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ARTICLE INFO ABSTRACT

Keywords: Forty-seven (47) bacterial strains were isolated from soil of Gabes (an arid region in southern
Phosphorus-solubilizing bacteria Tunisia) and were screened for their ability to produce Indole-3-Acetic Acid (IAA) and to solu-
PAE bilize phosphate (P). The characterization and molecular identification of the most successful P-
iﬂfﬁn solubilizing bacteria (PSB) were then carried out. When grown on suitable artificial media, the
Barley most salt-tolerant strains also showed the highest P solubilization capacity (up to 126.8 pg ml~ of

released phosphorus after 7 day incubation) and the strongest ability to produce IAA (up to
101.86 pg ml ! after 3 day incubation). Overall, bacterial isolates displayed a different tolerance
to varying pH, temperatures, and salinity. The molecular identification revealed that 11 strains
belonged to three genera: Bacillus, Pseudomonas and Mesorhizobium. Inoculation of barley with P-
solubilizing bacteria under tricalcium phosphate-induced P shortage significantly improved plant
growth (biomass, shoot height, and root length) together with increasing total chlorophyll con-
tents and photosynthetic activity. This was concomitant with (i) higher P uptake and trans-
location and (ii) increased phosphorus absorption and utilization efficiencies (PAE and PUE),
which is indicative of a better plant P nutrition under P scarcity. Taken together, we provide
strong arguments showing that bacteria native to extreme environments display PSB potential
making them promising candidates to mitigate low Pi availability for crop plants.
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1. Introduction

Phosphorus (P) represents about 0.2 % of plant dry weight and it is highly required for growth and development. Given its crucial
significance for several metabolic activities such as DNA synthesis, cell division (growth and development), photosynthesis, and
nutrient transport [1], P scarcity severely restricts crop yield [2]. Despite total P amount in soils is frequently high (between 400 and
1200 mg kg~ ! soil), its bioavailability to plants is less than 1 % [3] because P is mainly found as organic form which represents between
20 % and 80 % of soil P pool [4]. Major compounds of organic P include inositol phosphates, nucleic acids and phospholipids [5].
Actually, low Pi bioavailability is a global issue that limits crop production in more than 60 % of the world’s arable land [6]. The free
inorganic P (Pi) available for plants absorption is limited because of its low mobility and strong adsorption in soils [7]. It is also known
that P immobilization in P-insoluble complexes is a phenomenon that strongly depends on soil pH. P deficiency is more critical in
highly withered soils of tropics and subtropics, as well as in calcareous/alkaline soils of the Mediterranean basin [8].

In order to enable crops to better cope with P deficiency, affordable and sustainable biological alternatives are needed to accelerate
P transformation into bioavailable forms through multiple chemical reactions and biological interactions [3]. This includes using
useful microorganisms like plant-growth-promoting rhizobacteria (PGPR) which are eco-friendly and highly efficient to increase
agricultural productivity to face the environmental challenges posed by climate change and the concomitant land degradation [9-12].
PGPR application has proven to be an efficient strategy for facilitating plant nutrient uptake, conferring tolerance to abiotic stress,
suppressing disease, and thus promoting plant growth [13]. Some PGPR strains such as phosphobacteria, are able to solubilize or
mineralize soil unavailable P [14]. Bacteria with PGP traits also increase availability of essential nutrients, such as the macro-elements
N, P and K and the microelement iron. Under nutrient shortage conditions, inoculation of plants with certain PGPR strains enhances the
uptake of important nutrients and stimulates plant growth. With regard to phosphorus, P-solubilizing bacteria (PSB) are of major
interest since they are capable of mineralizing insoluble P, which leads to an enhancement of P uptake by plants. The mechanisms of
microbial P solubilization rely principally of the release of protons and organic acids that acidify the soil and also the mineralization of
organic P through enzymes such as phytases and phosphatases [15]. PSB belong to different bacterial groups including, Pseudomonas,
Bacillus, Burkholderia, Agrobacterium, Rhizobium, Bradyrhizobium are well-known and characterized bacteria that enhance P availability
in soil [10,16,17].

Regardless of their lifestyle, bacteria with plant growth promoting (PGP) traits are known to exert their effects on plants through
several mechanisms, both direct and indirect [18,19]. The most important direct actions are: (i) providing plants with nutrients
through nitrogen fixation, phosphate and potassium solubilization, sequestration of iron via siderophores and (ii) synthesizing plant
hormones such as indole acetic acid (IAA), cytokinins, gibberellins and others [20]. Among the auxins, indole-3-acetic acid (IAA) is the
most important and well-known plant hormone. Bacteria from many genera have been described as IAA producers, including Bacillus,
Azospirillum, Rhizobium, Azotobacter [21]. Bacterial IAA has significant effects on root growth and architecture thereby improving plant
growth [22]. Additionally, some PGPB produce other phytohormones such as the cytokinins and gibberellins although some of the
mechanisms are incompletely understood [22]. In fact, these microbes influence plant growth via numerous indirect mechanisms as
well as directly.

There is a need to isolate P-solubilizing bacteria from the rhizosphere of several plants to have diverse applications in crop fields to
maintain pH and to enhance phosphorus availability. The aims of this study were to (i) isolate phosphate-solubilizing bacteria from an
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Fig. 1. Geographical localization (GPS coordinates) of the four soil sampling sites (stations) located in the region of Gabes. Station 1
(N33°55'41.63", E10° 4'44.89"), Station 2 (N33°56'2.34", E10° 4'47.50"), Station 3 (N33°56'12.05", E10° 4'48.86"), and Station 4 (N33°56'10.58",
E10° 4'45.31").
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arid soil, (ii) perform physiological characterizations and molecular identifications of the most successful phosphorus solubilizing
bacteria (PSB), and (iii) assess the efficacy of microbial inoculation on barley growth compared to the use of tricalcium phosphorus (an
insoluble form of P that is inaccessible to plants thus remains in the groundwater).

2. Materials and methods
2.1. Soil sampling

The soils studied (3 replicates each) were sampled from four different stations in the region of Gabes, southern Tunisia (Fig. 1).
Station 1 is a cultivated soil in the vicinity of the Tunisian chemical group whereas Station 2 is located on abandoned land, and station
3 is in a coastal area with the goal to isolate salinity-tolerant bacteria. Station 4 is located in a farm parcel close to the sea where
Medicago sativa is cultivated. The physicochemical properties of the soil for the four stations are provided in Table 1.

2.2. Isolation of phosphate solubilizing bacteria (PSB)

The selective isolation of bacteria to assess their aptitude to solubilize phosphate is generally performed using a selective culture on
Pikovskaya medium [23], which only allows the growth of bacteria that solubilize phosphate (referred to as phosphate-solubilizing
bacteria, PSB). The isolation of phosphate-solubilizing bacteria from the soils of the four sites considered in this study was carried
out using the serial dilution method, during which 10 g of soil from each sample was mixed with 90 ml of sterile distilled water before
being vigorously stirred to obtain soil suspensions. Then, 1 ml was removed from each suspension and was added to a tube containing
9 ml sterile distilled water to obtain a dilution of 107}, after shaking. For each suspension corresponding to a soil sample, a dilution
series was prepared until the 1077 dilution was obtained. For the PSB isolation, 0.1 ml of the 107>, 107 and 10~ dilutions of each
suspension were spread on Petri dishes containing 20 ml of Pikovskaya’s agar (PVK) medium containing glucose (10 g), Caz(PO4)2 (5
g), (NH4)2S04 (0.5 g), NaCl (0.2 g), KCl1 (0.2 g), MgS04-7H20 (0.1 g), yeast extract (0.5 g), MnSO4 (0.002 g), FeSO4 (0.002 g), agar (15
g), and distilled water (1000 mL). The pH of this medium was previously adjusted to 7 before its sterilization by autoclaving. The plates
were incubated at 28 + 2 °C in the dark for 10 d. From each plate, one colony representing one morphological type and forming a
transparent halo around the bacterial colony (phosphate solubilization zone) was picked and streaked for purity on LB agar plates.

2.3. Evaluation of bacterial isolates PGP activities

2.3.1. Phosphate solubilization

The phosphate solubilization capacity of each bacterial isolate was determined in liquid Pikovskaya medium containing 0.5 %
Cag(PO4),. Erlenmeyer flasks containing 20 ml of the above-mentioned medium were inoculated at an initial concentration of 10° CFU
for each bacterial isolate and incubated at 28 + 2 °C with shaking at 140 rpm for 7 days. After incubation, all bacterial cultures were
centrifuged at 8000 rpm and 4 °C for 10 min. Soluble phosphorus in the supernatant of each isolate was then estimated by the nitro-
vanado molybdate yellow colorimetric method [24]. One mL of supernatant was added to a mixture nitro-vanado molybdate water1
(1:3 vol) and the absorbance of the solution was read at 420 nm. The concentration of solubilized phosphates in the liquid medium was
calculated using the equation of KHoPO4 obtained from the calibration curve.

2.3.2. Production of indole-3-acetic acid (IAA)

The ability of different bacteria to produce Indole-3-Acetic Acid was assessed in Tryptic Soy Broth (TSB) containing tryptophan (10
mg 171). Twenty ml of TSB containing tryptophan were inoculated with (0.02 McFarland equivalent of 10° CFU mL™}) of bacterial
suspension and they were incubated in incubator Shaker at 28 °C and 140 rpm/min for 72 h in dark. The bacterial cultures were
centrifuged at 10,000 rpm and 4 °C for 10 min. The estimation of IAA produced was carried out by the colorimetric method [25]. Five
hundred pl of the supernatant were then mixed with 500 pl of physiological water and 2 ml of Salkowski reagent (1 ml of 0.5 M FeCl;
and 50 ml of 35 % HClOy4). The mixture was then incubated for 1 h at 37 °C in the dark. After 1 h in dark, the color change from pale
yellow to pinkish red was the indication of IAA production for pink red color development, the optical density was measured at 530 nm
using UV spectrophotometer. The amount of IAA produced was calculated by the standard graph of pure indole acetic acid. The
concentration of IAA was determined using an IAA standard curve (0-100 pg ml ™! in Tripticase Soy-tryptophan medium). The test was
performed in three replicates for each sample.”

2.4. Tolerance test of strains to abiotic stresses

2.4.1. Salinity tolerance

This test is based on the culture of bacteria on Petri dishes containing a solid nutrient medium containing different concentrations
of NaCl. In the present study, the effect of salinity was tested on a Trypticase Soy Agar medium containing (in g 1~1) Caseine peptone,
17; Soya peptone, 3; NaCl, 5; KoHPOy, 2.5; Glucose, 2.5 (pH 7.3), supplemented with increasing NaCl concentrations: 0 (control), 1, 2,
3,4,5,7.5, and 10 %. On each dish, 10 pl of a culture of initial cell density of 10° CFU mL ™! of each strain was inoculated in three
replicates and then incubated at 28 °C.



Table 1

Physicochemical properties of the soil sampled from the four chosen stations in the region of Gabes. Geographical localization is indicated in Fig. 1. Means of 9 replicates per each soil followed by the same
letter are not significantly different at 5 % according to Fisher’s LSD test.

Concentration (mg g~ soil)

Na'

K +

CaZ}

Fe2\

N P Mg*t Mn?" Electrical conductivity (ms pH Organic matter
cm™) (%)
Soil 1 0.16 £ 0.02 a 1.01 + 0.45 £+ 0.025 0.038 + 0.001 0.35 £ 0.01a 0.31 £+ 0.08a 0.026 + 0.03 £+ 0.004 2.52 4+ 0.1b 8.3 + 0.67 + 0.019b
0.05a b b 0.005b b 0.15bc
Soil 2 0.13 + 1.13 £ 0.61 £0.03 ¢ 0.049 + 0.51 £+ 0.02b 0.45 + 0.05b 0.029 + 0.035 + 2.32 £0.3a 8.45 + 0.84 + 0.028c
0.018a 0.08b 0.0011c 0.003b 0.001b 0.14c
Soil 3 0.45 + 0.015 0.76 + 0.33 + 0.015 + 0.31 + 0.26 + 0.013 + 0.02 + 0.002 6.24 + 0.2d 8.1 £0.15a 0.36 £+ 0.015a
c 0.04c 0.021a 0.0014a 0.012a 0.063a 0.001a a
Soil 4 0.28 £+ 0.022 1.53 + 0.6d 0.91 + 0.097 + 0.78 £ 0.67 + 0.062 + 0.05 + 3.83 £0.1c 8.22 + 1.52 + 0.26d
b 0.051d 0.0012d 0.023c 0.089¢ 0.009¢ 0.0016¢ 0.12b
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2.4.2. pH tolerance

Bacteria strains were cultivated on Petri dishes containing Trypticase Soy Agar medium whose pH was adjusted to different values.
pH tolerance test was carried out by adjusting the pH of the medium to 5, 7 (control), 8, 9 and 10. On each dish, 10 pL of a culture of
initial cell density of 10> CFU mL ™! of each strain was inoculated in three replicates and then incubated at 28 °C.

2.4.3. Temperature tolerance

The temperature response of selected bacterial isolates (10 pL of a culture with an initial cell density of 10° CFU mL™') was
performed by inoculating them into Petri dishes containing Trypticase Soy Agar medium and incubating them at different tempera-
tures: 10 °C; 28 °C (control), 37 °C, 45 °C and 50 °C.

2.5. Phylogenetic characterization of bacterial isolates

Amplification of the 16S rDNA gene was carried out using the universal primers S-D-Bact-0008-a-S-20 (5- AGAGTTT-
GATCCTGGCTCAG-3) and S-D-Bact-1495-a-S-20 (5- CTACGGCTACCTTGTTACGA-3) [26]. PCR reactions were carried out in a final
volume of 25 pl. Each reaction volume contained 2.5 mM MgCly, 0.12 mM dNTPs, 0.3 mM of each primer, 1 U of Taq polymerase
(Invitrogen) and 50 ng DNA. The amplification parameters were as follows: an initial denaturation of 10 min at 94 °C, 30 cycles of 1
min at 94 °C, 1 min at 55 °C, and 1 min at 72 °C, followed by the final step, an extension of 10 min at 72 °C. To perform their genetic
identification, 13 strains were selected for sequencing of their 16S rDNA genes. The amplicons underwent a sequencing reaction using
the same primers used for amplification. The sequences obtained were then read and checked using the SeqScanner software. Sub-
sequently, the sequences obtained were compared with “reference” sequences from the GenBank database belonging to the NCBI portal
(National Center for Biotechnology Information) to identify the selected strains. The comparison was performed using the “Nucleotide
BLAST” tool (BLAST = Basic Local Alignment Search Tool) designated Blast available online in the NCBI portal.

2.6. Inoculation of barley by selected strains

Selected bacterial isolates were plated on Luria Broth (LB) agar plates and incubated at 28 °C in the dark for 24 h. Bacterial cells
were then harvested from LB agar plates, transferred to Luria-Bertani liquid medium (LB medium) and cultured at 28 °C with shaking
at 200 rpm. After centrifugation at 8000 rpm and 4 °C for 10 min, the obtained pellet of each isolate was washed twice with 50 mM
phosphate saline buffer (PBS) and resuspended in 50 mL of sterilized distilled water at a concentration of 0.5 McF equivalent to 10°
CFU mL~!. Control uninoculated seeds were received 50 mL of sterilized distilled water [27].

Seeds of cultivated barley (Ardaoui variety: widely cultivated in Gabes were first sterilized and were sown in plastic pots (2 Kg)
containing sterile sand (after autoclaving at 120 °C for 20 min) and cultivated for two months in a greenhouse under controlled
conditions as follows: 16:8 h photoperiod (day:night), 20-25 °C temperature, and 65-75 % relative humidity. pH of the freshly
prepared nutrient solution was 6.5. With regard to the final concentration of KOH used for pH 7.5 adjustment, it was 2 mM. For pH 7.5
fixation, Good’s buffer 5 mM HEPES (pH 6.8-8.2; pKa = 7.55) was added to the nutrient solution. As for the stabilizer, to prevent ion
precipitation, we used iron as 20 pM Fe-EDTA. EDTA (ethylenediaminetetraacetic acid) is known to have a high stability to prevent
nutrient precipitation particularly phosphorus. Besides, the nutrient solution was renewed each 72 h.

The experimental units were arranged according to a completely randomized design (CRD). Six seeds of barley were sown in each
pot and three seedlings per pot were maintained after germination. The experimental design contains different treatments (9 replicates
per treatment: three pots containing three plants each) as follows:

Treatment 1 (T1): soluble phosphorus (KHzPO4) as the only source of P (control); Treatment 2 (T2): only soluble phosphorus
(KH2POy4) and inoculation with one of the 8 strains that were selected based on their significant PGP activities (GS1c, GS2b, GS3b,
GS3m, GS3g, GS3j, GS4d, GS4f); Treatment 3 (T3): 0.2 % tricalcium phosphate (Cag(PO4)2) as the only source of P; Treatment 4 (T4):
0.2 % tricalcium phosphate (Ca3(PO4)2) as the only source of P and inoculation with one of the 8 bacteria strains that were selected
based on their significant PGP activities (GS1c, GS2b, GS3b, GS3m, GS3g, GS3j, GS4d, GS4f).

The Hewitt nutritive solution was used for growing plants in sand [28]. In T1 and T2 treatments, the plants were irrigated with the
nutrient solution, whereas T3 and T4 plants were irrigated with a modified nutrient solution (without soluble P). For each treatment,
irrigation frequency was 100 ml twice a week. Final harvest was performed on two month-old plants, showing a visible second node on
stem. The following parameters were determined: shoot height (cm), root length (cm), root and shoot dry weights (respectively Root
DW and shoot DW).

2.7. Phosphorus determination

Desiccated samples were ground to a fine powder using porcelain mortar and pestle, then digested in 4/1 (v/v) HNO3/HClOj4.
Phosphorus was assayed using the vanado-molybdate method [24].

Besides P content, P absorption efficiency (PAE) and P use efficiency (PUE) were calculated [29]. PAE (upmol P rng*1 root DW)
reflects the capacity of roots to absorb P from the soil solution, i.e. PAE = Q/RDW, with Q and RDW, respectively, representing the
quantity of P (umol) taken up in each plant whereas the root dry weight (mg).

PUE reflects the dry weight increase per unit of P content (mg DW pmol ! P). The value was calculated as the ratio between biomass
production and P accumulation in plants.
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2.8. Leaf gas exchanges and total chlorophyll content

Net CO5 assimilation and stomatal conductance were recorded with a portable photosynthesis system (LCA4). Measurement
conditions were as follows: 1200 pmol mm~2 s~! photosynthetically active radiation (PAR), 378 pmol mol~! ambient CO, concen-
tration and 28 + 2 °C leaf temperatures. Measurements were carried out in the morning between 10:00 and 12:00 (10 replicates per
treatment). Data were automatically collected every minute after the photosynthesis rate had stabilized. For chlorophyll extraction,
fresh leaf samples (100 mg) were incubated in 5 ml of 80 % acetone in obscurity at 4 °C for three days. After centrifugation at 5000 rpm
for 5 min, the residue was then ground with 20 ml of 80 % acetone, centrifuged for 5min at 5000 rpm and the supernatant was
transferred to the same beaker. These steps were repeated until having a colorless extract. The volume was adjusted to 100 ml with 80
% acetone. The absorbance of the extract solutions was read at 645 and 663 nm against the solvent (80 % acetone) blank. The total
chlorophyll content was calculated as:

Total chlorophyll (as mg g’1 FW) = [20.2 (A645) + 8.02 (A663)] x V = (1000 x W)

Here, A is the absorbance at specific wavelengths, Vis the final volume of chlorophyll extract in 80 % acetone (100 ml), and W is
fresh weight (100 mg).

2.9. Statistical analysis

Analysis of variance (ANOVA), using StatisticaTM software was performed to detect differences between treatments. Mean sep-
aration procedures were carried out using the multiple range tests with Fisher’s least significant difference (LSD) (P < 0.05).

3. Results
3.1. Physicochemical properties of the soil samples

The electrical conductivity ranged from 2.52 ms cm ™! for soil 1-6.24 ms cm ™! for soil 3 (Table 1). The pH values varied from 8.1
(soil 3) to 8.45 (soil 2), indicating that the soils analyzed are alkaline soils. Organic matter was the highest in soil 4 (1.52 %) whereas
soil 3 displayed the lowest value (0.36 %).

With respect to mineral elements (Table 1), sodium content varied from 0.13 to 0.45 mg g ! in soils 2 and 3, respectively. The
highest value of nitrogen content was found in soil 4 (1.53 mg g™ 1), very likely in relationship with the presence of M. sativa in this
station, this legume known for contributing to enriching soil with nitrogen through the symbiotic nitrogen fixation. P content ranged
from 0.33 mg g~ ! in soil 3 to 0.91 mg g ! in soil 4. Potassium concentration was found to vary between 0.015 (soil 3) and 0.097 mg g~
(soil 4). Calcium concentration was the highest in soil 4 (0.78 mg g~ 1), whereas soil 3 showed the lowest value. This was also true for
magnesium (0.26 mg g~ in soil 3 and 0.67 mg g~ in soil 4). Iron content also varied between 0.013 mg g ! and 0.062 mg g " for soils
3 and 4, respectively. Manganese was detected in the 4 sites considered with contents ranging from 0.02 to 0.05 mg g%, respectively in
soils 1 and 4.

3.2. Isolation and purification of phosphate-solubilizing bacteria (PSB)

By using Pikovskaya medium containing tricalcium phosphate as the only source of P, we succeeded in isolating several bacteria,
characterized by their variability in morphology (e.g. color, shape, size, and speed of growth). Forty-seven bacterial isolates showed a
common yet variable ability to solubilize tricalcium phosphate, based on the appearance of a clear zone around the bacterial colony
after a few days of incubation on Pikovskaya medium (Table 2). The selected colonies were re-streaked repeatedly to obtain pure
colonies.

Table 2
Selected phosphorus solubilizing bacteria (BSP) isolated from soil in 4 stations.
Soil 1 Soil 2 Soil 3 Soil 4
Strains GSla GS2a GS3a GS4b
GS1b GS2b GS3b GS4c
GSlc GS2c¢ GS3c GS4d
GS1d GS2d GS3d GS4e
GS1f GS2e GS3e GS4f
GSlg Gs2f GS3f GS4g
GS1h GS2g GS3g GS4h
GS1i GS2h GS3i GS4i
GS1j GS2j GS3J GS4j
GS1k GS2k GS3k GS4k
GS11 GS2m GS31
GS1Im GS2n GS3m
GS3n




S. Kouas et al. Heliyon 10 (2024) 38653

3.3. Characterization of bacterial isolates for plant growth-promoting (PGP) traits

3.3.1. Phosphorus quantitative solubilization and indole-3-acetic acid (IAA) production

Variability in P release from tricalcium phosphate was observed among the bacterial isolates (Fig. 2), with values of the levels of P
released by the isolates ranging from 13.4 mg 17! for strain GS2g to 126.8 pg ml ™! for strain GS4d, sampled from soils 2 and 4,
respectively. Calculating the average concentration of released P of the isolates from each soil revealed that bacteria from soils 3 and 4
exhibited the highest P concentration (ca. 96 pg ml™!), compared to isolates from soils 1 and 2, which had average values of 60.11 g
ml ™! and 44.12 pg ml™}, respectively. Based on these data, 14 isolates native to soils 3 and 4 and representing 30 % of total isolates
sampled, led to a concentration of released P higher than 100 pg ml L.

Indole-3-Acetic Acid (IAA) concentration released by the strains varied between 27.57 pg ml~! for strain GS1a isolated from soil 1
and 101.86 pg ml~! for strain GS3i isolated from soil 3 (Fig. 3). The average concentration of IAA released in each soil showed the
influence of soil origin, with the highest mean value isolates from soil 3 (72.35 pg ml~!) whereas isolates from soil 1 displayed the
lowest concentration of IAA released (40.73 pg ml™1).

The study of P solubilization and IAA production activities by the selected strains allowed us to classify them into several groups,
independent of their soils of origin (Fig. 4); seven distinct groups were delineated. Group 1 and 2 strains showed high P solubilization
activity but were low with regard to IAA production. The largest group was group 4 in which some isolates from both soil 3 and soil 4
were grouped together. These isolates demonstrated amounts of high IAA production as well as significant P solubilization levels.
Group 5 included strains displaying lowest IAA production and P solubilization capacity. It comprised mostly strains from soils 1 and 2
(7 from 11 strains). Two isolates from soil 3 that were part of group 6 showed moderate P solubilization and IAA production. The last
group, 7, contained strains with low IAA production and low P solubilization; these latter strains were collected from soils 1 and 2.
Generally, this type of classification is used to detect the most effective or efficient bacterial strains. For our study, the group 3/4 strains
were the most interesting. Based on our findings, strains from soils 3 and 4 were considered as strains with potential plant growth
promoting traits.

3.3.2. Responses of selected bacterial isolates to some abiotic constraints

3.3.2.1. Responses to salinity. The salt tolerance aptitude of the selected isolates was studied in solid culture medium enriched with
NacCl at increasing concentrations: (0, 1, 2, 3, 4, 5, 7.5, and 10 %), The salt tolerance index (STI), measured as the ratio between the
bacterial colony diameter when incubated under a given NaCl salinity and the diameter of the colony from control conditions, was
calculated. Globally, most of the isolates challenged with salinity (1 %-5 %) showed STI values higher or equal than 1, suggesting an
improved or maintained growth under salinity (Table 3). However, the degree of salt tolerance was strain origin-dependent, as 75 % of
isolates sampled from soils 3 and 4 had a STI >1, followed by isolates from soils 1 and 2 (68 % and 50 %, respectively). Interestingly, all
strains were able to cope with up to 5 % NacCl salinity, despite a reduction in STI in some cases. At this salinity, the most tolerant strain
was GS3m, whereas GS3e was the most sensitive strain (STI was respectively 1.67 and 0.58).

As mentioned in Table 3, the majority of strains showed a severe reduction in their growth at 7.5 % NaCl. At this concentration of
NaCl (7.5 %), the selected strains GS3m, GS1c and GS4d were the most tolerant to salinity. Whereas at 10 % salinity, only GS1c, GS11,
GS3a, GS3k, GS3m, GS4d, GS4e and GS4f were able to grow at this concentration. At this high salinity, selected strain GS3m showed a
maximum tolerance to 10 % NacCl.

3.3.2.2. Responses to pH variation. For each isolate, the pH tolerance index was calculated on the same basis as for STI. Response to pH
variation in the culture medium was found to be strain origin-dependent (Table 4). At slightly acid pH (pH 5), several isolates from soil

150

Phosphorus (g ml)
= 3 8

w
]

Fig. 2. Differential ability of the strains isolated from soils 1 to 4 in Gabes region to solubilize phosphorus, expressed as P released from tricalcium
phosphate (means of 3 replicates per strain). Bars labelled with the same letter are not significantly different at 5 % according to Fisher’s LSD test.
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Fig. 3. Variability of IAA production among strains (means of 3 replicates per strain) isolated from soils 1 to 4 in Gabes region. Bars labelled with
the same letter are not significantly different at 5 % according to Fisher’s LSD test.
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Fig. 4. Clustering of the isolates sampled from the different soils based on their capacity to produce IAA and solubilize P.

1 (especially GS1h and GS1c) showed values of pH tolerance index higher or equal than 1, whereas strains of other isolates appeared to
be sensitive. Strain growth under alkaline pH (8-10) was impacted for isolates from soils 3 and 4, whereas isolates from soils 2 and 1
were much less sensitive, especially in the pH range 8-9 where most strains showed either no or improved growth (Table 3). At pH 10
and 5, the GS2b strain from soil 2 showed the highest tolerance index value (1.33). Interestingly, this strain also showed better growth
in the pH range 8-9.

3.3.2.3. Responses to temperature. The results of the temperature tolerance tests showed that irrespective of their origin, the tested
strains coped with high temperature (37°-45 °C), based pm their respective tolerance index values, which were generally greater than
1 at 45 °C (up to 1.82 in GS2a strain from soil 2) (Table 5). Yet, all the investigated isolates failed to grow when incubated at 50 °C
(Table 5). In addition, only a limited number of isolates (2 from soil 1 and 7 from soil 3) grew at an incubation temperature of 10 °C
(Table 4).

3.4. Phylogenetic characterization of some selected strains

Post-sequencing of the 16S rDNA genes, 11 strains were selected: GS1a and GS1c from soil 1; GS2b from soil 2; GS3e, GS3b, GS3g,
GS3j, GS3k and GS3m from soil 3; and finally, GS4d and GS4f from soil 4. Comparing 16S rDNA sequences of the selected strains with
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Table 3
Responses of selected bacterial isolates to increasing salinity in the medium (0-10 %) expressed as salinity tolerance index (means of 3 replicates per
treatment and per strain).

Strains Salinity tolerance index
0% 1% 2% 3% 4% 5% 7.5 % 10 %
Soil 1 GSla 1.00 1.02 + 0.035 1.00 + 0.040 1.05 + 0.047 1.00 + 0.035 0.80 + 0.032 0.49 + 0.035 0.00
GS1b 1.00 1.00 + 0.041 1.18 + 0.035 1.10 + 0.052 0.91 + 0.043 0.91 + 0.041 0.57 + 0.021 0.00
GS1c 1.00 0.96 + 0.05 1.00 + 0.024 1.15 + 0.058 1.50 + 0.053 1.50 + 0.062 1.02 + 0.055 0.58 + 0.035
GS1d 1.00 1.04 + 0.048 0.83 + 0.039 1.05 + 0.037 0.83 + 0.041 0.67 + 0.039 0.43 + 0.039 0.00
GS1f 1.00 0.87 +0.031 1.00 + 0.051 1.00 + 0.042 1.10 + 0.036 1.00 + 0.045 0.61 + 0.041 0.00
GS1g 1.00 1.06 + 0.058 1.00 + 0.027 1.07 + 0.030 0.90 + 0.047 1.00 + 0.053 0.64 + 0.034 0.00
GS1h 1.00 0.85 + 0.047 1.10 + 0.053 0.95 + 0.051 1.10 + 0.052 0.90 + 0.042 0.48 + 0.056 0.00
GS1i 1.00 1.00 + 0.04 1.10 + 0.065 0.99 + 0.029 1.00 + 0.049 1.10 + 0.059 0.71 + 0.048 0.00
GS1j 1.00 1.00 + 0.032 1.22 + 0.073 1.22 + 0.064 1.11 + 0.039 1.11 + 0.048 0.65 + 0.053 0.00
GS1k 1.00 1.10 + 0.066 1.25 + 0.061 1.17 + 0.043 1.13 + 0.062 1.00 + 0.036 0.58 + 0.035 0.00
GS11 1.00 0.85 + 0.028 1.43 + 0.083 1.00 + 0.037 1.43 + 0.068 1.14 + 0.052 0.83 + 0.049 0.39 + 0.021
GS1m 1.00 0.95 + 0.043 1.25 + 0.056 1.04 + 0.025 1.25 + 0.045 0.88 + 0.032 0.52 + 0.037 0.00
Soil 2 GS2a 1.00 1.00 + 0.053 0.91 + 0.037 0.91 £+ 0.038 0.82 £+ 0.043 0.80 + 0.042 0.45 £+ 0.041 0.00
GS2b 1.00 1.10 + 0.046 1.10 + 0.043 1.20 + 0.059 0.90 + 0.049 0.80 + 0.052 0.50 + 0.032 0.00
GS2c 1.00 1.20 + 0.03 0.70 + 0.028 1.00 + 0.041 1.10 + 0.055 0.90 + 0.037 0.56 + 0.028 0.00
GS2d 1.00 0.91 + 0.039 1.00 + 0.045 1.00 + 0.035 0.91 + 0.043 0.73 + 0.035 0.38 + 0.024 0.00
GS2e 1.00 0.91 + 0.051 1.00 + 0.048 1.00 + 0.052 0.73 + 0.037 0.73 + 0.046 0.31 + 0.035 0.00
GS2f 1.00 1.10 + 0.026 1.00 + 0.053 1.00 + 0.056 0.80 + 0.042 0.89 + 0.052 0.44 + 0.027 0.00
GS2g 1.00 1.00 + 0.055 0.90 + 0.032 1.00 + 0.033 0.90 + 0.056 0.80 + 0.037 0.47 + 0.037 0.00
GS2h 1.00 1.05 + 0.062 0.95 + 0.041 1.05 + 0.045 0.95 + 0.035 0.84 + 0.027 0.53 + 0.041 0.00
GS2j 1.00 1.00 + 0.048 1.00 + 0.038 1.00 + 0.049 1.00 + 0.053 1.00 + 0.057 0.62 + 0.059 0.00
GS2k 1.00 1.00 + 0.024 1.00 + 0.025 1.00 + 0.039 0.90 + 0.040 0.80 + 0.048 0.40 + 0.031 0.00
GS2m 1.00 0.82 £+ 0.02 0.91 + 0.052 1.09 + 0.043 0.82 £+ 0.029 0.73 £ 0.031 0.28 + 0.036 0.00
GS2n 1.00 1.00 + 0.037 1.00 + 0.057 1.00 + 0.034 0.83 + 0.051 0.83 + 0.011 0.47 + 0.031 0.00
Soil 3 GS3a 1.00 1.33 +0.072 1.33 + 0.62 1.33 + 0.059 1.33 + 0.063 1.13 + 0.062 0.85 + 0.045 0.42 + 0.037
GS3b 1.00 1.00 + 0.043 1.13 £+ 0.045 1.25 + 0.065 1.13 + 0.040 1.00 + 0.052 0.78 + 0.053 0.00
GS3c 1.00 1.11 + 0.054 0.89 + 0.035 1.22 4+ 0.053 1.11 + 0.039 0.89 + 0.058 0.61 + 0.041 0.00
GS3d 1.00 1.00 + 0.034 1.00 + 0.047 1.11 + 0.057 1.11 + 0.048 1.11 + 0.067 0.81 + 0.023 0.00
GS3e 1.00 0.92 + 0.047 0.83 + 0.038 0.75 + 0.041 0.63 + 0.035 0.58 + 0.045 0.22 + 0.020 0.00
GS3f 1.00 1.25 + 0.052 1.25 + 0.027 1.25 + 0.069 1.25 + 0.046 1.00 + 0.042 0.64 £+ 0.035 0.00
GS3g 1.00 1.18 + 0.034 1.06 + 0.053 1.18 + 0.052 1.18 + 0.035 0.82 + 0.035 0.56 + 0.041 0.00
GS3i 1.00 1.11 + 0.04 1.00 + 0.042 1.11 + 0.043 1.11 + 0.041 1.00 + 0.54 0.70 + 0.050 0.00
GS3J 1.00 1.25 £ 0.06 0.88 + 0.031 1.25 + 0.054 1.25 + 0.038 0.88 £+ 0.043 0.54 £ 0.046 0.00
GS3k 1.00 1.00 + 0.031 1.25 + 0.037 1.38 + 0.073 1.38 + 0.059 1.25 + 0.059 0.92 + 0.051 0.57 + 0.041
GS31 1.00 1.00 + 0.028 0.90 + 0.06 1.00 + 0.046 0.80 + 0.047 0.80 + 0.034 0.45 + 0.036 0.00
GS3m 1.00 1.50 + 0.063 1.67 + 0.096 1.50 + 0.061 2.50 + 0.081 1.67 + 0.071 1.23 + 0.061 0.85 + 0.059
GS3n 1.00 1.00 + 0.057 0.90 + 0.028 0.80 + 0.040 0.80 + 0.035 0.80 + 0.043 0.55 + 0.039 0.00
Soil 4 GS4b 1.00 1.20 + 0.038 1.00 + 0.039 1.00 + 0.036 0.90 + 0.043 0.80 + 0.045 0.53 + 0.043 0.00
GS4c 1.00 1.10 + 0.042 1.10 + 0.057 1.10 + 0.043 1.00 + 0.051 0.90 + 0.051 0.57 + 0.033 0.00
GS4d 1.00 1.13 + 0.051 1.13 + 0.044 1.13 + 0.057 1.25 + 0.035 1.13 + 0.061 0.89 + 0.051 0.51 + 0.049
GS4e 1.00 1.00 + 0.06 1.20 + 0.03 1.10 + 0.063 1.20 + 0.062 1.20 + 0.052 0.83 + 0.034 0.43 + 0.035
GS4f 1.00 1.13 + 0.071 1.13 + 0.046 1.25 + 0.062 1.00 + 0.053 1.13 + 0.068 0.85 + 0.048 0.46 + 0.042
GS4g 1.00 1.00 + 0.036 0.91 + 0.025 0.91 + 0.041 0.82 + 0.046 0.82 + 0.046 0.58 + 0.039 0.00
GS4h 1.00 1.00 + 0.032 1.11 + 0.067 0.89 + 0.036 1.00 + 0.051 0.89 + 0.034 0.55 + 0.041 0.00
GS4i 1.00 1.10 + 0.045 1.00 + 0.04 1.00 + 0.045 0.40 + 0.032 0.90 + 0.051 0.65 + 0.051 0.00
GS4j 1.00 1.10 + 0.053 1.00 + 0.036 1.20 + 0.068 1.10 + 0.066 1.10 + 0.056 0.82 + 0.037 0.00

those present in the GenBank database revealed that these strains were distributed over three bacterial genera (Fig. 5). The majority of
selected isolates (GS1a, GS1c, GS2b, GS3e, GS3b, GS3j, GS3k and GS3m) were identified as member of the Bacillus genus. One strain
(GS3g) and two from soil 4 (GS4d and GS4f) were identified as Mesorhizobium and Pseudomonas respectively.

Considering the length (in bp) of the sequences obtained and the strain identifications, the identities as well as the percentage of
similarity between the various sequences were determined. Most were found to be Bacillus. In soils 1, 2 and 3, the following bacterial
species could be distinguished: (i) GS1a showed 100 % sequence similarity with Bacillus thuringiensis MML5321 (MF687848), (ii)
strains GS2b, GS3b and GS3j were 100 % identical to Bacillus subtilis V44 (MK229110), (iii) strains GS3k and GS3m exhibited 100 %
sequence identity to Bacillus cereus EM10 (KJ612536) and B.cereus SVP4 (MF471326), respectively and (iv) the remaining two strains
(GS1c and GS3e) displayed 100 % sequence similarity with Bacillus sp. ADMK50 (KU851006) and Bacillus sp. TS10 (MH057231),
respectively. Strain GS3g sampled from soil 3 was 100 % identical to Mesorhizobium sp. A121 (HQ836191), and strains GS4d and GS4f
isolated from soil 4 were 100 % identical to Pseudomonas brassicacearum Y21 (MH997640) and Pseudomonas sp. SA501 (MK294319),
respectively.
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Table 4
Responses of selected bacterial isolates to pH (5, 7, 8, 9 and 10) expressed as pH tolerance index (means of 3 replicates per treatment and per strain).
Soil Strains pH tolerance index
pHS5 pH7 pHS8 pPHO pH 10

Soil 1 GSla 1.05 + 0.06 1.00 1.75 £ 0.096 1.50 + 0.076 1.08 + 0.045
GS1b 0.93 £ 0.045 1.00 1.57 £ 0.075 1.29 + 0.045 1.14 £ 0.032
GSlc 1.33 £ 0.075 1.00 1.83 £+ 0.086 1.42 + 0.056 1.17 £ 0.03
GS1d 0.93 £+ 0.081 1.00 1.57 £ 0.08 1.29 + 0.05 1.00 + 0.041
GS1f 0.86 £+ 0.035 1.00 1.43 £ 0.076 1.21 + 0.039 1.00 + 0.039
GS1g 0.82 £+ 0.039 1.00 1.18 + 0.068 0.82 + 0.032 0.94 £+ 0.05
GS1h 1.43 £+ 0.089 1.00 1.43 £ 0.08 1.14 + 0.043 1.00 + 0.04
GS1i 1.15 £ 0.071 1.00 1.54 £ 0.049 1.23 + 0.04 1.08 £+ 0.035
GS1j 1.08 + 0.053 1.00 1.46 + 0.059 1.38 + 0.056 1.15 £+ 0.055
GS1k 1.00 + 0.048 1.00 1.36 + 0.037 1.21 + 0.047 1.14 + 0.049
GS11 0.93 £+ 0.061 1.00 1.27 £ 0.041 1.07 + 0.032 1.00 + 0.027
GS1m 0.93 £ 0.052 1.00 1.13 £ 0.031 1.00 + 0.027 0.93 £+ 0.043

Soil 2 GS2a 1.18 + 0.065 1.00 1.64 £ 0.071 1.55 + 0.063 1.18 £ 0.031
GS2b 1.17 £ 0.055 1.00 1.50 + 0.081 1.33 + 0.054 1.33 £ 0.058
GS2c 1.00 + 0.045 1.00 1.36 + 0.054 1.14 + 0.046 1.00 + 0.039
GS2d 0.81 £+ 0.035 1.00 1.13 £+ 0.042 1.06 + 0.049 0.88 £+ 0.023
GS2e 0.63 £+ 0.029 1.00 1.00 + 0.048 1.00 + 0.036 0.75 + 0.041
GS2f 0.67 £+ 0.039 1.00 1.06 + 0.032 0.83 £ 0.04 0.78 £ 0.03
GS2g 0.75 £ 0.048 1.00 1.13 £ 0.058 1.06 + 0.034 0.94 £+ 0.05
GS2h 0.88 + 0.042 1.00 1.06 + 0.039 1.00 + 0.039 0.69 + 0.02
GS2j 0.93 £+ 0.062 1.00 1.13 £ 0.041 1.00 + 0.047 0.93 £+ 0.048
GS2k 0.88 £+ 0.071 1.00 0.94 £ 0.057 1.13 + 0.034 0.88 + 0.036
GS2m 0.75 £+ 0.053 1.00 1.06 + 0.032 1.06 + 0.025 0.81 £+ 0.05
GS2n 0.88 + 0.06 1.00 1.00 + 0.038 1.00 + 0.03 0.56 + 0.028

Soil 3 GS3a 0.80 £ 0.046 1.00 1.07 £+ 0.045 0.80 + 0.045 0.80 £+ 0.04
GS3b 0.94 £+ 0.052 1.00 0.94 £+ 0.052 0.76 £+ 0.037 0.59 £+ 0.034
GS3c 0.82 £+ 0.038 1.00 0.88 + 0.036 0.82 £ 0.03 0.71 £ 0.045
GS3d 0.76 + 0.041 1.00 0.94 + 0.047 0.71 + 0.045 0.76 + 0.037
GS3e 0.71 £ 0.034 1.00 0.82 £+ 0.031 0.82 + 0.052 0.82 £ 0.05
GS3f 0.87 £ 0.028 1.00 1.07 + 0.06 0.73 £ 0.028 0.87 £ 0.028
GS3g 0.79 + 0.054 1.00 0.93 £+ 0.038 0.86 + 0.051 0.71 £+ 0.042
GS3i 1.08 + 0.063 1.00 1.15 £ 0.053 0.77 £ 0.041 0.85 £+ 0.02
GS3J 0.75 £+ 0.041 1.00 0.88 + 0.033 0.69 + 0.026 0.75 £+ 0.039
GS3k 0.75 £+ 0.036 1.00 0.75 £+ 0.029 0.63 + 0.039 0.63 £+ 0.027
GS31 0.93 £ 0.068 1.00 0.86 + 0.03 1.00 + 0.03 0.86 + 0.049
GS3m 0.88 £+ 0.051 1.00 0.88 £+ 0.025 0.94 £ 0.046 0.81 £+ 0.052
GS3n 0.88 + 0.039 1.00 1.31 £ 0.051 0.88 + 0.035 0.81 £ 0.040

Soil 4 GS4b 1.08 + 0.053 1.00 1.31 + 0.06 1.00 + 0.04 1.00 + 0.06
GS4c 1.00 + 0.042 1.00 1.20 + 0.048 1.07 + 0.057 0.80 £+ 0.051
GS4d 0.81 £ 0.03 1.00 0.94 £+ 0.027 0.94 £ 0.035 0.69 £+ 0.023
GS4e 0.88 + 0.039 1.00 1.13 £ 0.035 0.94 + 0.043 0.75 £+ 0.036
GS4f 0.93 £+ 0.051 1.00 1.07 + 0.04 1.00 + 0.049 0.86 + 0.045
GS4g 1.06 + 0.059 1.00 1.38 £ 0.052 0.81 + 0.062 0.88 £+ 0.030
GS4h 0.76 £+ 0.043 1.00 0.88 + 0.036 0.71 £ 0.047 0.71 £+ 0.029
GS4i 0.93 £+ 0.059 1.00 1.20 + 0.068 0.93 + 0.049 0.87 + 0.056
GS4j 0.94 £+ 0.063 1.00 1.00 + 0.03 0.81 + 0.036 0.69 £ 0.039

3.5. Effect of PSB inoculation on barley grown under phosphorus scarcity

After performing the characterization and molecular identification of selected phosphorus solubilizing bacteria (BSP), the effect of
inoculation by these strains (8 BSP) on growth and development of barley plants cultivated for 60 d in the presence of tricalcium
phosphorus (an insoluble form of P that is inaccessible to plants) was determined. Plant growth (as root length, shoot height, shoot, and
root dry weight), photosynthetic activity (as total chlorophyll content and leaf gas exchange parameters) and P status were measured.

3.5.1. Plant growth

Generally, inoculation with PSB strains under optimal P levels resulted in a slight but significant improvement of shoot biomass (as
DW) compared to the control (Fig. 6a). This was especially true for strains GS4d and GS4f. Phosphorus scarcity induced a drastic
impairment of shoot DW (—46 %) in non-inoculated plants grown in the presence of tricalcium phosphate (TCP) as compared to plants
grown under optimal phosphorus nutrition (Fig. 6a). Inoculated plants (especially the GS1c, GS3m, GS4d and GS4f isolates) exhibited
significantly improved shoot DW compared to TCP treatment (up to +63 % in GS4f). This trend was also true for shoot height (Fig. 6b).
Root DW and root length showed the same trend under P shortage and after inoculation (Fig. 6¢ and d), the most efficient isolates being
GSlc, GS3m GS4d and GS4f (up to +96 % and +65 %, respectively, for root DW and root length as compared to TCP treatment).

10
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Table 5
Responses of selected bacterial isolates to temperature (10, 28, 37, 45 and 50 °C) expressed as temperature tolerance index (means of 3 replicates per
treatment and per strain).

Stains Temperature tolerance index
10°C 28 °C 37°C 45°C 50 °C
Soil 1 GSla 0.00 1.00 1.42 + 0.061 1.33 + 0.062 0.00
GS1b 0.00 1.00 1.36 + 0.051 1.14 £ 0.037 0.00
GSlc 0.00 1.00 1.33 + 0.045 1.25 + 0.058 0.00
GS1d 1.00 1.00 1.14 + 0.054 1.07 + 0.041 0.00
GS1f 0.00 1.00 1.14 + 0.043 1.21 + 0.064 0.00
GSlg 0.00 1.00 1.00 + 0.051 1.12 + 0.052 0.00
GS1h 0.93 1.00 1.21 + 0.039 1.43 + 0.077 0.00
GS1i 0.00 1.00 1.38 + 0.075 1.23 + 0.065 0.00
GS1j 0.00 1.00 1.54 + 0.059 1.38 + 0.042 0.00
GS1k 0.00 1.00 1.29 + 0.053 1.14 + 0.040 0.00
Gs11 0.00 1.00 1.27 + 0.037 1.27 £ 0.037 0.00
GS1m 0.00 1.00 1.20 + 0.058 1.20 £ 0.047 0.00
Soil 2 GS2a 0.00 1.00 1.82 + 0.067 1.82 + 0.086 0.00
GS2b 0.00 1.00 1.33 + 0.053 1.42 + 0.052 0.00
GS2c 0.00 1.00 1.29 + 0.055 1.36 + 0.057 0.00
GS2d 0.00 1.00 1.00 + 0.041 1.19 £+ 0.041 0.00
GS2e 0.00 1.00 1.06 + 0.047 1.25 + 0.034 0.00
GS2f 0.00 1.00 0.94 + 0.033 1.11 £+ 0.039 0.00
GS2g 0.00 1.00 1.25 + 0.057 1.38 £ 0.051 0.00
GS2h 0.00 1.00 1.25 + 0.048 1.25 + 0.043 0.00
GS2j 0.00 1.00 1.33 + 0.062 1.20 + 0.054 0.00
GS2k 0.00 1.00 1.19 + 0.053 1.19 £ 0.034 0.00
GS2m 0.00 1.00 1.13 + 0.038 1.19 + 0.048 0.00
GS2n 0.00 1.00 1.19 + 0.49 1.38 + 0.062 0.00
Soil 3 GS3a 0.00 1.00 1.47 + 0.073 1.33 £ 0.053 0.00
GS3b 0.82+ 1.00 1.00 + 0.055 1.18 £ 0.041 0.00
GS3c 0.82+ 1.00 0.94 + 0.035 1.06 + 0.051 0.00
GS3d 0.94+ 1.00 1.12 + 0.041 1.06 + 0.032 0.00
GS3e 0.00 1.00 1.06 + 0.046 0.94 £ 0.039 0.00
GS3f 0.93+ 1.00 1.33 + 0.059 1.33 £ 0.049 0.00
GS3g 0.93+ 1.00 1.14 + 0.034 1.43 + 0.068 0.00
GS3i 0.92+ 1.00 1.15 + 0.048 1.38 + 0.054 0.00
GS3J 0.00 1.00 1.19 + 0.053 1.25 + 0.043 0.00
GS3k 0.81+ 1.00 1.00 + 0.045 0.94 + 0.037 0.00
GS31 0.00 1.00 1.29 + 0.060 1.36 + 0.059 0.00
GS3m 0.00 1.00 1.19 + 0.037 1.25 + 0.046 0.00
GS3n 0.00 1.00 1.19 + 0.053 1.19 + 0.058 0.00
Soil 4 GS4b 0.00 1.00 1.54 + 0.057 1.38 + 0.053 0.00
GS4c 0.00 1.00 1.20 + 0.036 1.20 + 0.059 0.00
GS4d 0.00 1.00 1.06 + 0.041 1.25 + 0.043 0.00
GS4e 0.00 1.00 1.25 + 0.039 1.25 + 0.034 0.00
GS4f 0.00 1.00 1.21 + 0.051 1.14 + 0.053 0.00
GS4g 0.00 1.00 1.25 + 0.061 1.19 £ 0.061 0.00
GS4h 0.00 1.00 1.06 + 0.049 1.06 + 0.041 0.00
GS4i 0.00 1.00 1.33 + 0.054 1.27 + 0.053 0.00
GS4j 0.00 1.00 1.25 + 0.031 1.19 £ 0.038 0.00

It is noteworthy that morphological observations confirmed the depressive effect of P shortage on shoot growth as compared to the
control (Fig. 7a and b), which was significantly offset by the inoculation, notably with GS3m, GS4d and GS4f (Fig. 7c—e) strains.

3.5.2. Photosynthetic activity

A marked reduction in leaf chlorophyll content (—26 %) was observed in plants grown in the presence of tricalcium phosphate
(TCP) compared to control plants (Fig. 8a). Inoculation of TCP plants, especially GS3b, GS4d and GS4f inoculants, resulted in
significantly increased total chlorophyll content, reaching up to +100 % for GS4d and GS4F. Values of leaf gas exchange parameters
(Fig. 8b) and net photosynthetic rate (Py) were the highest in plants cultivated under optimal phosphorus supply. TCP-induced
phosphorus deficiency strongly and significantly decreased this result (—65 % as to C), whereas PSB inoculation of plants led to a
significant restoration of Py compared to TCP. This was especially true for plants inoculated with GS1c, GS3m, GS4d and GS4f strains
(2-fold-2.6-fold increase).

PSB inoculation mitigated the impact of P shortage on stomatal conductance (gs), shown by a significant increase of this parameter
compared to TCP plants (Fig. 8c). To summarize, GS1c, GS3m, GS4d and GS4f were the most efficient strains in these tests. As for
internal CO2 concentration (Ci), it was highest in TCP plants, whereas plants with inoculated GS1c, GS3m, GS3b, GS4d and GS4f were

11
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Fig. 5. Phylogenetic tree constructed using GENETYX software based on the sequences obtained from the 16S rDNA of the isolates. The method
used is called Neighbors joining (NJ).
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Fig. 6. Effect of the inoculation with the 8 most effective phosphorus solubilizing bacteria (BSP) strains selected from soils 1, 2, 3, and 4 on growth
of two month-old barley plants (growth stage: second node of stem visible). Shoot and root biomass production (a and ¢, respectively), shoot height
(b), and root length (d). GS1c, GS2b, GS3m, GS3g, GS3b, GS3j, GS4d and GS4f: inoculated plants; C: control i.e. non inoculated plants cultivated
with KH,PO, as unique source of P; TCP: non inoculated plants cultivated with tricalcium phosphate as unique source of P. Means of 9 replicates +
SD per treatment. Bars labelled with the same letter are not significantly different at 5 % according to Fisher’s LSD test.
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Fig. 7. Vegetative development of barley plants cultivated for two months under optimal P supply (control) or TCP-induced P deficiency. Control
non inoculated plants (a), P-deficient non inoculated plants (b), P-deficient plants inoculated with either GS3m (c), GS4f (d), or GS4d (e).

very close to those recorded in control plants (Fig. 8d).

3.5.3. Plant phosphorus status

Tricalcium phosphate significantly decreased P concentration in both shoots and roots of barley \compared to the control
(respectively —53 % and —40 %) (Table 5). PSB inoculation had a slight effect on this parameter under P optimal supply, whereas it
significantly alleviated P shortage impact on P concentration in both organs (Table 6). The strongest increases were observed for plants
inoculated with GS3m, GS3b, GS4d and GS4f (+55 % to +77 % in shoots and +57 % to +92 % in roots). P quantity in both roots and
shoots was drastically reduced (—74 % on average) in plants cultivated solely with phosphate fertilizer (Table 5). The inoculation with
PSB of P-deficient plants strongly increased this parameter in both organs (up to 3.8- and 2.8-fold as compared to TCP, respectively, in
roots and shoots of inoculated plants).

4. Discussion
4.1. Tolerance of the bacterial strains studied to salinity pH and temperature

The ability of the selected isolates to tolerate salinity was studied in solid culture medium enriched with increasing NaCl salinity.
Isolates were able to cope with salinity reaching up to 7.5 % NaCl despite some variability occurred, whereas viability of most strains
was suppressed at 10 % NaCl. This diversity of salt tolerance was also documented [30]. When considering the salinity tolerance index,
we noticed that several isolates showed an index equal or higher than 1, strongly indicating that their growth was improved or at least
maintained despite exposure to high salinity. Several reports showed that bacteria isolated from arid or saline environments are able to
survive at high saline concentrations compared to those isolated from non-saline habitats [31]. Habib et al. [32] revealed that bacteria
such as Enterobacter sp. and Bacillus cereus isolated from saline soil selected for their PGPR activities showed salt tolerance traits.
Shultana et al. [33] reported that plant growth-promoting rhizobacteria with exopolysaccharides (EPS) producing characters chelate
different cations including Na™. Besides, under salinity stress, bacteria can bind with the Na™ ion through the secretion of EPS which
consequently reduces sodium toxicity in the soil [34]. Therefore, a higher population of EPS producing bacteria in the rhizosphere zone
is likely to reduce the concentration of available Na* for plants uptake and consequently alleviates salt stress effect on plants under
saline environment [33].

Tolerance of the selected isolates to pH variation was studied in solid culture medium. In this test, the following pH values: 5, 7, 8, 9
and 10 were used. pH 7 served as a control treatment. According to Kumar et al. [35], bacteria mostly prefer near neutral pH value (i.e.
6.5-7.0) and are sensitive to pH change because this induces modification in bacterial protein and enzyme conformation and may
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Fig. 8. Effect of the inoculation with the eight most effective phosphorus solubilizing bacteria (BSP) strains selected from soils 1, 2, 3, and 4 on leaf
pigment content and photosynthetic gas exchanges of two-month-old barley plants (growth stage: second node of stem visible). Total chl. content
(a), CO, net assimilation rate (b), stomatal conductance (c), and internal CO, concentration (d). GS1c, GS2b, GS3m, GS3g, GS3b, GS3j, GS4d and
GS4f: inoculated plants; C: control i.e. non inoculated plants cultivated with KH,PO4 as unique source of P; TCP: non inoculated plants cultivated
with tricalcium phosphate as unique source of P. Means of 9 replicates + SD per treatment. Bars labelled with the same letter are not significantly
different at 5 % according to Fisher’s LSD test.

Table 6

Effect of inoculation on phosphorus status in barley plants provided with KH,PO4 (control, C) or with tricalcium phosphate (TP). Means of 9 replicates
per treatment followed by the same letter are not significantly different at 5 % according to Fisher’s LSD test.

Treatment P Root content (pmol P Root quantity (umol P Shoot content (umol P Shoot quantity (umol ~ PAE (pmol P mg ™! PUE (mg DW
g7l DW) plant™1) g1 DW) plant™1) root DW) pmol 1)

C 135.1 £ 9.1a 38.5+23a 190.2 + 12.4a 84.9 + 5.2a 0.43 +0.031 a 5.83+0.28a
C GS1C 136.4 + 8.6a 43.5 + 2.6b 195.6 4+ 13.2a 90.7 + 5.5b 0.44 +0.033 a 5.85+0.25a
C GS2b 134.5 + 6.5a 39.7 £ 2.5a 1943+ 129a 91.1 + 4.8b 0.425 + 0.036 a 5.77 + 0.3 ab
C GS3m 138.5 + 7.9ac 43.8 + 3.1b 199.5 + 13.56 b 92.7 + 4.5b 0.445 + 0.037 a 5.72+0.34b
C GS3g 135.7 £ 6.2a 39.8+27a 193.2+119a 87.8 £ 5.7 ab 0.443 + 0.031a 5.79 £ 0.3 ab
C GS3b 137.8 + 8.1ac 41.3 +3ab 201.4 +12.8b 95.2 + 6.2bc 0.46 + 0.035 ab 5.63+0.26 c
C GS3j 135.6 + 7.3a 389+33a 197.5+12.6 b 90.46 + 6.1b 0.45 +0.03 a 5.76 + 0.29 ab
C GS4d 142.3 +£12.1 be 45.5 + 4 be 203.5+13.6b 94.47 + 6bc 0.456 + 0.034 ab 5.64 + 0.35¢
C GS4f 145.1 +11.8b 46.2 + 4.5¢ 197.5+11.3b 97.24 £59¢c 0.46 + 0.038 b 5.60 £+ 0.23c
TP 52.4 + 4.3d 10.7 + 1.8d 90.3+6.3c¢ 21.9 + 2.1d 0.16 £ 0.01 c 6.9 + 0.37d
TP GS1C 71.2 £ 5.1 ef 18.4 + 2.4ef 115.8 + 8.4d 39.1 + 3.4f 0.23 £ 0.014d 85+0.43f
TP GS2b 65.4 + 4.7f 15.7 £22e 110.1 + 7.9d 28.9 £ 2.5e 0.19 £ 0.012 ¢ 7.5+ 0.36e
TP GS3m 85.6 + 5.5g 23.6 +2.5fg 130.2 + 7.4 ef 43.1+3.8f 0.24 +0.023d 8.8 +£0.46 f
TP GS3g 702+ 6.1f 15.4 £1.9e 1253+ 6.5 40.28 + 3.4f 0.25 + 0.015d 7.8 +£0.41 ef
TP GS3b 82+64g 25.7+27g 135.6 + 8.7f 45.29 + 4.3f 0.23 + 0.021d 8.9+0.48f
TP GS3j 742 +5.7f 178 £1.7e 120.2 + 7.3 de 32.3 £ 3.2e 0.2 £ 0.012cd 7.7 + 0.37ef
TP GS4d 100.2 + 6.7 h 40.6 +3.2h 160.2+99¢g 57.6 + 4.9g 0.27 £+ 0.026e 9.6 £0.46¢g
TP GS4f 97.8 + 6.3h 42.8 + 3.7h 158.8+94¢g 62.4 + 5.4g 0.3 £ 0.02% 10.2 £5.1¢g

hence lead to into dysfunctional form. Our data showed first that studied isolates are able to tolerate a slightly acidic pH (pH 5). Acidity
tolerance by bacteria is correlated with the production of extracellular polysaccharides or polyamines and glutamate concentration in
the cell. In this way, Muglia et al. [36] highlighted the role of glutathione (a tripeptide) in the growth of R. tropici under conditions
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characterized by low pH. Watkin et al. [37] reported the ability of R. leguminosarum et R. trifolii to tolerate the acidity by accumulating
more potassium and phosphorus as compared to acid-sensitive strains. In addition, in our study, all isolates were able to grow over a
range of alkaline pH (from 8 to 10). Kumar et al. [35] reported that some isolates grow in a wide range of pH, from slightly acidic to
highly alkaline conditions and hence, can be applied in slightly acidic to highly alkaline soils.

The capacity of the selected isolates to tolerate different temperatures was studied in solid culture medium incubated at increasing
temperatures (10, 28, 37, 45 and 50 °C). Data showed that none of the isolates was able to grow on a culture medium incubated at
50 °C, but all investigated strains were able to survive at 45 °C. Bacteria tolerance to high temperature is a complex phenomenon
because it involves proteins and lipopolysaccharides (LPS). During exposure of Rhizobium sp. resistant to heat (30 °C and 43 °C),
modifications of the cell surface appeared, including exo polysaccharides (EPS), LPS and proteins [38]. Recently, Ali et al. [39] re-
ported that the Bacillus sp. IHBT-705 could survive both under low and high temperatures. Besides heat-shock proteins, this behavior
was associated with an over-expression of cspC (Cold shock proteins) under both low and high temperatures. Hence, presence of cspC
gene makes Bacillus sp. IHBT-705 a valuable microbe from stress tolerance perspective. However, cspB and cspD exhibited a narrow
range of functionality as both these genes were up-regulated only at low temperature.

Altogether, the bacterial isolates investigated in the present study showed a variable behavior to variation in pH, temperature, and
salinity.

4.2. Impact of PSB on plant growth and phosphate status in cultivated barely grown under phosphorus scarcity

Microbiome of soils in arid ecosystems is diverse and rich in several extremophile microorganisms that could be exploited to
improve plant response to environmental stressors, including phosphorus scarcity. To facilitate P uptake by cultivated plants, using
soil-borne beneficial microorganisms, such as PSB as eco-friendly agents is gaining interest [11]. In this study, shoot growth (as
biomass and height) of cultivated barley (Ardaoui variety), were significantly restricted in plants challenged with tricalcium phosphate
(TCP), as compared to plants cultivated under optimal conditions. The TCP induced decrease in plant growth was concomitant with a
significant reduction in total chlorophyll contents and gas exchange parameters (net CO5 assimilation and stomatal conductance),
hence confirming the assumption that the reduction in growth could partly result from a depressive effect of P deficiency on photo-
synthesis [40,41]. Being involved in several cellular processes (energy conservation, metabolic regulation, and signal transduction), P
deficiency generally inhibits photosynthesis. This is ascribed to a feedback inhibition resulting from reduced leaf growth [40]. In our
study, both Py and stomatal conductance decreased under low P conditions, along with an increase in Ci, suggesting a clear dawn
inhibition of photosynthesis, due to the lack of P carriers [41]. P deficiency might lower the stomatal opening, resulting in reduced
recycling of ATP and NADPH, thus inhibiting plant photosynthetic capacity and growth [42].

Inoculation with PSB significantly improved plant growth grown despite the presence of tricalcium phosphate (TCP). This growth
stimulation was mainly observed in plants inoculated with GS3m (Bacillus cereus EM10, KJ612536), GS4d (Pseudomonas brassica-
cearum Y21, MH997640) and GS4f (Pseudomonas sp SA501, MK294319) strains. Shoot height and root length were also enhanced with
inoculation by the above mentioned strains. Some PSBs improve root length and growth due to the secretion of growth-stimulating
phytohormones such as auxin, a major direct mechanism explaining PGPR action. In our study, the selection of the efficient strains
was carried out according to their tolerance to environmental factors (e.g. salinity, temperature, and pH), along with their ability to
solubilize P and to produce IAA. For the latter, the highest value was found in Bacillus cereus strain, followed by Pseudomonas sp. In
order to assess the involvement of the bacteria auxin production in the root growth, the relationship between root length of plants
challenged with tricalcium phosphate and bacteria IAA production was investigated (Fig. 9). The results showed a strong and sig-
nificant correlation (R = 0.83) between root length and auxin production, which suggests a strong positive relationship between these
two parameters.

Hence, inoculation with high IAA producing bacteria (e.g. GS1c, GS4f and Gs3m) was associated with the highest root length under
P shortage. It has been documented that the elongation of plant root system for water and nutrient uptake needed for plant growth was
enhanced by the production of auxin by plant growth-promoting rhizobacteria [43]. Under TCP treatment, bacterial strains GS1c
(Bacillus sp ADMK50, KU851006), GS3m (Bacillus cereus EM10, KJ612536), GS4d (Pseudomonas brassicacearum Y21, MH997640) and
GS4f (Pseudomonas sp SA501, MK294319) significantly stimulated root development of barley, further suggesting that PSB play a
critical role in improving Pi acquisition under Pi-deficient conditions. It has been observed that many plant species develop long and
abundant roots in response to Pi starvation [44].

Data obtained also indicated that bacterial strains GS1c (Bacillus sp ADMKS50, KU851006), GS3m (Bacillus cereus EM10, KJ612536),
GS4d (Pseudomonas brassicacearum Y21, MH997640) and GS4f (Pseudomonas sp SA501, MK294319) are high auxin producers. IAA
synthesis by rhizobacteria contributes to promote plant growth under nutrient deficiency and is seen as a desirable PGP trait notably in
programs aiming at selecting IAA-producing strains [45]. However, inconsistent efficiency and lack of reproducibility between
controlled and natural conditions were documented [46]. Indeed, IAA bacterial production, endogenous auxin signaling in plants, and
the soil auxin like effect, their interactions are influenced by genetic and environmental factors, which affect the efficacy of bio-
fertilizers and biostimulants. Therefore, these authors proposed to consider IAA production in the plant-soil-bacteria framework.
According to Pasternak et al. [47], auxin induced cell and tissue division and differentiation, and accelerates the production of xylem
vessels and roots. During the process of lateral root formation, the activated endoderm/pericycle cells initiate several cell divisions,
leading to the development of root primordia and ensuing differentiation into new lateral roots [48].

Some PSB also improved P status in barley under tricalcium phosphate (TCP), as evidenced by the strong increase of P content (as
pmol g~'DW) and quantity (as pmol plant™1) in shoots and roots in plants inoculated by GS3m (Bacillus cereus EM10, KJ612536), GS4d
(Pseudomonas brassicacearum Y21, MH997640) and GS4f (Pseudomonas sp SA501, MK294319). This finding is in agreement with recent
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Fig. 9. Relationship between IAA production (as g ml~!) of the eight most effective phosphorus solubilizing bacteria (BSP) strains selected from
soils 1, 2, 3, and 4 and root length of barley plants inoculated by eight BSP cultivated with Tricalcium phosphate as sole P source.

studies showing better P status in PSB inoculated plants under low P availability [15]. Furthermore, this result confirms that root
length stimulation present an important mechanism in plant Pi acquisition under P scarcity [44]. To further ascertain the involvement
of PSB in facilitating P nutrition in barley, the relationship between P content in roots and shoots and Bacteria P solubilization was
assessed under P deficiency conditions (Fig. 10). Results showed a strong positive correlation (R > 0.8) between the two parameters in
both roots (Fig. 10a) and shoots (Fig. 10b), indicating that the higher P contents in organs of barley exposed to P shortage were reached
after inoculation with bacteria displaying the higher capacity for P solubilization.

The mechanisms involved in P solubilization and used by soil microorganisms include: (i) the release of metabolites for mineral
dissolution of soil particles, e.g. organic acids, siderophores, protons, hydroxyl ions, and CO», (ii) and of extracellular enzymes, such as
acid phosphatases and phytases that are generally responsible for biochemical mineralization of P and (iii) also the release of P
following the degradation of an insoluble P-rich substrate [49,50]. In this work, bacterial strains including GS3m (Bacillus cereus EM10,
KJ612536), GS4d (Pseudomonas brassicacearum Y21, MH997640) and GS4f (Pseudomonas sp SA501, MK294319) showed to be able to
change insoluble form of phosphate and increase the availability of this nutrient.

In response to phosphorus deficiency barley plants adopted several mechanisms, phosphorus acquisition efficiency (PAE) is a vital
adaptive trait for plants growing in low P conditions, since increased PAE might reflect a better capacity of the root system to explore
larger volumes of the rhizosphere and hence improve plant capacity to take up available P. Data inferred from the present study
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Fig. 10. Relationship between P solubilization capacity (as P mg 17!) of the eight most effective phosphorus solubilizing bacteria (BSP) strains
selected from soils 1, 2, 3, and 4 and P content (as p mol g’1 DW) in roots (a) and shoots (b) of barley plants inoculated by eight BSP cultivated with
Tricalcium phosphate as sole P source.
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(Table 6) revealed that under P scarcity, inoculation with PSB (mainly GS3m (Bacillus cereus EM10, KJ612536), GS4d (Pseudomonas
brassicacearum Y21, MH997640) and GS4f (Pseudomonas sp SA501, MK294319) increased PAE by up to two-fold compared to the un-
inoculated plants (TP). This supports our hypothesis that Bacillus cereus EM10 (KJ612536), Pseudomonas brassicacearum Y21
(MH997640) and Pseudomonas sp SA501 (MK294319) stimulated root development under Pi-deficient conditions and further highlight
their significance in enhancing Pi acquisition in barley. Plants also adapt to low Pi by optimizing the internal use of Pi and Pi-derived
metabolites to maintain growth, i.e. increase the ratio of biomass or yield generated per molecule of acquired Pi (Pi use efficiency,
PUE). Our findings on PUE (Table 6) highlight that barley plants inoculated with PSB, notably GS3m (Bacillus cereus EM10, KJ612536),
GS4d (Pseudomonas brassicacearum Y21, MH997640) and GS4f (Pseudomonas sp SA501, MK294319) under tricalcium phosphate
showed significantly higher PUE values and hence better growth, as compared to TCP plants. Finally, the efficient bacterial strains
(GS3m (Bacillus cereus EM10, KJ612536), GS4d (Pseudomonas brassicacearum Y21, MH997640) and GS4f (Pseudomonas sp SA501,
MK294319) improved phosphate nutrition; this nutrient plays crucial role in the maintain of higher photosynthetic activity and plant
growth of cultivated barley grown under tricalcium phosphate.

5. Conclusion

As conclusion, it could be inferred from the present study that inoculation with PSB strains isolated from arid areas (generally seen
as marginal zones) in Tunisia can be considered as a promising environmentally friendly technology to increase the availability of Pi
from organic phosphorus form (tricalcium phosphate), resulting in an increase of barley growth under P limiting conditions. In this
work, the selected phosphorus solubilizing bacteria are characterized as high salinity tolerant, high IAA producers and high phosphate
solubilization ability as well as able to grow over a range of alkaline pH (from 8 to 10). Therefore, a more attention could be needed to
investigate the ability of selected bacterial strains to solubilize and mobilize inorganic phosphorus in calcareous soils to enhance crop
production of barley under natural condition.
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