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The isolation and identification of beneficial bacteria from the active phase of composting is considered to
be a key bio-quality parameter for the assessment of the process. The aim of this work was the selection
and identification of beneficial bacteria from a co-composting experiment of vegetable waste (VW), olive
oil mill waste (O2MW), and phosphate sludge (PS). Phosphate-solubilizing strains were isolated from the
thermophilic phase using Pikovskaya (PVK) solid medium supplemented with tricalcium phosphate Ca3
(PO4) (TCP) as the sole source of phosphorus (P). Therefore, the selected isolate Alcaligenes aquatilis
GTE53 was tested to tolerate abiotic stresses (different levels of temperature, variable pH, high salinity
and water stress). The isolate was also assessed for indole acetic acid (IAA) and siderophores synthesis,
nitrogen fixation, phenol degradation and pathogens inactivation. The quality of the co-composting pro-
cess was also investigated by monitoring the physico-chemical parameters. The obtained results showed
that A. aquatilis GTE53 displayed a higher solubilization index of 2.4 and was efficiently dissolved, up to
162.8 and 247.4 mg�mL�1 of inorganic phosphate from PS and phosphate rock (PR), respectively. A. aqua-
tilis GTE53 exhibited siderophores and IAA release, along with atmospheric nitrogen fixation. In addition
to that, A. aquatilis GTE53 showed a high resistance to heat and tolerance to acidic and alkaline pH, high
salinity and water stress. Moreover, A. aquatilis GTE53 could degrade 99.2% of phenol from a high-
concentrated medium (1100 mg�L�1 of phenol) and can inactivate the most abundant pathogens in indus-
trial wastes: Escherichia coli, Streptococcus sp., Salmonella sp., and Fusarium oxysporum albedinis. Analysis
of temperature, pH, electrical conductivity, carbon/nitrogen (C/N) ratio, indicated successful co-
composting. An efficient transformation of P to the available form and a great abatement of polyphenols,
were also recorded during the process. The findings of this study will help to advance the understanding
of A. aquatilis GTE53 functions and will facilitate its application to promote beneficial microbial organ-
isms during composting, thus obtaining a high-quality product.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, the high demand for food from the growing popula-
tion has implied that agro-food industries have multiplied their
production capacity, resulting in an increase in the consumption
of synthetic fertilisers. In Morocco, the phosphate operator Office
Chérifien des Phosphates (OCP) developed its industry by building
a slurry pipeline, which revolutionised the transport of phosphate
ore from extraction and enrichment sites to the factories (Geissler
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et al., 2018). This strategy tripled the production of phosphate ore
and its derivatives (i.e chemical fertilisers) in 2018, according to
estimates by Pufahl Peir and Lee (2017), and has led to increased
amounts of by-products such as PS. In fact, PS production is esti-
mated to be 28.1 million tons per year (Loutou et al., 2013). The
elimination of PS by storage around phosphate laundries repre-
sents a major economic and environmental issue, disfiguring land-
scapes and reducing arable land. However, PS contains a significant
amount of phosphate in the form of carbonate fluorapatite
Ca5(PO4)3F, which is a hard and insoluble crystalline solid
(Takahashi and Anwar, 2007; Chang and Yang, 2009; Haouas
et al., 2020). This low-grade material is difficult to use as fertiliser,
and its chemical processing is not considered economically viable
(Haouas et al., 2020).

Up to now, rare studies have been performed on the co-
composting of PS with other organic resources, although this
would be a suitable process to transform these materials into a
valuable product with stable organic matter (OM) and no harmful
effects (Cerda et al., 2018). During the composting process, numer-
ous microbiological processes take place, leading to OM
degradation and causing quantitative and qualitative changes
(Ayilara et al., 2020). Assessing microbial species is among the
key tasks for understanding the composting mechanism. Nowa-
days, not the number, but the efficiency of the bacterial strains is
considered important; suitable strains can perform multiple func-
tions and can tolerate processing stressors during the composting
of industrial wastes including adverse temperature, texture,
humidity, pH levels, and organic pollutants (Geng et al., 2006;
Vargas-García et al., 2010; Stella & Sashikala, 2016). Only a few
studies have concentrated on the identification of bacterial strains
that are multifunctional, capable to survive under harsh environ-
ments, and involved in producing high quality compost
(Egelkamp et al., 2017; Saffari et al., 2017; Kutu et al., 2019; Lutz
et al., 2020).

In the present work, a thermophilic bacterium A. aquatilis
GTE53 with a broad range of beneficial effects was isolated from
a successful co-composting of PS and organic residues (O2MW
and VW). Alcaligenes aquatilis is a rare bacterium, which was found
for the first time in an aquatic environment (Van Trappen et al.,
2005), has been able to live and grow in overly stressful environ-
ments such as marine ecosystems. Furthermore, owing to its abil-
ity to use aromatic hydrocarbons as a source of carbon and
nitrogen (Durán et al., 2019a), this bacterium was able to live in
urban areas contaminated by petrol and its derivatives.

To the best of our knowledge, one report evaluated the biotech-
nological traits of Alcaligenes aquatilis, which could dissolve inor-
ganic phosphate contributing to the enhancement of maize plant
growth (Pande et al., 2017). Thus, no previous study of Alcaligenes
aquatilis isolated from composting plant. The objective of this
study was to remove the knowledge gap about the beneficial func-
tions of Alcaligenes aquatilis for probable use in biotechnological
purposes. For this reason, A. aquatilis GTE53 was assayed for the
production of substances that promote plant growth, tolerance to
environmental stressors, phenol degradation, and antagonism
potential toward pathogenic microorganisms.
2. Materials and methods

2.1. Feeding materials

PS was sampled from phosphate washing plants operated by
OCP, Khouribga City (Morocco). O2MW is divided into two frac-
tions, which are the olive oil mill pomace (O2MP) and olive oil mill
wastewater (O2MW2) and were provided by olive oil mills located
in Beni Mellal’s region (Morocco). VW was collected from the
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university campus of Beni Mellal and the wheat straw was col-
lected from a local farm. Table 1 represents the physico-chemical
characteristics and the elemental composition of main composted
wastes (O2MW, VW, and PS).
2.2. Composting

The dimensions of the compost pile were 1.5 � 1.2 � 6 m
(width � height � length). Compost was prepared by using
200 kg of O2MP, 70 L of O2MW2, 500 kg of VW and 180 kg of PS pul-
verised over the pile. In addition, 30 kg of wheat straw was supple-
mented to the composting pile to enhance the aeration. The
optimization of the doses and volumes of waste in this experiment
is related to the level of humidity and the OM content of each
waste in order to ensure optimum conditions for the aerobic
decomposition. During 150 days of the process, a manual turning
every 7 days was made for aeration and homogenisation of the
composting mixture. The temperature was measured daily and
the humidity was maintained by addition of O2MW2 in the first
week and then by water for the remaining processing time.
2.3. Physico-chemical and elementary analysis

To measure the humidity content, the sample was oven-dried at
105 �C for 24 h. Levels of pH and EC were determined in a mixture
of the dried sample and the distilled water with a ratio of 1:10,
according to the French standard (AFNOR, 1975). In addition, total
organic carbon (TOC) and total nitrogen kjeldahl (TNK) were mea-
sured following the method reported by Tallou et al., 2020a; the
ash content was determined after calcining the sample at 550 �C
for 6 h, and the decomposition rate was calculated following Eq.
(1) (Atif et al., 2020).

Decomposition ð%Þ ¼ 100� Ai � 100� Afð Þ
Af � 100� Aið Þ

� �
� 100 ð1Þ

Ai: ash content in the sample at the initial phase of composting;
Af: ash content in the sample at the corresponding phase of
composting.

Polyphenol was measured in the compost sample using Folin-
Ciocalteu reagent as described by Vazquez-Roncero et al. (1974).
The speciation of the major forms of inorganic phosphate: calcium
phosphate (Ca-P), aluminum phosphate (Al-P), and iron phosphate
(Fe-P), was conducted according to the Chang and Jackson process
(1957). Bray and Kurtz (1945) method was used to measure
organic phosphate. While, the available phosphate was determined
following the Olsen procedure (Du et al., 2013).

For detection of major elements, the Energy dispersive X-ray
fluorescence (EDXRF) Epsilon 4 (Malvern Panalytical, Almelo, The
Netherlands) was used.
2.4. Screening, isolation, and characterisation of the bacterial strain

The screening has been conducted using the following proce-
dure: 1 g of the compost sample taken at the thermophilic phase
was dispersed in 900 ll of sterilised distilled water, from which
several dilutions was carried out. Subsequently, a 100 ll solution
aliquot of 10�5, 10�6, and 10�7 was plated on PVK agar medium
(pH 7) containing TCP as the only source of P (Yu et al., 2019). After
7 days of incubation at 28 ± 2 �C, colonies with a clear halo were
marked positive for phosphate solubilisation (Wei et al., 2018;
Yu et al., 2019). Therefore, the colonies of the isolated strains were
purified 2–3 times on the PVK agar solid medium until pure colo-
nies were obtained. The selected isolate GTE53 showed a large halo
zone than the other isolates in the PVK agar medium and its



Table 1
Physico-chemical characteristics and elemental composition of composted materials.

Characteristics PS VW O2MP O2MW2

Humidity% 2.1 ± 0.1 87.1 ± 3 7.4 ± 0.12 94.3 ± 0.1
pH 8.2 ± 0.3 4.41 ± 0.09 5.75 ± 0.1 4.85 ± 0.02
EC (mS�cm�1) 0.8 ± 0.03 8.72 ± 0.07 12.9 ± 0.2 12 ± 0.1
TOC% 0.38 ± 0.05 60.67 ± 2.3 25.1 ± 0.1 68.3 ± 1.2
TNK% 0.07 ± 0.01 1.176 ± 0.1 1.02 ± 0.03 2.16 ± 0.01
Al-P (mg�g�1) 0.75 ± 0.03 0.64 ± 0.04 0.036 ± 0.003 0.022 ± 0.001
Ca-P (mg�g�1) 82.60 ± 2.1 1.86 ± 0.21 0.170 ± 0.01 0.134 ± 0.024
Fe-P (mg�g�1) 0.07 ± 0.001 0.47 ± 0.05 0.076 ± 0.007 0.187 ± 0.0028
Organic P (mg�g�1) 0.98 ± 0.21 2.45 ± 0.7 2.2 ± 0.61 3.11 ± 0.44
P Olsen (mg�g�1) 0.07 ± 0.001 0.66 ± 0.01 0.204 ± 0.004 0.577 ± 0.002
SiO2% 12.21 0.14 0.33 0.42
TiO2% 0.23 0.04 0.05 0.03
Al2O3% 2.98 0.29 0.13 0.22
Fe2O3% 1.18 0.314 0.18 0.07
MgO% 2.33 0.987 0.56 0.1
CaO% 39.72 10.55 3.25 1.4
Na2O% 0.66 1.23 2.41 3.03
K2O% 0.41 8.45 6.87 10.52
P2O5% 20.01 0.55 0.73 0.69
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solubilization index (SI) was determined via Eq. (2) (Premono et al.,
1996):

SI ¼ ðDc þ DhÞ=Dc ð2Þ
Dc is the colony diameter; Dh is the halo zone diameter.

Phenotypic characterisation of the isolate was performed using
the method reported by Benjelloun et al. (2019). Except for water
stress tolerance, all tests were realised on agar medium of Yeast
Extract Mannitol (YEM) inoculated with bacterial preculture and
then incubated at 28 �C for 7 days. For the tolerance to temperature
variations, the inoculated strain was incubated at 28, 45, 50, 55,
and 60 �C. For pH tolerance, the agar plates were adjusted at the
different values of 3, 5, 6, 7, 8, 9 and 10 using NaOH and HCl. While,
for NaCl tolerance, the media were prepared using increasing con-
centrations of NaCl of 1, 2, 3, 4, 5, 6, 7, and 8%. Water stress was
performed at concentrations of polyethylene glycol 6000 (PEG
6000) of 5, 10, 15, 20, and 25% in YEM broth. In addition, the Gram
staining method and the observation of cell morphology were car-
ried out as described in the Bergey Manual on determining
bacteriology (1923).

2.5. Phenol biodegradation

A 5 mL aliquot of freshly grown inoculum of the strain
(DO600 nm = 0,67) was transferred into a flask containing 100 mL
of the minimal salt medium (MSM) (Yang et al., 2020). Phenol as
the sole carbon source was added to the medium for the prepara-
tion of 200; 400; 800; 1100; 1400; 1700; 2000 and 2500 mg�L�1.
After 48 h of incubation at 28 �C, cell growth and phenol removal
percentage (Eq. (3)) were measured (Li et al., 2019).

Phenol removal %ð Þ ¼ ½ðCi � CrÞ=Cr� � 100 ð3Þ
Ci: initial concentration of phenol; Cr: remaining concentration of
phenol after incubation period.

2.6. Inhibitory activity against pathogens

Anti-pathogenic effect of the strain GTE53 was investigated
using the method of agar diffusion, where the isolate was spotted
on the surface of Luria-Bertani agar (LB) plates previously sprayed
with a broth culture of one of the pathogenic standard test organ-
isms: Escherichia coli CCMM B4, Streptococcus sp. CCMM B24, and
Salmonella sp. CCMM B7. Indeed, the effect was determined by
measuring the diameter of the halo zone of inhibition surrounding
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the test strain (GTE53) (Zahir et al., 2013). As well as, the inhibitory
effect of the isolate GTE53 on the mycelial growth of Fusarium
oxysporum albedinis (Foa A27) was evaluated after co-culturing
using the Potato Dextrose Agar plate (PDA) method. The percent-
age of inhibition was calculated over control by using the Eq. (4)
(El Hassni et al., 2007).

Inhibition %ð Þ ¼ ½ðC0 � CtÞ=C0� � 100 ð4Þ
C0 is the colony diameter in the control; Ct is the colony diameter in
the treatment.

All pathogen bacteria and the fungi have been provided by the
Moroccan Coordinated Collections of Microorganisms (CCMM).

2.7. Plant growth promotion factors

Siderophores release was tested on an agar plate, prepared
using Chrome Azurol S (CAS). The isolate was inoculated by spot
method on the CAS plate and incubated at 28 �C for 48 h. The
apparition of a yellow halo around the colony marked as positive
for siderophores production (Louden et al., 2011). Therefore, the
production of IAA was determined according to Bric et al. (1991)
using LB medium containing 0.5 g�L�1 of L-tryptophan and inocu-
lated at 28 �C until bacterial colony reached a diameter of 1–
2 mm. The colony was incubated after being covered with filter
paper saturated with Salkowski reagent; the formation of red halos
indicates IAA production. Nitrogen fixation was determined by the
observation of bacterial strain growth in Burk’s solid N-free med-
ium (Castellano Hinojosa and Bedmar, 2017).

The GTE530s efficacy in phosphate solubilization has been mea-
sured in liquid culture supplemented with PS and Moroccan PR.
Firstly, a 5% bacterial size inoculum with an OD600 nm of 0.5 (v:
v) was inoculated into 100 mL of PVK medium containing 0.5 g
of PS and another containing PR. For 6 days, the isolate was incu-
bated on a shaking incubator of 150 rpm at 28 �C and 1 mL of
the supernatant was sampled on days 2, 4, and 6. In the super-
natant of liquid PVK, soluble phosphate was determined using
the blue molybdenum method and pH values were also registered
at the same time intervals (Paul and Sinha, 2017; Yu et al., 2019).

2.8. 16S rRNA gene sequencing and analysis

2.8.1. Extraction of total DNA
Total DNA of the bacterial isolate was obtained by phenol-

chloroform extraction from exponentially growing bacterial
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culture (Chen and Kuo, 1993). The cells were centrifuged at
13,000 rpm for 5 min, and then suspended in the lysis buffer. Then,
100 ml of 5 M NaCl was added to the solution and the tubes were
centrifuged at 13,000 rpm for 10 min at 4 �C. After that, equal vol-
ume of phenol-chloroform: isoamyl alcohol (24: 1, v/v) was added
to the solution supernatant. The DNA was precipitated in absolute
ethanol and washed twice with 70% ethanol, then dried and redis-
solved in pure sterile water. The concentration and purity of the
DNA were evaluated using a NanoDropTM spectrophotometer.
The DNA was diluted to a standard concentration of 100 ng�ml�1,
and was stored at �20 �C for later use, such as for amplification
of the PCR template.

2.8.2. Amplification of 16S rRNA
Almost 1500 bp of the 16S rRNA gene were amplified using the

two universal primers rD1/fD1, the sequences of which are
(50AAGGAGGTGATCCAGCCGCA3 ’)/(50GGAGAGTTAGATCTTGGCTC30)
(Weisburg et al., 1991). In a reaction volume of 25 ll, the mixture
containing: 1 ll of DNA with a concentration of 100 ng�ll�1, 1 ll of
each primer at 10 lM, 9.5 ll of pure sterile water and 12.5 ll of
MytTaqTM Mix, 2x (BIOLINE) ready to use, containing Taq poly-
merase enzyme, reaction buffer, MgCl2 and dNTPs. The thermal
cycles were used under the optimal conditions supplied with the
MytTaqTM Mix.

The amplification of the DNA fragments was verified by hori-
zontal electrophoresis on 1% agarose gel containing 0.5 lg�mL�1

of ethidium bromide (BET) in 1X TAE buffer. The 1 Kb (HyperLad-
der, BIOLINE TM) was used as a molecular weight marker during
each migration performed. The visualization of the migration of
the bands was made by Ultra-violet using a UV transilluminator
(Enduro GDS).

2.8.3. Sequencing and analysis of the 16S rRNA gene
The 16S rRNA amplification product was purified using the

Quiagen PCR product purification system. The sequencing was car-
ried out on a BIOSYSTEME 3130 automatic sequencer (Cité de
l’Innovation de Fès, Morocco). The sequence obtained was com-
pared with those from the GenBank database using the program
available at NCBI (www.ncbi.nlm.nih.gov).

The nucleotide sequence generated is compared with the refer-
ence strains provided by GENBANK database in National Center for
Biotechnology Information (NCBI) using the BLASTN software
(Altschul et al., 1990). Nucleotide sequence was aligned, verified,
and corrected manually using Chromas 2 (Version 2.6.5) and MEGA
7 (Version 7.0.26). The phylogenetic analysis were established by
MEGA 7 software. The distances were quantified according to the
two-parameter model of Kimura (1980). The phylogenetic tree
was established using the Neighbor Joining method (Saitou and
Nei, 1987). Node support has been estimated with 1000 bootstrap
replicas. The obtained sequence was deposited and identified in
the GENBANK database via an accession number.

2.9. Statistical analysis

Physico-chemical and elemental analysis carried out in tripli-
cate and reported as mean ± SD (standard deviation). Means were
analysed by Tukey test HSD using the SPSS 25 software with a sig-
nificance level of 0.05.
3. Results

3.1. Composting monitoring

After 5 months of co-composting of PS, VW, and O2MW, the var-
ious analyses carried out showed significant changes in the
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composting parameters (p < 0.05) (Table 2). The temperature
increased vigorously in the first 20 days of the process to reach
its maximum of around 66 �C (Fig. 1). At this period, the pH became
alkaline and electrical conductivity dropped significantly to 2.58
mS�cm�1 after 30 days. After that, the temperature began to
decrease during the maturation phase, marking the mesophilic
conditions for the last 30 days and then turned to the ambient tem-
perature at the final stage of the process. The pH demonstrated a
significant improvement to 8.6, while the electrical conductivity
continued to decrease to a value of 1.61 mS�cm�1.

TNK gradually increased throughout the composting time from
0.65 on the first day to 2.92% on the last day. While a slight
decrease in TOC (from 42.5 to 40.5%) was registered in the first
month, resulting in a low decomposition rate of 21% at this stage.
After that, decomposition was accelerated and reached 77.7% and
TOC accounted for 28.4% at the maturation phase. The final C/N
ratio of the PS and O2MW2 co-composting has achieved 10. As a
direct consequence of the OM decomposition, the concentration
of polyphenol decreased significantly from 0.5885 to 0.0157%.

Regarding the dynamics of P inside the composting pile, the P
associated with calcium (Ca-P) had the largest percentage share
of P fractions, with 82.6 and 68.7 mg�g�1 in the PS and in the start-
ing mixture of compostable materials, respectively. The concentra-
tion of Ca-P augmented during the first 30 days and decreased
steadily, into 57.4 mg�g�1 after 150 days of composting (Table 2).
During the same period of composting, organic P reported a mar-
ginal decline from an initial value of 7.30 mg�g�1 to a final value
of 5.15 mg�g�1. The Fe-P and Al-P fractions reported a small rise
during the composting cycle, achieving 0.34 and 0.51 mg�g�1,
respectively, on the 150th day of composting. In fact, bioavailable
P was increased to a substantial volume of up to 1.41 mg�g�1.
3.2. Different functions of the isolated bacterium

3.2.1. Plant growth promotion factors
Twelve phosphate-solubilising isolates from the thermophilic

phase of the composting trial. The isolated strain GTE53 was
selected as a performant phosphate-solubilising bacterium, show-
ing a clear halo zone with a diameter of 17.00 mm around its col-
ony and with an SI of 2.4 (Fig. 2a). As well as, the phosphate
solubilisation test of GTE53 in PVK liquid medium indicated that
the bacterium effectively solubilised the phosphate complexed in
PS and PR (Fig. 3a). Strain GTE53 produced 162.8 and 247.4 mg�L�1

of soluble phosphate, respectively, from PS and PR after 6 days of
incubation. In the first 2 days, pH dropped from 6.8 to 3.96 and
3.86 in the PS and PR media, respectively, which led to PS and PR
dissolution. In addition, GTE53 was capable of producing IAA
(Fig. 2b) and siderophores (Fig. 2c) and was also capable of fixing
atmospheric nitrogen.
3.2.2. Bioremediation
Biodegradation of phenol and microbial biomass of isolate

GTE53 at different phenol concentrations was determined after
48 h of culture time (Fig. 4). Isolate GTE53 demonstrated an effec-
tive degradation of phenol, resulting in the removal of almost 100%
of phenol in a solution of 200 mg�L�1. As well as, 99.4, 99.5 and
99.2% of phenol removal in solutions containing 400, 800 and
1100 mg�L�1 of phenol, respectively. However, the biomass of the
isolate began to decrease from 1100 mg�L�1 of phenol. However,
the isolate may tolerate a phenol concentration of up to
1400 mg�L�1, and still leading to an elimination rate of 76.4% of this
amount of phenol. When the phenol concentration exceeded
1400 mg�L�1, the biomass growth dropped vigorously until no
growth was detected at a maximum concentration of 2000 and
2500 mg�L�1.

http://www.ncbi.nlm.nih.gov


Table 2
Physico-chemical parameters of the composting trial at different stages (0: the initial stage, 30: after 30 days, 90: after 90 days, and 150: after 150 days).

Parameters Composting stages (days) F p value

0 30 90 150

Humidity% 60 ± 1.5 57.6 ± 3.8 50.9 ± 5.4 27.9 ± 1.1 54.717 <0.05
pH 5.91 ± 0.08 8.02 ± 0.07 8.6 ± 0.01 8.56 ± 0.02 1639.008 <0.05
EC (mS�cm�1) 5.53 ± 0.18 2.58 ± 0.19 2.07 ± 0.1 1.61 ± 0.11 628.552 <0.05
TOC% 42.5 ± 0.2 40.5 ± 3 35.5 ± 1.2 28.4 ± 0.8 42.593 <0.05
TNK% 0.65 ± 0.02 1.25 ± 0.01 2.6 ± 0.01 2.92 ± 0.02 14029.2 <0.05
C/N 65 ± 2.11 34 ± 1.8 14 ± 1.2 10 ± 1.3 786.85 <0.05
Decomposition% 0 21.4 ± 1.3 58.4 ± 0.1 77.7 ± 1.1 5090.41 <0.05
Al-P (mg�g�1) 0.04 ± 0.01 0.23 ± 0.02 0.37 ± 0.02 0.51 ± 0.03 268.611 <0.05
Ca-P (mg�g�1) 68.7 ± 1.58 73.53 ± 2.48 71.2 ± 1.87 57.4 ± 1.34 43.999 <0.05
Fe-P (mg�g�1) 0.13 ± 0.01 0.15 ± 0.01 0.25 ± 0.01 0.34 ± 0.02 161.571 <0.05
Organic P (mg�g�1) 7.30 ± 1.36 6.59 ± 0.84 6.66 ± 0.74 5.15 ± 0.22 3.14 0.087 ns
Olsen P (mg�g�1) 0.75 ± 0.02 0.90 ± 0.01 1.14 ± 0.11 1.41 ± 0.34 7.807 <0.05
Polyphenols% 0.59 ± 0.03 0.52 ± 0.02 0.07 ± 0.00 0.02 ± 0.00 810.445 <0.05

ns: not significant at p value < 0.05.

Fig. 1. Temperature of the compost pile during 150 days of composting in comparison with the air ambient temperature. (. . .) Air temperature and (—) Compost pile
temperature.

Fig. 2. Phosphate solubilisation in TCP solid medium (a); AAI production test (b); and siderphores production test (c) in GTE53.
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3.2.3. Inhibitory activity against pathogens
The isolate GTE53 inhibited the growth of E. coli CCMM B4,

Streptococcus sp. CCMM B24, and Salmonella sp. CCMM B7 by
showing higher inhibition zones having 20.50 ± 0.21 mm, 18.30 ±
0.23 mm and 15.10 ± 0.31 mm in diameter, respectively (Fig. 5a–
c). In addition, the antifungal effect of GTE53 was studied. Thus,
the bacterium showed a strong antagonistic potential by inhibiting
43.75% of the mycelial growth of Foa A27 (Fig. 5d).
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3.2.4. Phenotypic and molecular characterization of strains using 16S
rRNA

Based on a PCR analysis of the 16 S RNA gene followed by
sequencing (99.66% similarity), the isolate GTE53 was identified
as Alcalegenes aquatilis. Additional confirmation of the genus Alcali-
genes was obtained by submitting the FASTA sequence to GenBank
with the access number of MN515060. After that, the BLASTN anal-
ysis showed the similarity of the 16S rRNA sequence with various



Fig. 3. Change in soluble P (a) and pH (b) by isolated GTE53 in liquid broth media supplemented with PS and with PR during 6 days of incubation.

Fig. 4. Profile of bacterial cell of strain GTE53 growth with DO = 600 nm and phenol
removal at various initial concentrations of phenol: 200, 400, 800, 1100 and
1400 mg�L�1.
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sequences of Alcaligenes species and based on the phylogenetic tree
(Fig. 6), it was evident that the isolated organism GTE53 is more
closely linked to Alcaligenes aquatilis. The results of the phenotypic
analysis indicate that the isolate GTE53 was a gram-negative and
Fig. 5. The antimicrobial effect of isolated GTE53 against Escherichia coli B4 (a
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short rod. Furthermore, strain GTE53 can tolerate stressful
conditions similar to those found in the composting pile; it can
grow well in extreme temperatures up to 60 �C, within a pH range
of 3–10, at high salinity 8% of NaCl, and water stress (25% PEG
6000).

4. Discussion

The raw materials used in the composting mixture have differ-
ent chemical compositions (Table 1). These materials contain a
large amount of OM in O2MP, O2MW2 and VW as well as minerals
incorporated in the PS. This has ensured the supply of vital nutri-
ents for microbial development, such as phosphorus, carbon and
nitrogen (Vishan et al., 2014). During the composting process, the
microbes broke down carbon-rich compounds such as carbohy-
drates and polyphenols into simpler metabolites used as an energy
source (Amir et al., 2010; Cesaro et al., 2019). Due to intensive
microbial activity, a high OM decomposition rate was associated
with an increase in compost pile temperature (Amir et al., 2005).
At the same time, organic carbon was transformed into more com-
plexed compounds (humic substances) and a part was lost as CO2,
as was the mineralisation of organic nitrogen into ammonium ions
(NH4

+) and nitrate (NO3
�) (Zhou et al., 2018; Cesaro et al., 2019).

Consequently, the values of C/N ratio of about 10, pH of 8.56 and
EC of 1.61 mS�cm�1 after 150 days of the process indicated well-
composted materials according to many authors (Alburquerque
et al., 2009; Gigliotti et al., 2012; Vázquez et al., 2015).
), Streptococcus sp. B24 (b), Salmonella sp. CCMM B7 (c); and Foa A27 (d).



Fig. 6. Phylogenetic tree based on 16S rRNA gene sequences by Neighbor Joining method (using MEGA 7.0), showing the relationship between strain GTE53 and other
members of the Alcaligenes sp. The Genbank nucleotide accession numbers are listed next to the strain names. The scale bars represent 0.005 substitution/site.
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Otherwise, living microorganisms during co-composting of PS,
VW, and O2MW meet their P requirements by converting the
organic P and Ca-P into a bioavailable form (Olsen P), which dou-
bled between the initial and final stages of composting. Several
mechanisms involved in the P biotransformation, including the
mechanism of acidification by organic acids, chelation with organic
ligands (e.g. siderophores), redox reactions, phosphatase synthesis,
and the production of extracellular polymers (Sharma et al., 2013;
Bargaz et al., 2018; Yu et al., 2019). The results indicate that the
solubilisation of Ca-P and the mineralisation of organic P was
accompanied by secondary reactions in which the soluble P was
complexed by Fe and Al ions (Jakubus, 2016). In fact, P-
solubilizing microorganisms play a crucial role in advancing the
solubilisation response throughout the composting process, ren-
dering the final product rich in available P (Adnan et al., 2017).

The strain GTE53 was selected as a specific bacterium that led
to the closure of nutrients cycles during composting. Indeed, the
phenotypic characteristics of GTE53 were consistent with the phe-
notypic features of the genus Alcaligenes (Durán et al., 2019b). A.
aquatilis GTE53 had the capacity to dissolve the inorganic phos-
phate contained in PS by reducing the pH of the cell’s environment
owing to its acidification mechanisms (Li et al., 2019). Organic
acids released by phosphate-solubilising bacteria have been
reported as the key mechanism used to solubilize Ca-P by replace-
ment between H+ and Ca2+ cations (Alori et al., 2017). After that,
the P released during composting can be fixed to free ions Fe2+.
In this context, A. aquatilis GTE53 can play a vital role in the P cycle
by controlling the binding of P to the surface of iron ions via the
production of iron-specific chelators, so-called siderophores
(Hamdali et al., 2008; Castellano Hinojosa and Bedmar, 2017). In
addition, by relating the increase in N during composting to the
contribution of microbes, it was possible to define the role of A.
aquatilis GTE53 in this increase by the fixation of atmospheric
nitrogen; hence, mitigating nitrogen loss occurred especially in
the thermophilic phase. Furthermore, it was observed that the iso-
lated strain could release IAA in the presence of L-tryptophan; this
phytohormone was involved in many reactions during the vegeta-
tive growth and development (Bargaz et al., 2018).

In addition, GTE53 showed potent inhibitory effect towards
three Gram-positive and Gram-negative bacteria, which are the
most abundant pathogens in organic wastes compost according
to several authors (Krzyściak et al., 2013; Jones et al., 2014; Atif
et al., 2020; Ramos et al., 2019). This effect could be associated
with the production of bioactive substances by the genus Alcalige-
nes that have antimicrobial activity against antibiotic-resistant
bacteria (Zahir et al., 2013, 2014; Paul and Sinha, 2017). In addition
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to their role in fostering plant growth, siderophores produced by
the bacterial isolate GTE53 may be involved in the antagonistic
activity by depriving the iron of other bacterial competitors.
Indeed, Iron is crucial for all living organisms and as observed in
this study its concentration during the co-composting of PS, VW,
and O2MW was reduced due to the formation of Fe-P complexes
(Alori et al., 2017). This insufficiency of iron in the compost med-
ium provokes the bacterium to confiscate iron from pathogens,
thereby limiting their development (Syed-Ab-Rahman et al.,
2018). For antifungal activity, this beneficial strain has been shown
to be effective in limiting the development of Foa A27, which is
reported as the most harmful fungal disease (Bayoud) of date palm
in Morocco and Algeria (Dihazi et al., 2012; Alwahshi et al., 2019).

The tolerance of A. aquatilis GTE53 to high temperatures, high
salt, pH, and water deficit, indicates its ability to create rapid phys-
iological responses to changes in environmental stresses. In fact,
thermophilic bacteria, owing to specific genes can stabilize the
enzyme activities or protein structures in their native configura-
tions against high temperatures (Koga, 2012; Wang et al., 2015).
Moreover, the bacterium A. aquatilis GTE53 is capable of acidifying
or alkalizing the pH of the cytoplasm in order to make the cell
function and the structure compatible with the pH of the environ-
ment and therefore promote bacterial growth (Liu et al., 2015).
Generally, homeostasis in bacteria occurs through two main mech-
anisms. In a very acidic environment the bacteria tend to maintain
a low intracellular proton concentration, while in a strongly alka-
line environment, alkaline compounds are produced to neutralize
the acid generated during extracellular metabolism (Padan et al.,
2005; Xu et al., 2020). This is consistent with the pH results
recorded during phosphate solubilization by A. aquatilis GTE53
(Fig. 3b)

The tolerance to acidic pH and also to high salinity, allowing for
A. aquatilis GTE53 to be a valuable bioremediation agent for the
treatment of acidic and/or saline effluents from agro-food indus-
tries such those from olive oil mills (Tallou et al., 2020b). Therefore,
A. aquatilis GTE53 has shown a great potential to degrade phenol
efficiently, which is highly toxic chemical widely found in indus-
trial wastewaters (Li et al., 2019). During the experiment, A. aqua-
tilis GTE53 decomposed phenol into simpler compounds H2O and
CO2 by cleavage of the aromatic ring of phenol to use it as a source
of carbon and energy. Furthermore, compared to the results found
by Liu et al. (2016), isolate GTE53 appeared to be more effective
than Acinetobacter calcoaceticus PA, which removed 99.5% of the
phenol in a solution of 800 mg�L�1 within 48 h instead of 91.6%
by Acinetobacter calcoaceticus PA. As well as, Acinetobacter cal-
coaceticus PA was less tolerant than A. aquatilis GTE53 by phenol
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concentrations greater than 1100 mg�L�1. This reveals that A. aqua-
tilis GTE53 is capable of functioning in severe environments and
highly concentrated of organic impurities such as phenol.

5. Conclusion

To gain a better and deeper understanding of the compost sys-
tem, it is advantageous to target beneficial microbes and identify
their specific functions. Accordingly, the isolated strain A. aquatilis
GTE53 has been shown to play a pivotal role in bioremediation by
degrading phenol and by tolerating abiotic stressors also can exhi-
bits plant growth-promoting attributes. In addition, its inhibitory
action against many pathogenic bacteria and fungi leads us to
think about performing more investigations to find out the bioac-
tive substances involved. The findings of this study will be of sub-
stantial value for further use of A. aquatilis GTE53 to activate the
co-composting of phosphate source materials with organic resi-
dues come from industrial plants.
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