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Phosphate-solubilizing bacteria (PSB) have been reported to increase phosphate (P)
content and plant growth. Their application in agricultural systems is an eco-friendly
alternative strategy for limiting negative environmental impact of chemical fertilizers and
increasing costs. Therefore, the aim of this study was to isolate and characterize new
putative PSB to use as inoculum to enhance plant growth and increase P bioavailability in
soil. Sixteen bacteria were isolated fromMoroccan oat rhizosphere and were screened for
their putative P-solubilization by semi-quantitative agar spot method. The two strains
MS1B15 and MS1B13, identified as Streptomyces roseocinereus and Streptomyces
natalensis, respectively, showed the maximum phosphate solubilization index (PSI = 1.75
and PSI = 1.63). After quantitative assay to determine phosphate solubilization activity, S.
roseocinereus MS1B15 was selected for evaluating its putative plant growth promotion
activities including production of siderophores, indole-3-acetic acid (IAA) and amino-
cyclopropane-1-carboxylate (ACC) deaminase, nitrogen fixation and antimicrobial activity
against soil-borne plant pathogens. Under greenhouse condition, barley plants inoculated
with S. roseocinereus MS1B15 significantly increased shoot and ear length as well as
available phosphorus in ears and leaves and P and N contents in the soil. Overall results
showed that the selected strain S. roseocinereus MS1B15 could represent a potential
candidate as biofertilizer to increase plant growth as well as P uptake.

Keywords: phosphate solubilizing bacteria, biofertilizer, phosphate content, nitrogen content, plant growth-
promoting rhizobacteria, plant growth
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INTRODUCTION

Phosphorus (P) is one of the major nutrients required by plants,
indispensable in many physiological and biochemical processes.
Phosphorus deficiency is a common phenomenon in worldwide
agricultural soils; thus, most of the farmers regularly use
chemical P fertilizers which get incorporated into the soil to
avoid P limiting conditions in cropping systems. The applied P
usually precipitates after the application by the formation of non-
bioavailable complexes, whether in acid or alkaline soils (Urrutia
et al., 2014). This mechanism generally causes a slow release of P,
generating great challenges for remediation of these soils, with
high accumulation of P not available to crops (Roy, 2017).
Therefore, the use of phosphate solubilizing bacteria (PSB) as
microbial inoculants in soils is an attractive, eco-compatible, and
low-cost alternative strategy to exploit soil native P, limiting the
application of chemical fertilizers with both environmental and
economic benefits (Zaidi et al., 2009b).

Beneficial free-living bacteria, such as PSB, are usually
referred to as plant growth-promoting rhizobacteria (PGPR)
that can directly affect plant growth favoring the absorption of
nutrients, such as nitrogen (N) and P, by plants (Ventorino et al.,
2007; Reddy, 2013; Ahemad and Kibret, 2014). Moreover,
synthesis of some phytohormones, as indol-3-acetic-acid
(IAA), production of siderophores, and the ability to reduce
endogenous levels of ethylene produced by plant through the
enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase,
are other attributes related to plant growth promotion (Kloepper
et al., 1980; Shahab et al., 2009; Glick, 2014). PGPR can affect
crop growth also indirectly by preventing and reducing the effect
of soil-borne plant pathogens through production of
antimicrobial compounds and extracellular enzymes (Latha
et al., 2009). Indeed, these beneficial microorganisms could
also ameliorate plant growth and crop production in response
to abiotic stress in hostile environments (Viscardi et al., 2016;
Van Oosten et al., 2018).

Among known beneficial soil microbes, Actinobacteria is one
of the dominant prokaryotic taxa living in the soil. These
microorganisms belong to an extensive and diverse group of
Gram-positive, aerobic, and filamentous prokaryotes. The most
commonly described genus belonging to this taxon is
Streptomyces which attracted special interest for plant growth-
promoting (PGP) activities (Jog et al., 2012; Jog et al., 2014) and
for its beneficial effects on several crop plants (Gopalakrishnan
et al., 2014). In fact, some Streptomyces species have been
reported as PGPR in some few crops such as tomato (El-
Tarabily, 2008), wheat (Sadeghi et al., 2012), and chili (Passari
et al., 2015). In addition, Streptomyces species are also well
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known as antifungal biocontrol agents due to their ability
to inhibit the growth of several plant pathogenic fungi by
producing hydrolytic enzymes (Dhanasekaran et al., 2008).
Their biological control activity has been demonstrated against
different soil-borne plant pathogens, such as Fusarium spp.,
Phytophthora spp., Botrytis cinerea, and Verticillium dahlia
(Joo, 2005; de Vasconcellos and Cardoso, 2009; Sabaratnam
and Traquair, 2015). Indeed, due to its different abilities,
Streptomyces appears to be of great importance among the
microbial flora in the rhizosphere.

Under this scenario, we hypothesized that the isolation of new
efficient PSB with multiple PGP activities could be used as
biofertilizer with great potential benefits on plants especially in
poor and stressed soils. Indeed, new microbial isolates could
represent potential candidates for the development strategies to
gain new insight into a relevant topic as sustainable use of P and
increase crop yield. Taking this into account this work aimed to
isolate, select, and characterize new putative PSB with multiple
PGP traits and antimicrobial activity. The selected strain was also
used as bio-inoculant in a pot greenhouse experiment to evaluate
its potential beneficial effect on the growth of a high-value
vegetable crop such as barley, as well as its ability to increase
P content in the crop and in the soil compared to un-
inoculated pots.
MATERIALS AND METHODS

Sample Collection and Bacterial Isolation
Rhizosphere samples were collected from two different sites in
the northwest of Morocco (33°32′ 00″N, 7°35′00″W) in
November 2018. In each field, five different oat plants were
randomly selected for sampling, collected and stored at 4°C
before analysis (Romano et al., 2020). The main physical and
chemical properties of the rhizosphere samples are summarized
in Table 1. For bacterial isolation, 10 g of the samples was shaken
for 30 min in 90 ml of quarter strength Ringer’s solution (Oxoid,
Milan, Italy) containing tetrasodium pyrophosphate (16% w/v)
as previously described (Ventorino et al., 2014). Dilutions were
performed from each sample followed by streaking in modified
Pikovskaya’s (MPVK) without yeast extract (Nautiyal, 1999) and
containing CaHPO4 as the only inorganic phosphate source.
After incubation for 7 days at 30°C, colonies distinguished based
on phenotypic features such as morphology and biochemical
characteristics (Gram reaction and catalase activity) were picked
from plates and purified by repetitive streaking on plate count
agar (PCA, Oxoid). The isolates obtained were stored at 4°C as
slant cultures for further analysis.
TABLE 1 | Main properties of oat rhizosphere soils used in this study.

Soil Texture pH Total
carbon
(g/kg)

Organic
matter
(g/kg)

Available phosphorus
(mg/kg)

Total nitrogen
(g/kg)

Nitrate
(g/kg)

Ammonium
(g/kg)

1 Sandy Clay Loam 7.40 ± 0.02 9.00 ± 2.26 15.50 ± 2.18 68.54 ± 3.09 0.98 ± 0.03 0.10 ± 0.00 2.62 ± 0.05
2 Sandy Clay Loam 7.10 ± 0.05 7.90 ± 1.28 13.10 ± 2.00 40.71 ± 3.10 0.87 ± 0.04 0.18 ± 0.00 1.95 ± 0.06
August 202
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Screening of Efficient Phosphate
Solubilizing Bacteria
The screening procedure comprised two-fold steps. For the first
screening, sixteen isolates representative of different bacterial
groups with similar morphological and biochemical
characteristics were selected and tested in vitro for P-
solubilizing activity on MPVK agar by semi-quantitative spot
method. Inoculated plates were incubated at 30°C for 14 days,
and the phosphate solubilization index (PSI) was calculated
according to Gupta et al. (2012) using the formula reported by
Qureshi et al. (2012). The second step was the quantitative
estimation of solubilized P on MPVK liquid medium. During
15 days of incubation at 30°C in agitation (150 rpm), 1 ml of the
culture was sampled every 72 h, centrifuged at 18,620× g for
5 min, and the supernatant was collected to measure the pH of
the medium as well as to estimate the released soluble P by the
molybdenum blue assay (Murphy and Riley, 1962). The
concentration of P solubilized was quantified by spectroscopic
absorbance measurements at 430 mµ according to the standard
curve. Un-inoculated samples were used as the negative control.
All experiments were performed in triplicate.

Molecular Identification of Isolates by 16
rRNA Gene Sequencing
The selected bacterial strains were identified by the sequencing of
the 16S rRNA gene. Total genomic DNA was extracted by boiling
for 10min and thenwas amplifiedby the polymerase chain reaction
(PCR).ThePCRmixture and conditionswere performedaccording
toAlfonzo et al. (2012) using the universal bacterial primers FD1(5′
AGAGTTTGATCCTGGCTCAG3 ′ ) a n d RD1 ( 5 ′ -
AAGGAGGTGATCCAGCC-3′). PCR products were purified
using the QIAquick PCR Purification Kit (Quiagen, Milan, Italy)
according to themanufacturer’s instructions andwere sequencedas
reported by Ventorino et al. (2017). The DNA sequences were
compared to theGenBank nucleotide data library using the BLAST
software at the National Centre of Biotechnology Information
website (http://www.ncbi.nlm.nih.gov/Blast.cgi) to define their
closest phylogenetic relatives. The 16S rRNA gene sequences
obtained from bacterial strains were deposited in the GenBank
nucleotide database under the accession number MT294018
and MT294019.

In Vitro Plant Growth Promotion and
Antimicrobial Activities
The selected bacterial strain MS1B15 was further screened for
other plant growth promotion traits including production of
siderophores, IAA, ACC deaminase activity, and N2-fixation
ability. Siderophore production was carried out by quantitative
assay as described by Arora and Verma (2017) using CAS
reagent (Schwyn and Neilands, 1987) and was expressed as
percent siderophore unit (psu) using the formula described by
Payne (1993).

IAA was estimated using the Salkowski colorimetric assay as
described by Gopalakrishnan et al. (2014) by spectroscopic
absorbance measurements at 530 nm according to the
standard curve.
Frontiers in Plant Science | www.frontiersin.org 3
The selected strain MS1B15 was screened for ACC deaminase
activity based on its ability to grow on DF salt medium agar
plates (Dworkin and Foster, 1958) containing 3 mM ACC
(Sigma-Aldrich, Milan, Italy) as a sole nitrogen source
according to Govindasamy et al. (2009). Plates containing DF
minimal medium without ACC were used as the negative
control; while DF minimal medium with (NH4)2SO4 (2.0 g/L)
as a nitrogen source was used as positive control.

The selected strain was also tested for nitrogen fixation by
PCR amplification of nifH gene, encoding the nitrogenase
reductase enzyme. Synthetic oligo-nucleotide primers nifH-F,
(5′-AAAGGYGGWATCGGYAARTCCACCAC-3′) and nifH-R,
(5′-TTGTTSGCSGCRTACATSGCCATCAT-3′) (Rösch et al.,
2002) were used to amplify the nifH gene as previously
reported (Fiorentino et al., 2016).

The antimicrobial antagonism test was evaluated using the
dual culture method as described by Hammami et al. (2013)
against eight pathogenic eukaryotic strains belonging to the
microbial collection of the Division of Biology and Protection
of Agricultural and Forest Systems (Department of Agricultural
Sciences, University of Naples Federico II): Botrytis cinerea B11,
Botrytis cinerea B12, Fusarium oxysporum F3, Fusarium
oxysporum F5, Aspergillus niger A31, Phytophthora infestans
ph1, Phytophthora cactorum ph3, and Phytophthora cryptogea
ph4. After incubation for 7 or 21 days at 28°C, the antimicrobial
activity of the bacterial strain was highlighted by the presence of
a halo around the colony without fungal growth.

Assessment of Plant Growth Promotion
Activities in Pot Greenhouse Experiment
Inoculum Preparation
A colony of the selected isolate was pre-inoculated in 10 ml of
starch casein (SC) liquid medium (Pepe et al., 2013) and
incubated for 5 days at 30°C. Culture was used to inoculate
250 ml of SC medium in 500 ml Erlenmeyer flask incubated at
30°C in a rotary shaker (150 rmp) for 5 days. After incubation,
cells were harvested by centrifugation at 4732× g for 15 min. The
recovered pellet was suspended in a peptone (5%) and sucrose
(5%) solution at the ratio 1:5 (w:v) as described by Van Oosten
et al. (2018) and freeze-dried. The final concentration of freeze-
dried cells was 5.8 × 109 CFU/g as assessed by viable counting on
SC agar plates.

Greenhouse Experiment
Greenhouse assay was conducted from December 27th 2018 to
May 9th 2019 in an unheated polyethylene greenhouse located at
the University of Naples Federico II, Portici (NA), southern Italy
(40°49′N, 14°15′E; 72 m a.s.l.).

The soil used in this experiment was a sandy clay soil (47% sand,
46% clay, 7% silt) collected from the northwest of Morocco (33°32′
00″N, 7°35′00″W) with a pH of 7.36, electrical conductivity of 0.6
ds/m, organic matter of 2.32%, total N at 0.13 g/kg, carbonates at
1.35 g/kg, NO3-N at 39.39mg/kg, NH4-N at 4.48mg/kg, P at 119.91
mg/kg, and exchangeable K2O at 307.34 mg/kg.

The experimental unit was a pot, with a diameter of 15 cm,
filled with 1.5 kg of unsterile soil that was thoroughly mixed, and
August 2020 | Volume 11 | Article 1137
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dried in sunlight prior the start of the trial. Barley (Hordeum
vulgare L.) seeds were sterilized with 25% (v/v) ammonia for
10 min and subsequently rinsed with sterile distilled water,
followed by 10 min in 90% (v/v) ethanol, and finally they were
washed six times with sterile distilled water. Four sterilized barley
seeds per each experimental unit were sown directly at a depth of
2 cm. The experimental design was completely randomized with
three replicates of the following treatments: un-inoculated seeds
(BNOI); seeds inoculated with selected strain MS1B15 (BM).
Inoculation with the strain MS1B15 was performed first as a
seed-coating treatment using a 1 × 107 CFU/ml cell suspension
to uniformly cover the seed surface and two months after
planting by fertigation with 3.33 g/pot of freeze-dried bacterial
cells suspended in 100 ml of sterile distilled water.

Data Collection and Analysis of Plant Parameters
At the end of the experiment (134 days after sowing), all plants
were harvested and separated into shoots and roots. Barley
shoots were further separated into leaves, culms, and ears.
Shoots’ and ears’ height was measured; all plant tissues were
weighed to obtain the fresh weight and were dried in a forced-air
oven at 80°C for 72 h for dry biomass determination. A sub-
sample of the dried plants’ tissues was collected to determine the
available phosphorus using the Olsen method (Morari et al.,
2008), and total nitrogen was assessed after mineralization with
sulfuric acid (96%) in the presence of potassium sulfate and a low
concentration of copper by the Kjeldahl method (Bremner,
1965). After harvest a new soil characterization was performed
to evaluate the effect of the inoculum on P and total N content.

Microbial Quantification and PCR-DGGE
At harvest, rhizosphere samples were collected from each
treatment pot. Samples were suspended in quarter strength
Ringer’s solution as reported above, and suitable dilutions were
used to inoculate different solid media. Heterotrophic aerobic
bacteria were enumerated on PCA plates and incubated for 2
days at 28°C. The enumeration of actinomycetes was performed
using SC agar after incubation for 7 days at 30°C.

Total genomic DNA extraction from soil sample was performed
using a Fast DNA SPIN Kit for Soil (MP Biomedicals, Illkirch,
France) according to the supplier’s recommendations.

DGGE analysis was performed by using the oligonucleodide
primes V3f (5′-CCTACGGGAGGCAGCAG-3′) and V3r (5′-
ATTACCGCGGCTGCTGG-3′) (Muyzer et al., 1993) for
prokaryotic analysis and the primers NL1 (5′-GCATATCAATAA
GCGGAGGAAAAG-3′; Kurtzman and Robnett, 1998) and LS2
(5′-ATTCCCAAACAACTCGACTC-3′; Cocolin et al., 2000) to
analyze the eukaryotic population. The PCR mixture and
conditions for both amplifications were performed according to
Ventorino et al. (2016). DGGE analyses were performed in a
polyacrylamide gel using a Bio-Rad DCode Universal Mutation
System (Bio-Rad Laboratories, Milan, Italy) as previously described
by Ventorino et al. (2018).

Statistical Analyses
The data were statistically analyzed by one-way ANOVA
followed by Tukey’s HSD post hoc for pairwise comparison of
Frontiers in Plant Science | www.frontiersin.org 4
means (at P < 0.05) using the SPSS 21.0 software package. DGGE
bands were automatically detected by Phoretix 1 advanced
version 3.01 software (Phoretix International Limited,
Newcastle upon Tyne, England), then a cluster analysis was
executed as described by Ventorino et al. (2013). The method
described by Saitou and Nei (1987) was performed to obtain the
correlation matrix of DGGE patterns. To highlight the
percentage of similarity (S) of the microbial community due to
treatments applied, the analysis of the resulting matrix was
applied using the average linkage method in the cluster
procedure of Systat 5.2.1.
RESULTS

Screening of Phosphate
Solubilizing Bacteria
A total of sixteen isolates were evaluated for in vitro P
solubilizing activity using MPVK agar containing CaHPO4 as
the sole P source. Out of 16 isolates, five strains (31.3%) were able
to solubilize the P showing a clear halo around the colony with a
PSI value ranging from 1.17 to 1.75. The highest PSI was
exhibited by the isolates MS1B15 (PSI = 1.75) followed by
MS1B13 (PSI =1.63).

On the basis of this preliminary screening, the isolates
MS1B15 and MS1B13 were selected for further investigations
and identified by 16S rRNA gene sequencing. Using the BLAST
software, the nearly full-length gene sequence of the bacterial
strains MS1B15 and MS1B13 showed 98.69% identity to
Streptomyces roseocinereus and 99.59% identity to Streptomyces
natalensis, respectively.

Quantitative assay in liquid medium confirmed that S.
roseocinereus MS1B15 and S. natalensis MS1B13 had high P-
solubilizing efficiency. The soluble P concentration was slow
during the first three days, after that it gradually increased
reaching a value of 245.6 ± 11.8 mg/L and 207.9 ± 3.3 mg/L for
MS1B15 and MS1B13, respectively (Figure 1). Maximum P
solubilization was observed by S. roseocinereus MS1B15 which is
consistent with the highest PSI. It has been also found that the
soluble-P concentration increased as the pH decreased in liquid
medium from an initial pH of 7.00 to 5.55 ± 0.11 and 6.13 ± 0.06 by
MS1B15 and MS1B13, respectively. Neither soluble P (Figure 1)
nor a decrease in pH (7.00) was detected in the control treatment.

Characterization of Plant Growth
Promotion and Antimicrobial Activities
On the basis of the results obtained by quantitative assay in liquid
medium, the strain S. roseocinereus MS1B15 was selected for
further characterization as other plant growth promotion
activities and antimicrobial ability.

Quantitative analysis revealed that the strain S. roseocinereus
MS1B15 was able to produce siderophores up to 14.09 ± 1.10 psu
as well as to synthesize IAA in liquid medium with and without
tryptophan (1.43 ± 0.02 and 6.34 ± 0.33 mg/L, respectively). The
strain S. roseocinereus MS1B15 was also found positive to the
ACC deaminase test, by growing on DF agar medium amended
August 2020 | Volume 11 | Article 1137
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with ACC as the sole nitrogen source; whereas it resulted
negative to nifH gene amplifications indicating that it was
unable to fix nitrogen.

Interestingly, S. roseocinereus MS1B15 exerted antimicrobial
activity against several tested soil-borne pathogens as Fusarium
oxysporum F3, Botrytis cinerea B12, Phytophthora cactorum ph3,
and Phytophthora cryptogea ph4.

Assessment of Barley Growth Promotion
and Soil Properties in Greenhouse
Experiment
The ability of the S. roseocinereus strain MS1B15 to enhance
barley growth and P availability was also evaluated in a
greenhouse experiment. The results showed a significant
increase in most of the variables measured in this study when
the seeds were inoculated with the S. roseocinereus as compared
to the un-inoculated plants.

Plants inoculated with S. roseocinereus MS1B15 showed the
highest shoot length (62.13 ± 0.59 cm/plant), followed by un-
inoculated control (51.75 ± 2.20 cm/plant) (Table 2). Similarly, a
significant increase in ear length was recorded in the plants
inoculated with S. roseocinereus MS1B15 (6.46 ± 0.20 cm/plant)
as compared to the control (5.85 ± 0.13 cm/plant) (Table 2).

Furthermore, S. roseocinereus MS1B15 inoculation showed a
significant increase in the number of ears (33.00 ± 0.58) compared
to the control (25.50 ± 0.29;Table 2).Whereas, a significant decrease
was observed in the number of culms and leaves (34.00 ± 0.58 and
149.00 ± 0.58, respectively) with respect to the un-inoculated pots
(37.17 ± 0.10 and 161.00 ± 1.73, respectively; Table 2).

Furthermore, no significant variations in shoot and ear fresh
as well as in dry weight were recorded between the plants
Frontiers in Plant Science | www.frontiersin.org 5
inoculated with S. roseocinereus MS1B15 and those un-
inoculated (Table 2).

Interestingly, the P content in ears and leaves of barley plants
significantly increased with the inoculation of the strain S.
roseocinereus MS1B15 (1,811.25 ± 71.16 and 4,071.50 ± 29.39
mg/kg, respectively) as compared to the control (1,553.97 ± 91.97
and 3,638.40 ± 86.60 mg/kg, respectively; Table 2).
TABLE 2 | Effect of inoculum on different growth parameters and phosphorus
(P) content of barley plants.

Plant growth
parameters

Treatment Significance

S. roseocinereus
MS1B15

Control

Shoot length
(cm/plant)

62.13 ± 0.59a 51.75 ± 2.20b **

Ear length (cm/plant) 6.46 ± 0.20a 5.85 ± 0.13b **
Culms’ number/pot 34.00 ± 0.58b 37.17 ± 0.10a **
Ears’ number/pot 33.00 ± 0.58a 25.50 ± 0.29b **
Leaves’ number/pot 149.00 ± 0.58b 161.00 ± 1.73a **
Shoot fresh weight
(g/pot)

122.29 ± 4.90a 115.05 ± 2.16a n.s.

Ear fresh weight
(g/pot)

40.57 ± 0.47a 38.46 ± 1.11a n.s.

Shoot dry weight
(g/pot)

43.63 ± 1.63a 42.11 ± 0.41a n.s.

Ear dry weight
(g/pot)

14.71 ± 0.12a 13.63 ± 0.44a n.s.

P-culm (mg/kg) 713.20 ± 19.40a 768.65 ± 29.24a n.s.
P-ears (mg/kg) 1,811.25 ± 71.16a 1,553.97 ± 91.97b *
P-leaves (mg/kg) 4,071.50 ± 29.39a 3,638.40 ± 86.60b **
August 2020 | Volume 11
The values are means of 12 plants obtained from three experimental replicates. Within
each variable different letters indicate significant differences between treatments.
Significance: *P < 0.05; **P < 0.01; n.s., not significant.
FIGURE 1 | Phosphate solubilizing activity of MS1B15 and MS1B13 isolates during 15 days of incubation in MPVK liquid medium. Different letters indicate
significant differences (P < 0.05).
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Regarding the results on soil properties, at the end of the
experiment a significant increase of total N in soil was recorded
in the S. roseocinereus MS1B15 treated pots (0.17 ± 0.01 g/kg)
with respect to the control (0.15 ± 0.00 g/kg; Table 3). The
highest available P was also recovered in S. roseocinereus
MS1B15 inoculated pots, although it was not significantly
different from the control (Table 3).

Microbial Quantification
Inoculation with S. roseocinereus MS1B15 significantly affected
the density of the prokaryotic populations (P < 0.05). The total
actinomycete concentration in the rhizosphere was influenced by
the S. roseocinereus inoculation, in which the highest
significantly actinobacterial concentration was detected (6.03 ±
0.01 log CFU/g of soil; P < 0.05); while the un-inoculated control
showed a concentration of approximately 0.5 order of magnitude
lower (5.52 ± 0.04 log CFU/g of soil). Similarly, S. roseocinereus
MS1B15 treatment led to a significant increase of aerobic
heterotrophic bacteria up to 7.29 ± 0.01 log CFU/g of soil
Frontiers in Plant Science | www.frontiersin.org 6
(P < 0.05) with respect to the un-inoculated control (6.76 ±
0.06 log CFU/g of soil, respectively).

Molecular Characterization of Soil Microbes
The DGGE profile of prokaryotes in barley rhizosphere samples
was complex, producing 23–28 bands as shown in Figure 2A.
Inoculation with the PSB strain S. roseocinereus MS1B15
contained the highest bacterial biodiversity (28 bands).
Statistical analysis on the position and intensity of the bands
allowed the classification of the cluster associated to the
inoculum applied to the soil and to the un-inoculated control
with a similarity level equal to 62% (Figure 2A).

Eukaryotic populations showed simpler profiles generating
13–18 bands (Figure 2B). Similar to the prokaryotic results,
statistical analysis of the fungal DGGE profiles determined that S.
roseocinereus MS1B15 treatment and control, grouped with a
similarity level of 65% (Figure 2B).
DISCUSSION

Recent agricultural practices tend to use sustainable technologies,
including the use of microbial bioinoculants as alternative and/or
with complementary functions than the use of chemical fertilizers
(Fiorentino et al., 2018; Visconti et al., 2020). PSB uses are
various, such as sustainable management of agricultural systems
(Zaidi et al., 2009a) and promoting soil fertility (Vahed et al.,
2012), enriching soil P pool and consequently providing it to the
plants. These microbes could also have other interesting plant
growth-promoting activities, such as the synthesis of important
substances including production of phytohormones (indole-3-
acetic acid) and siderophores, enhancing nitrogen fixation, and
exerting antagonism against plant soil-borne pathogens
(Glick, 1995).

The ecological approach developed in this study enabled the
isolation of new PSB with multiple PGP activities. In particular,
out of 16 isolates from the Moroccan oat rhizosphere, two strains
TABLE 3 | Effect of inoculum on soil properties at the end of the experiment.

Soil property Treatment Significance

S. roseocinereus
MS1B15

Control

pH 6.76 ± 0.00 6.71 ± 0.00 n.s.
CE (ms/cm) 0.59 ± 0.00 0.71 ± 0.00 n.s.
NO3-N (g/kg) 11.14 ± 0.86 7.84 ± 1.04 n.s.
NH4-N (g/kg) 35.94 ± 1.72 35.56 ± 2.40 n.s.
Organic matter (g/
kg)

2.99 ± 0.06 2.70 ± 0.13 n.s.

Total carbon (g/kg) 1.74 ± 0.04 1.56 ± 0.08 n.s.
Total N (g/kg) 0.17 ± 0.00a 0.15 ± 0.00b *
Available P (mg/kg) 125.09 ± 2.82a 110.28 ± 4.20a n.s.
Data are means of three replicates ± SD. Different letters indicate significant differences
between treatments. Significance: *P < 0.05; n.s., not significant.
A

B

FIGURE 2 | DGGE profiles and dendrogram showing the degree of similarity (%) of the prokaryotes (A) and eukaryotes (B) in the rhizosphere of barley plants. BM,
pots inoculated with Streptomyces roseocinereus MS1B15; BNOI, un-inoculated pots.
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belonging to the genus Streptomyces showed the best P-
solubilizing activity on the solid assay as well as in the liquid
assay. P-solubilizing microorganisms are active in the conversion
of insoluble P to soluble forms making it accessible to plants
(Rajput et al., 2013). In this study, the maximum concentration
of solubilized P ranged from 207.9 ± 3.3 mg/L to 245.6 ± 11.8
mg/L, and therefore the presence of the Streptomyces strains
MS1B15 and MS1B13 in the rhizosphere could improve plant P
assimilation. Although these values are lower than those reported
by Jog et al. (2014) for Streptomyces sp. isolated from wheat
plants (950–1,916 mg/L), they exceed the level of the other
bacterial genera, including Bacillus and Pseudomonas which
solubilized 128.10 mg/L and 166.53 mg/L, respectively (Habil-
Addas et al., 2017; Tiwari et al., 2018).

During the growth of the two PSB strains S. roseocinereus
MS1B15 and S. natalensis MS1B13, the pH of the medium
decreased as soluble P increased. This result is consistent with
Jog et al. (2014) who reported a strong pH decrease and soluble P
increase during the growth of the two strains S. cellulosae and S.
tricolor. Wei et al. (2018) observed that PSB inoculation affected
pH, total acidity, and the production of several acids during
composting of organic wastes suggesting that the lower pH in the
PSB enriched compost than that in un-inoculated compost might
be attributed to organic acids produced by microbial inoculum
accompanied with the degradation of organic matter.
Furthermore, Marra et al. (2011) established that there was a
significantly negative linear correlation (P < 0.05) between
culture pH and solubilized inorganic P. By observing the
negative correlation between pH and soluble P (r = −0.940;
P < 0.05), it could be inferred that the acidification of the
medium could facilitate phosphate solubilization.

The selected strain S. roseocinereus MS1B15 exhibited other
interesting PGP activities such as siderophore and IAA as well as
ACC deaminase and antimicrobial activities. Siderophore
compounds are potential plant growth promoters and disease
suppressors. Khamna et al. (2009) suggested that Streptomyces
sp. have the ability to produce hydroxymate-type siderophores,
which inhibit the growth of phytopathogens by limiting iron in
the rhizosphere. The strain S. roseocinereus MS1B15 exerted also
antimicrobial activity against plant pathogenic fungi such as
Fusarium, Botrytis, and Phytophthora. These results concur with
other studies which have shown that several Streptomyces strains
play a key role in protecting plants against several soil borne
plant pathogens reporting them as biocontrol agents (Joo, 2005;
Errakhi et al., 2007).

Previous research has documented that the Streptomyces
genus is also able to synthesize IAA which is responsible for
improving plant growth by helping it to uptake a large volume of
nutrients, absorb water, increase seed germination and root
elongation (El-Tarabily, 2008). According to Abd-Alla et al.
(2013) who reported the ability of Streptomyces sp. isolated
from wheat, corn, and faba bean to produce IAA in the range
from 3.55 µg/ml to 22.56 µg/ml, the strain S. roseocinereus
MS1B15 selected in this work exhibited a IAA production of
6.34 ± 0.33 µg/ml. As other bacterial genera living in the
soil including Pseudomonas (Hall et al., 1996), Enterobacter
Frontiers in Plant Science | www.frontiersin.org 7
(Li et al., 2000), and Bacillus (Ghosh et al., 2003) were able to
produce ACC, also the strain S. roseocinereus MS1B15 was able
to grow on DF agar medium amended with ACC as the sole
nitrogen source. This is an interesting ability because ACC
deaminase-producing bacteria have been known to promote
plant growth by decreasing ethylene inhibition of various plant
processes (Husen et al., 2011).

Although some Streptomyces isolates are able to fix
atmospheric nitrogen (Sellstedt and Richau, 2013) having
nitrogen-fixing genes (Dahal et al., 2017), the strain S.
roseocinereus MS1B15 did not show positive amplification of
nifH gene. This could be attributed to a difference in the gene
sequences which did not allow the primers annealing (Gaby and
Buckley, 2012).

Inoculation with bacterial strains which possess multiple PGP
traits could stimulate plant growth as assessed in our experiment
by the effect of S. roseocinereus MS1B15 on barley under
greenhouse conditions. To ensure the success of the inoculum,
a two-stage approach was applied in which the bacterial strain
was firstly inoculated by a seed-coating treatment followed by
fertigation after two months. In this way, the strain S.
roseocinereus MS1B15 will be able to move in the plant
rhizosphere due to a phenomenon known as the “rhizosphere
effect” in which root-derived exudates directly affect
easily degradable substances leading to proliferation of
microorganisms in the rhizosphere (Ventorino et al., 2012;
Gupta et al., 2016). Barley inoculated with S. roseocinereus
MS1B15 showed an increased growth with higher shoot and
ear length as well as ear number with respect to un-inoculated
control. The plant growth promotion in response to inoculation
with Streptomyces sp. has been frequently reported in various
crops, such as tomato, wheat and chili (El-Tarabily, 2008;
Sadeghi et al., 2012; Passari et al., 2015). Interestingly, plants
treated with S. roseocinereus MS1B15 showed a P content in
shoot tissues (ears and leaves) higher than that revealed in the
control plants, highlighting the high potential of the new PSB
strain S. roseocinereus MS1B15 to mobilize P in treated crops.

Furthermore, increasing the availability of soil nutrients is an
urgent priority to meet the increasing global demand for food. In
this study, the P availability and N content in the soil were
increased by inoculation of S. roseocinereus MS1B15. Although,
S. roseocinereus MS1B15 seems to be unable to fix nitrogen, the
increase of N content in the rhizosphere inoculated with this
strain could be due to the positive effect exerted on soil
microflora and to the enhanced root activity of barley plant.
The increase of prokaryotic populations recorded in the
inoculated rhizosphere and assessed by culture-dependent
and culture-independent approaches could involve also native
beneficial microorganisms such as nitrogen-fixing bacteria (Woo
and Pepe, 2018) and phosphate-solubilizing microorganisms.
This effect could be explained by the increase of soil nutrients
in treated soils. Trabelsi et al. (2012) showed that rhizobia
inoculation may increase microbial diversity and structure,
potentially stimulating PGPR and enhancing disease control in
the soil. Similarly, in this study, the cluster analysis indicated an
increase of microbial biodiversity in treated soils resulting in a
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https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Chouyia et al. P-Solubilizing Strain Streptomyces roseocinereus MS1B15
low similarity with control highlighting that the rhizosphere
microbial communities were affected by the inoculum applied.
Moreover, root secretion induced by the PGPRmay stimulate the
proliferation of other bacteria in the rhizosphere soils (de-
Bashan et al., 2010).
CONCLUSION

The ecological approach used in this study allowed us to isolate
and select the new phosphate-solubilizing strain S. roseocinereus
MS1B15. To the best of our knowledge this is the first study
reporting the ability of the S. roseocinereus species to solubilize
phosphate. Moreover, the new selected strain S. roseocinereus
MS1B15 showed multiple plant growth promoting activities and
antimicrobial activity against several soilborne plant pathogens
as well as being able to improve plant growth. The overall results
highlighted that the new PSB S. roseocinereusMS1B15 represents
a potential candidate as a biofertilizer to increase available
nutrients and assimilation efficiency in sustainable agricultural
crop systems. Therefore, crop inoculation with beneficial bacteria
such as S. roseocinereus MS1B15 could be a suitable option for
low-input systems, where environmental constraints and limited
chemical fertilization may affect the potential yield.
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