allows comparison of uptake efficiency between species,
provide insight into uptake mechanisms, and facilitate predictive modeling of nutrient
uptake [29,30]. PSMs produce organic acids such as citric acid, and succinic acids; enzymes
like phosphatases and phytases; and ion chelators such as siderophores that readily make
P accessible for plants [28].

The purpose of this study was to explore the effects of PN, PG, and inoculation with
PSM on the growth and element uptake by ryegrass grown in sterile soils. An innovative
result of this work is the use of the three isolates, Pseudomonas fluorescens (P. fluorescencs),
Pantoea agglomerans (P. agglomerans) and Stenotrophomonas maltophilia (S. maltophilia), which
significantly enhance the biomass yield of ryegrass; this paper reviewed the impacts of
waste PG addition on soil properties and plant growth to advance the utilization of PG
and reduce the environmental risks, and contains hypotheses that (i) inoculum and PN
inputs would enhance plant growth and nutrients uptake; (ii) by combining PSM and PG
as an innovative method, and then using it as a soil amendment, could improve the quality
and growth of plants, so there will be benefits for the development of agriculture practices;
(iii) the use of PSM is advantageous, such as its biotechnological contributions to nutrient
cycling, plant growth enhancement, and nutrients assimilation.

2. Materials and Methods
2.1. Materials

Samples of phosphate rock (PN) and phosphogypsum (PG) used in this research
were provided by the Tunisian Gafsa Phosphate Company (CPG). The PG-derived waste
after sodium phosphate production of the Métlaoui deposit (in southwestern Tunisia)
was taken after mechanical treatment (homogenization, quartering, sieving, and grind-
ing). In the laboratory, the two analyzed materials (PN, PG) were oven-dried for 24 h at
60 °C, subsequently homogenized, sieved, and stored for different analyses following the
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sampling protocol mentioned by Pérez-Lopez et al. [31]. Thereafter, they were subjected to
geochemical, mineralogical, and particle size characterization.

2.2. Characterization Methods

At the beginning of the experiment, tests were carried out to determine the main
characteristics of the materials used. Different geochemical analyzes were carried out on
PN and PG samples (P,Os, Nay,O, CaO, MgO, SiO,, K70, Al,O3, FeO3) [32].

The morphology of the samples was characterized with scanning electron microscopy
(SEM) [32], allowing the characterization of the surface, and determination of the chemical
composition of the material under study. Then, a qualitative analysis was performed
by X-ray fluorescence [32], using a spectrometer of the SI-PIN Photodiode, connected to
an ADMCA Multichannel spectrum analysis software. Additionally, Infra-Red spectrom-
etry (IR) analysis was carried out using a Bruker Alpha FTIR spectrometer with Opus
7.5 software, using an ATR (attenuated total reflection) sampling device. The spectra were
recorded in the spectral range of 4004000 cm ! at a resolution of 4 cm ! and 24 scans [33].

2.3. Microorganisms Characterization

Soil is a hotspot of microbial diversity. Phosphate solubilizing bacteria (PSB) are
known to participate in the transformation of insoluble phosphate into soluble forms,
and thus improve the soil nutritional status by transforming P into a form available to
plants [34]. Three bacterial species, P. fluorescens (MW165744), S. maltophilia (MW221274)
and P. agglomerans (MW165752), were isolated from soil, in Tabarka, Ain Draham (Hammam
Bourguiba), Tunisia, and identified using physiological, morphological, and biochemical
characters, as well as 165 rRNA gene sequencing. In particular, these isolates showed high
performance of phosphate solubilization in a solid or liquid medium, allowing a crucial
role in the integrated management of soil nutrients.

2.4. Soil Samples

The experiment was conducted from December 2020 to 2021. The soil sample was
collected from the top layer (between 0 to 15 cm deep) of the natural ecosystem in Tunisia
(Tabraka) (36°58'12.8” N; 008°52/34.7" E). The sampling site was designated as sandy
soil. The sample was homogenized, sieved (through a 2 mm mesh screen), and stored at
4 °C until use [35]. The soil sample contained 0.62% of total organic carbon, 0.28 mg/L of
Kjeldahl nitrogen, 1.07% of organic matter, and 66.691 ppm of total phosphorus, and a pH
of 6.6 at the beginning of the experiment.

2.5. Experimental Design and Treatments

The experiments were composed of fifteen treatments in a randomized block split-
splot design with four replications. The treatments include controls (without inoculation),
bacterial isolates (P. fluorescens, S. maltophilia and P. agglomerans) with soil and bacterial
isolates with soil and samples of PN and PG; these treatments were applied to commercial
seed crops of allvarieties of Italian ryegrass (Lolium multiflorum). The seeds were surface
disinfected and transferred to the pots [36]. The study was conducted for six months. The
various tests were conducted in soil, PN, and PG sterilized by autoclaving (120 °C for
2 h), sieved (2 mm mesh), mixed, and stored at 4 °C until use [37]; furthermore, for all
tests, the bacterial isolates were pre-cultivated with physiological water at 30 °C, for 24 h in
an orbital shaker-incubator (180 rpm) [38].

The reference (blank) treatments with bacterial inoculation contained 8 mL of bacterial
suspension (10° dilution) and 2 kg of sterile soil in individual pots. In the treatments with
PN (0.5 g) and PSB inoculation was used the same relative quantities of inoculums and soil
autoclaved as for the blank experiment. The treatments with PG (25 g) contained the same
relative quantities of bacterial suspension and soil sterile as well. The treatments without
bacterial inoculation were also carried out with the same relative quantities of autoclaved
soil, PN and PG. All these treatments were repeated for different inoculums (P. fluorescens,
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S. maltophilia and P. agglomerans) and with inoculums containing the three isolates together.
Each pot was sowed with 10 g of ryegrass seeds on 12 December 2020.

The ryegrass was maintained in parallel under natural light and temperature con-
ditions and each pot was regularly watered with approximately 250 mL of water. On
30 May 2021, after the harvest of ryegrass plants, the soil samples were collected by hand.

2.6. Measurements

At the beginning of the experiment, ryegrass plants with similar fresh weights were
taken for each treatment to obtain the initial biomass dry weight. After, the plants were
divided into shoots and roots and weighted to estimate the initial biomass. At the end of
the experiment, plants were harvested and rinsed in water before they were separated into
roots and shoots. Then, those plant fractions were dried at 70 °C for 72 h until constant
weight [39].

The measured weights were used to estimate the final dry biomass and calculate
the relative growth rate. After that, the plant fractions were ground to less than 1 mm
and analyzed for the mineral matter, total carbon and the total concentrations of P [40].
The plant fractions were used to determine the liberated soluble P concentration by ul-
traviolet spectrophotometer method. The P concentration of the shoots and roots was
used to calculate the translocation factor (TF) as the shoot P concentration to the root P
concentration ratio.

2.7. Statistical Analysis

The statistical analysis was performed using SAS 9.0 for Windows. Duncan’s Multiple
Range test analysis method was used for separating. Significance levels were within
confidence limits of 0.05 or less. Data collected were subjected to analysis of variance
in triplicate and averaged. The assay was used to explore the influence of PN, PG, and
bacterial inoculation concentrations, as well as their interactive effects on variation.

3. Results and Discussion

In line with the objective of this research, the results of the application of treatment PG
and PN are presented and discussed in this section. The implications of the combination of
different inoculums and PG, PN as a soil amendment are also examined.

3.1. Granulometric Characterization of Phosphate and Phosphogypsum

The granulometric study of the PN and PG samples allowed the determination of
different granulometric classes, the results obtained are presented in Table 1.

Table 1. Granulometry by wet sieving of PN and PG.

Material Material Accumulated Accumulated
Samples Sieve Retained in Retained in Retained Material That
the Sieve (g) the Sieve (%) Material (%) Passes (%)
No. 20 (0.850 mm) 1.50 2.6 2.6 97.4
PN No. 40 (0.425 mm) 3.2 5.6 8.2 91.8
(574 g) No. 60 (0.250 mm) 5.2 9.1 17.2 82.8
No. 140 (0.106 mm) 36.6 63.8 81 19
No. 200 (0.075 mm) 2.6 4.5 85.5 14.5
No. 20 (0.850 mm) 0 0 0 100
PG No. 40 (0.425 mm) 0 0 0 100
(57.49) No. 60 (0.250 mm) 0 0 0 100
No. 140 (0.106 mm) 9.9 17.2 17.2 82.8
No. 200 (0.075 mm) 7.3 12.7 30 70

The mass (g) and yield weight (Rp) at a well-defined interval are shown in Table 2.
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Table 2. Granulometry of PN and PG samples.

Samples Stitch (um) Mass (g) Rp (%)

F>2mm 0 0

PN 75 um < F <2 mm 49.1 85.5

F <75 um 8.3 14.5

Global Reconstituted 574 100
F>2mm 0 0

PG 75 um < F <2 mm 17.2 30

F <75 um 40.2 70

Global Reconstituted 57.4 100

These results allowed the determination of three granulometric classes for PN: These
are fine sand [0.2-0.06], medium sand [0.2-0.6] and coarse sand [0.6-2]. The fractions
[0.2-0.06], were the most important fraction of PN.

The particle size analysis revealed a marked predominance, reaching more than 63%
for the amount retained in No. 140 sieve (0.106 mm) and lower than 4.5% in Sieve No. 200
(0.075 mm). The coarser PN of particle size is around 0.850 mm, it is the poorest proportion
of sand about 2.6%.

The average PN with a size between 0.2 mm and 0.6 mm represents a low percentage
of material retained in No. 60 and 40 sieves, reaching 5.6% for the quantity retained in
No. 40 sieve (0.425 mm) and about 9.1% in the sieve No. 20 (0.850 mm). Then, for the
granulometric analysis of PG, it was noted from Table 1 that the fine sands concentrate in
the 0.106 mm~-0.075 mm fractions, with close to 17.2% for sieve No. 140 (0.106 mm), and
about 12.7% for sieve No. 200.

According to Table 2, it was found that PN has a low percentage (14.5%) of clay and silt.
On the other hand, we note that most of the global mass of PG is silt and clay, constituting
a very important percentage of about 70%, which causes enormous problems. Indeed,
Al-Masri et al. [41] claim that it is necessary to sieve PG and remove fine particles (those
smaller than 75 um) rich in uranium, copper, cadmium, and zinc and then leach with water
as copper and cadmium migrate in solution.

3.2. Composition and Properties of Phosphate Rock and Phosphogypsum

The chemical composition of Tunisian PG and PN is illustrated in Table 3. The results
obtained lead to the following observations: The samples have a wide variety of chemical
compositions when we move from one sample to another; Overall, the P,Os5 content varies
from 23% for PN to reduced levels of 0.4% for PG, with lower levels of impurities (MgO,
Si0,, K>O, Al,O3, FeOs, and Na,O). In accordance with Table 3, PG was found to contain
decreased concentrations of impurities (MgO, SiO,, K;O, Al,O3, P05, and FeOs); this
difference can be explained by the variability in the PG chemical composition concerning
storage time, which has been previously observed and reported to be due to element
leaching because of weathering processes [42].

Table 3. Concentrations (% weight) of major elements and impurities in PN and PG samples.

The Samples P,0s5 Na,O CaO MgO SiO, K,O Al,O3 FeO3
PN 23 0.842 56.17 0.75 8.67 0.24 1.15 0.57
PG 0.4 0.505 37.1 0.09 1.09 0.07 0.08 0.15

3.3. Mineralogical Analyzes
3.3.1. Microscopic Observations by SEM

Morphological observations of the PN and PG samples using light by scanning electron
microscopy (SEM) were presented in Figure 1.
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Figure 1. SEM image of Tunisian PN (A) and PG (B-D).

The structure of natural rock phosphate is presented in Figure 1A, on which different
zones are identifiable, with different magnification levels.

The images obtained by SEM with different magnifications highlighted that the analy-
sis of each type of component appears in a particular form. Additionally, PN grains appear
as fine elements.

As well, it shows the distribution of the various elements in each of the identified zones
(for example point 5 showed the existence of the elements Ca, Mg, P, S, Al, C, Si, Na, and K).
Subsequently, the results of the grain composition analysis of the initial PG (Figure 1B-D)
demonstrate that most particles had a size range of 100-1000 um, and presented a tabular
crystalline morphology that appears as a platelet. Concerning The distribution of the
elements of the example at the level of point 5 (Figure 1C) reveals the presence of Ca, S,
and Si; however, the 6th point (Figure 1B) only indicates the presence of S and Ca.

3.3.2. Infrared Spectroscopy (IR)

The IR chromatogram shows several bands, particularly those attributable to PN
(Figure 2A). Infrared spectra of PN show several main bands, in particular those attributable
to the peaks at 563 cm ™! to 601 cm~! of the phosphates, carbonates andhydroxylions OH ~
of apatite. The position, intensity, and identification of all bands are listed in Table 4. PG
analysis was performed with the same equipment as PN (Figure 2B). PG shows different
bands of vibrations (Figure 2B) which are all grouped in Table 5. The peak of the OH bond
at 3399 cm~! is caused by the symmetric and asymmetric vibration of the OH bond.

3.3.3. Qualitative Analysis by X-ray Fluorescence

Qualitative analysis by X-ray fluorescence has shown that the calcium employed
consists mainly of Ca characterized by a peak at 23,050 A (Kl Ca), (KB1 Ca 3300 A), (Kal
Fe 500 A), (Kol S 400 A), and (Kol P 1800 A) (Figure 3A). PG consists of calcium (Kol Ca
by a peak at 10,950), (K31 Ca) and (K«1 Fe) (Figure 3B).

There are many sample preparation methods to analyze using X-ray fluorescence
spectrometry, in our case we put a drop of Paraloid B-72, 50% on a coverslip then we
deposited the sample which is in the form of a powder on this drop, the purpose of which
is to fix, from which the result obtained is not only of the sample but also the spectra of
the lamella. For this reason, a quantitative analysis of X-ray fluorescence with an empty
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coverslip was performed (Figure 3C). The results of X-ray fluorescence analysis of the PN,
PG and coverslip are summarized in Table 6.
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Figure 2. Infrared spectrum of PN (A) and PG (B).
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Table 4. Position and identification of bands observed in the IR of PN.

Position in cm 1 Position in cm—1
And Intensities of and Intensities Band Identification References
Phosphate Bands Bands (References)
430
[420-470] v (POy) [43,44]
470
563 )
[564.08-601.23] Phosphate ions
601 [45]
867 865.32 Carbonated apatites
972 975 P=0 [46]
1021 1020 Hydroxylapatite [47]
1418 1421 Apatite [47]
1455 [1453-1406] CO,3 [48]
1641 1641 Calcium phosphate dibasic amorphas [47]
(v: deformation).
Table 5. Position and identification of bands observed in the IR spectrum of PG.
Position in cm—1 Position in cm—1
and Intensities and Intensities Band Identification References
of Bands Bands References
594 594 A
SO,
666 666 v (5027 [49]
1096 1099 ¥ (SO, %)
1618 1620 1O
v 49
1680 1682 (H:0) [49]
3245 3244 [50]
Y (H0)
3393 3399 [49]
v: deformation; ¥: elongation.
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Figure 3. Qualitative analysis by X-ray fluorescence of PN (A), PG (B) and of the lamella (C).

Table 6. Quantitative X fluorescence analysis for all samples.

Number or Intensity

Elements
PN PG Coverslip
Koy P 1800 - -
Koy S 400 4800 -
Ky Ca 27,800 15,700 4750
Kp; Ca 4100 2400 800
Koy Fe 1000 200 500
Loy Ag 2200 2200 2200
Koy Si - - 1300

According to Table 6, it can be noticed that PN contains a very important content of
calcium, whereas PG does not contain phosphorus just has a high sulfur content. Concern-
ing the other peaks observed (Ag, Si, Fe) they are related to the lamella, neither PN nor PG
includes these elements.
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3.4. Plant Relative Growth

The growth of ryegrass was considerably impacted by the source and different inocu-
lum bacteria. Regardless of isolates inoculation and PN, PG level, amendment significantly
increased shoot and total biomass in comparison to treatments without additions of in-
oculums, PN, and PG. The three preselected bacterial isolates notice the best scores upon
completion of the biochemical (solubilization of phosphates with qualitative and quantita-
tive methods) tests used for the bioaugmentation of the mix; moreover, the comparison
between P. fluorescens, S. maltophilia, and P. agglomerans in the soil showed that shoot biomass
(13.23 g) and root biomass (7.17 g) increased significantly with isolate P. fluorescens, using
PG as a fertilizer source. On the other hand, for the other treatments with PN, or without
source of P, the increase in the total biomass was not as pronounced. Hence, this may
explain that PG is mostly employed to enhance soil physicochemical properties [12,19],
increase water infiltration and movement [51,52], mitigate soil acidity and toxicity [53],
control soil and nutrient loss [54], and promote crop growth [55,56].

3.4.1. Effects of Isolates on Plant Growth

Studies on the use of genera Pseudomonas [57], Pantoea [58], and Stenotrophomonas [59]
reported their immense potential as plant growth promoters; they perform a significant
role in soil by their metabolic activities [60] and they have a remarkable role in integrated
nutrient management in the soil [61]. To illustrate, with P. fluorescens the shoots biomass
has avalue of 9.66 g and roots biomass of 4.28 g. With P. agglomerans the shoots present
7.58 g and the roots 3.09 g, nonetheless, the results with S. maltophilia consisted of
7.87 g for the shoots and 3.87 g for the roots, without the source of P. In fact, many possible
mechanisms in which plant growth-promoting (PGPR) exert their positive effects on host
plants include mitigation of nutrient deficiency via phosphorus solubilization [62], stimu-
lation of disease-resistance mechanisms, protection against soil-borne pathogens [63,64],
and production of siderophores that solubilize and sequester iron from the rhizospheric
environment [65,66]. Several PGPR can provide a phytohormone involved in modulating
the growth and cellular metabolism of plants [67]. Thus, PSM enhanced yield attributes
like grain yield, and dry matter accumulation [61].

3.4.2. Dry Matter Yield

Various experiments have been performed to analyze the plant growth-promoting
effects of inoculum and sources of P. For instance, P. fluorescens improved root and
shoot biomass.

The P. fluorescens dry matter values for shoots are 0.687 g/pot with PN input and
0.782 g /pot with the source PG (see Figure 4A). The effects of P. fluorescens on ryegrass in
these treatments might be due to the relatively high P level in the resource used (PN, PG)
at the beginning of the experiment. For the conditions used, the P. fluorescens values for
roots ranged from 0.601 g/pot to 0.93 g/pot (Figure 4B).

Soil microflora can enhance crop productivity through various direct and indirect
mechanisms. Even though many studies have shown these effects on plant growth resulting
from inoculation, it is necessary to explain that seeds inoculated with bacterial strains
generate binding to roots and endow PGPR with a beneficial effect on plant growth [68].

P. agglomerans is a bacterium that is widely distributed in natural agriculture and in
environments [69]. While, in this research, the treatments with P. agglomerans showed
a shoot of 0.659 g/pot and a root of 0.709 g/pot with PN input. Then, a higher value of
shoot in sandy soil with only contained PG 0.72 g/pot and 0.747 g/pot in the root. A recent
study [70] demonstrated that Pantoea sp. BRM17, a bacterium isolated from Tunisian PG,
produces siderophores, Indole acetic acid (IAA) and 1-aminocyclopropane-1-carboxylic
acid (ACC) deaminase.

In addition, a soil amended with 2%, PG has enabled increasing the biomass of
the shoots and roots of cultivated Brassica napus. A similar study [71] mentioned that
inoculating Brassica napus with a bacterial consortium (Pantoea agglomerans Jp3-3) increased
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the dry mass as well as the chlorophyllin parts (by 24-124%) and roots (38-100%). In
this context, Walterson et al. [72] reported that these species have been discovered to be
associated with many different plants, frequently as epiphytic and endophytic bacteria,
and have also been widely used as a potential biological control agent against fungal and
bacterial plant pathogens.
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Figure 4. Effect of PN, PG and bacterial inoculum added to the soil on shoots (A) and roots (B) dry
matter (g/pot) (PF: P. fluorescens; PA: P. agglomerans; SM: S. maltophilia) (The values and the error bars
represent the means + standard deviation, n = 4).

Thus far, many environmental or plant-associated strains have been isolated from
different sources and characterized for their plant growth-promoting traits. Although,
some of these isolates are Stenotrophomonas species that have an important ecological role
in the element cycle in nature [73]. Due to its potential plant growth-promoting attributes,
like phosphate solubilization, S. maltophilia is considered a biotechnologically important
microorganism [74].

In the present study, these species showed a shoot dry matter of 0.648 g/pot, and
a root dry matter of 0.696 g/pot with a source of PN. Higher values of shoot dry matter
(0.695 g/pot) and of root matter (0.711 g/pot) were also observed with PG. S. maltophilia
showed the lowest value of shoot dry matter (0.643 g/pot), and a root dry matter of
0.684 g/pot (Figure 4A,B) without a source of phosphorus. The study described by Barra
et al. [75], reported that Stenotrophomonas sp. RC5 with phosphorus fertilization enhanced
the phosphorus content in the shoot of Lolium perenne by 29.8% compared to uninoculated
control, in phosphorus-deficient soil.
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Despite the fact that inoculums with three isolates were shown an important value of
shoot biomass of 0.663 g/pot and a root of 0.704 g/pot (without a source of phosphorus)
were conducted according to Singh and Kapoor [76] and Gull et al. [77], the significant
increase in plant height and dry weight of walnut seedlings due to inoculation with PSM
could be attributed to greater absorption of nutrients, exceptionally P. The above results
indicate that localized fertilization with PG (as a supply of large amounts of Ca, S, P, and
beneficial trace elements) enhance the biomass of roots and shoots ryegrass compared to
PN input [78-80].

Even though, waste PG has been employed as a soil enhancer in around countries
(Brazil, China, Spain, and the USA) [81,82]. Thus, the higher values of shoots and root
biomass in our experience can be explained by the supplement of PG, which can increase
Ca and S and diminish Mg contents in leaves [79-83] and shoots. Next, Nayak et al. [84]
reported that an additional 10% PG had a beneficial effect on cellulose and amylase activities
and microbial (fungal and bacterial) growth.

3.4.3. Shoot and Root Mineral Matter

Generally, the addition of PG or PN, the presence of bacteria and soil sterility had
a significant impact on plant development (Pr > 0.0583). The mineral matter in shoots and
(Pr > 0.0831) in roots after 170 days of growth, are presented in (Figure 5A,B).
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Figure 5. Effect of PN, PG and bacterial inoculum added to the soil on shoots (A) and roots
(B) mineral matter (g/pot) (PF: P. fluorescens; PA: P. agglomerans; SM: S. maltophilia) (The values
and the error bars represent the means + standard deviation, n = 4).
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The presence of the mixed bacterial inoculum (P. fluorescens, S. maltophilia and
P. agglomerans) and a source of PN had a significant high effect on plant shoot development
(26.155 g/pot).In this context, Pratibha et al. [85] started the combined supplementation
of PSMs and PN in the agricultural field as an option to improve the phosphorus use
efficiency and yield of the crops. Hence, PN could play a significant role as a cheaper
P source for plants.Therefore, plant-growth-promoting bacteria (PGPB) could effectively
colonize plant roots and stimulate plant growth through various mechanisms that include
increased mobilization of insoluble nutrients and subsequently enhanced plant uptake, as
reported by Adesemoye et al. [86] and Richardson et al. [87]. Among PGPB, phosphate-
solubilizing bacteria are considered prospective biofertilizers. There were more reports of
growth promotion on crop plants inoculated with PSB [88,89].

On the other hand, adding PG increased the shoot and root biomass of inoculated
plants by P. fluorescens (24.79 g/pot of shoot mineral matter; 38,622 g/pot of root mineral
mater) (Figure 5A,B). In order to explain the role of P. fluorescens in the promotion of plant
growth in the presence of PG, inoculated plants were cultivated in soil amended with
250 mg PG. Our results prove P. fluorescens to be the most efficient and had very strong
growth-promoting effects on ryegrass cultivated in sterilized PG. Respectively, this effect
was weaker in PG or PN with P. agglomerans and S. maltophilia shoot and root biomass.
Besides, the application of PGPB is a promising method for reducing the use of chemical
fertilizers and their pollution hazards and could support eco-friendly crop production as
described by Requena et al. [90].

3.4.4. Nutrient Uptake

In general, according to the SAS analysis P uptake was considerably enhanced in the
treatment with PG, and the bacteria present remarkably influenced plant development. In
the presence of P. fluorescens and PG the P uptake had an important effect on plant root
development (24.89 mg/pot) and shoot (37.42 mg/pot) (see Figure 6A,B).

Our findings are supported by Al-Enazy et al. [91] saying that waste PG may be
used to improve soil properties, promote micronutrient uptake, and increase crop yield;
moreover, the decrease in micronutrients and/or their uptake by crops was concerning
when PG was applied in the agricultural field.

Nevertheless, adding PN with P. fluorescens isolate reduces the shoot biomass to
21.58 mg/pot and root biomass to 14.4 mg/pot of inoculated plants; however, the shoot
and root biomass of inoculated with the same isolate P. fluorescens plants decreased sharply
without a source of PN or PG 37 mg/pot (Figure 6A,B). To investigate the response of
ryegrass growth to localized nutrient supply, P uptake was determined in the experiment
with P. agglomerans isolate. Total P uptake was significantly higher in the treatment with
localized source PG and inoculum of P. agglomerans 57.05 mg/pot supply than the localized
supply of inoculum P. agglomerans in the sterile soil (38.35 mg/pot) and with a source
of PN (38.06 mg/pot) (Figure 6C), maybe optimization of inoculant levels should be
carefully considered.

This experiment showed the role of P. agglomerans in the promotion of plant growth
in the presence of PG, PN and soil indicating that P. agglomerans had really powerful
growth-promoting effects on ryegrass cultivated in sterilized PG; this result was explained
by Vyshpolsky et al. [92] which hypothesized that seeds germination was enhanced after
PG addition.

Takasu et al. [93] reported that the addition of PG to the nursery medium resulted in
rooting development and promoted plant growth in the seedling stage. One of our strains,
S. maltophilia showed a high P total uptake in the treatment with a localized source of PG
(46.65 mg/pot), which contributes to the solubilization of inorganic P contained in PG;
this inorganic P thus becomes more available for plant nutrition, in addition to the ability
of S. maltophilia to produce growth-promoting substances; this effect was weaker in soil
sterilized (30 mg/pot) and with PN (38.74 mg/pot) (Figure 6C).
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The results demonstrate that inoculation with S. maltophilia does have a positive effect
on plant growth in soils with PG or PN amendment as compared to the control treat-
ments. Interestingly, when ryegrass plants were grown in PG and inoculums P. fluorescens,
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S. maltophilia and P. agglomerans, a high P uptake was observed (43.23 mg/pot); this is
a promising result for the development of bio-inoculants that were well-adapted to PG
composition. In contrast, non-inoculated plants with only soil showed very poor growth
and very poor P total uptake (5.39 mg/pot). Nevertheless, the P uptake had significantly
increased with inoculums and a source of PN (37.33 mg/pot) (Figure 6C). Thus far, sev-
eral studies have shown that PGPR growth promotion traits can be enhanced in severely
polluted soils, reducing the stress in plants, as observed by Moreira et al. [94].

To sum up, these initial tests intended to choose the bacterial isolates best suited to
accommodate various PG or PN concentrations under analyzing the growth of ryegrass in
a condition of sterile soil. At present, the studies on mineral-microbe interactions lie at the
heart of the emerging field of geomicrobiology, as minerals and rocks are the basic materials
with which microbes interact at all scales [95]. Then, with the source of PG, total P uptake
and three species were presented overall increasing order of isolates was: P. fluorescens >
P. agglomerans > S. maltophilia > mixing inoculation with P. fluorescens, S. maltophilia and
P. agglomerans. So, this important test was adapted from the one that does not employ
bacterium inoculants.

As previously observed by Aransiola et al. [21] rhizoremediation can offer an attrac-
tive alternative to conventional processes to obtain an economic and ecological solution.
Hussain et al. [96] also reported that PSM, (Pseudomonas, Mycobacterium, Bacillus, Pantoea
Rhizobia, and Burkholderia) adopt different strategies to solubilize phosphorus, PSMs excrete
organic acids such as citric acid, oxalic acid, and succinic acids; enzymes such as phos-
phatases and phytases; and ion chelators such as siderophores, readily make phosphorus
available to plants [28]. Then, as evidenced in the findings of Rawat et al. [97] these mi-
croorganisms can contribute to ecological balance, produce safe food and meet the needs of
sustainable agriculture.

Total P uptake after 170 days of growth was affected significantly (p < 0.001) by P
source. Total P uptake reached a plateau in the range of 5.39 to 62.31 mg/pot (Figure 6C).
The highest total P uptake was obtained with P. fluorescens (62.31 mg/pot). The difference in
P uptake between treatments is due to the type of P source and isolate. The media with soil
extract—PG extract in our case—serve to better approximate the composition of a complex
natural medium as described by other studies [98,99].

4. Conclusions

Currently, a large amount of phosphogypsum waste is being produced due to the
high demand for phosphate fertilizers; this study supports new concerns related to the
application of PG as a fertilizer in agricultural soils.

In addition, microbial consortia with PSM in the soil is, therefore, a promising method
without negative environmental and socio-economic impacts. PSM demonstrates an advan-
tageous impact on the solubilization of undisclosed P present in PN and augmented plant
height, dry weight, and P uptake of ryegrass. Accordingly, the application of inoculation
phosphate-solubilizing with PG can be an optional alternative for introducing P nutrition
to plants. An innovative result of this work is the first report of using of three isolates,
P. fluorescencs, P. agglomerans and S. maltophilia that significantly enhanced the biomass yield
of ryegrass; these microorganisms solubilize the unavailable phosphorus in soil and also
restore the nutritional status of the soil. For this reason, this work has performed several
accessible strains that can play a role in developing a host of potential benefits for field
application with PG or PN as biofertilizers. So, the present search for ryegrass-associated
bacteria in Tunisia regions, where this plant has agricultural importance as a range crop,
discovered that several of these bacteria perform essential activities related to the promotion
of plant growth and biocontrol, and some of them may act as plant growth promoters.
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