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Genetic diversity, stress tolerance
and phytobeneficial potential in rhizobacteria
of Vachellia tortilis subsp. raddiana

Mohamed Hnini"" and Jamal Aurag'

Abstract

Background Soil bacteria often form close associations with their host plants, particularly within the root
compartment, playing a significant role in plant growth and stress resilience. Vachellia tortilis subsp. raddiana, (V. tortilis
subsp. raddiana)a leguminous tree, naturally thrives in the harsh, arid climate of the Guelmim region in southern
Morocco. This study aims to explore the diversity and potential plant growth-promoting (PGP) activities of bacteria
associated with this tree.

Results A total of 152 bacterial isolates were obtained from the rhizosphere of V. tortilis subsp. raddiana. Rep-PCR
fingerprinting revealed 25 distinct genomic groups, leading to the selection of 84 representative strains for further
molecular identification via 16 S rRNA gene sequencing. Seventeen genera were identified, with Bacillus and
Pseudomonas being predominant. Bacillus strains demonstrated significant tolerance to water stress (up to 30% PEG),
while Pseudomonas strains showed high salinity tolerance (up to 14% NaCl). In vitro studies indicated variability in PGP
activities among the strains, including mineral solubilization, biological nitrogen fixation, ACC deaminase activity, and
production of auxin, siderophores, ammonia, lytic enzymes, and HCN. Three elite strains were selected for greenhouse
inoculation trials with V. tortilis subsp. raddiana. Strain LMR725 notably enhanced various plant growth parameters
compared to uninoculated control plants.

Conclusions The findings underscore the potential of Bacillus and Pseudomonas strains as biofertilizers, with strain
LMR725 showing particular promise in enhancing the growth of V. tortilis subsp. raddiana. This strain emerges as a
strong candidate for biofertilizer formulation aimed at improving plant growth and resilience in arid environments.
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Background

Among abiotic stresses, water scarcity and low intensity
soil nutrients are the main characteristics of semiarid and
arid environments, which are generally caused by irreg-
ular rains. Additionally, a significant component of the
hydrological cycle is evaporation, which is constrained
by lower groundwater infiltration and is affected by low
rainfall [1]. Arid regions are highly prone to degradation,
resulting in a decrease in critical soil physical proper-
ties, including soil structure, plant nutrient availability,
organic matter content, and microbial activity. This deg-
radation culminates in the destabilization of natural plant
communities [2]. In response to these circumstances,
leguminous plants have emerged as viable candidates
for inclusion in ecological and sustainable programs
designed to mitigate the deleterious effects of soil degra-
dation and climate change.

In this respect, Vachellia species (formerly Acacia spe-
cies) are considered pioneer plants in projects aimed
at the rehabilitation, restoration, and revegetation of
degraded areas [3]. This is due to their extended global
distribution, their ability to fix nitrogen, and their abil-
ity to improve soil fertility. Additionally, their capacity
to reduce evapotranspiration has an effect on the estab-
lishment, growth, and survival of other plants [4-6].
Vachellia trees also exert a notable influence on the bio-
diversity and soil ecology of arid ecosystems, modifying
solar radiation and soil moisture dynamics [7]. Moreover,
they are recognized for their ability to increase the avail-
ability of nutrients to both plants and animals in the soil
(8, 9].

The new genus name Vachellia was proposed by
Kyalangalilwa et al. [10] following deep molecular and
phylogenetic studies. The genus encompasses 73 spe-
cies in Africa, 60 species in the Americas, 36 species in
South Asia, and 9 species in the tropical north of Aus-
tralia, establishing its extensive presence, particularly
in the sub-Saharan region [11]. It is considered a par-
ticular entity and a capital element in the pantropical
distribution.

In Morocco, three Vachellia species grow naturally: V.
gummifera, V. tortilis subsp. raddiana, and V. ehrenber-
giana [11]. Vachellia tortilis subsp. raddiana is the most
common tree in the Saharan areas of Morocco. It is cru-
cial for maintaining the balance of arid and desert ecosys-
tems and combating desertification in all desert regions
of North Africa. The different parts of this tree are used
in several fields, such as food, feed, and traditional medi-
cine [12].

In addition to the adaptive morphological and physi-
ological mechanisms displayed by this species [3], its
symbiotic association with nitrogen-fixing rhizobia [13],
arbuscular mycorrhizal fungi [14], and rich rhizospheric
microflora found at the root level can improve the
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adaptation and growth of plants in arid areas. The rhi-
zosphere is defined as the area surrounding plant roots,
where a variety of beneficial microorganisms flourish
close to the host plant roots [15]. Among all soil com-
partments, the rhizosphere has the highest concentra-
tion of microbial populations that are attracted by the
abundant and diverse nutrients secreted by plants at the
root level [16]. Some of these microbes, known as rhi-
zobacteria, promote plant development by stimulating
plant growth and controlling diseases. These beneficial
bacteria, called plant growth-promoting rhizobacteria
(PGPRs), increase plant development and soil quality by
increasing nitrogen uptake [17, 18] and contribute to soil
fertility and the availability of mineral nutrients, in addi-
tion to helping plants overcome biotic and abiotic chal-
lenges. In fact, beneficial bacteria are present in the bulk
soil, rhizosphere (on the root surface), and endo-rhizo-
sphere (within the root surface). All of these factors con-
tribute to sustainable crop production through different
mechanisms, such as biological nitrogen fixation, phos-
phorus solubilization, phytohormone synthesis (mainly
auxin, cytokinin, and gibberellins), phytopathogen inhibi-
tion, siderophore production, and ACC deaminase activ-
ity [19, 20]. The most well-known PGPR strains belong
to the genera Acinetobacter, Agrobacterium, Arthobacte-
rium, Azospirillum, Bacillus, Bradyrhizobium, Burkhold-
eria, Pseudomonas, Rhizobium, and Serratia [21].

Given the important role of rhizobacteria in the growth,
protection, and adaptation of plants, it is of scientific and
practical interest to study this type of bacteria in depth,
especially those associated with native plants growing
in infertile, degraded soils in arid and/or desert areas.
These bacteria may constitute valuable bioresources for
the formulation of bioinoculants for biofertilization, bio-
stimulation, bioprotection, and/or adaptation of plants in
areas impacted by the stresses linked to the current cli-
matic change phenomenon. In this context, we isolated
bacteria from the rhizosphere of the arid-tolerant tree V.
tortilis subsp. raddiana, which thrives in the soils of the
Guelmim region in southern Morocco. Following rep-
PCR fingerprinting and identification through 16 S rRNA
gene sequencing, representative strains were examined
for in vitro tolerance to salt and drought stresses. Addi-
tionally, their plant growth-promoting (PGP) activities,
including auxin and siderophore production, as well
as phosphate, zinc, and potassium solubilization, were
evaluated along with their lytic enzymatic activities.
Elite strains exhibiting multiple PGP traits were further
assessed in planta through inoculation into V. tortilis
subsp. raddiana seedlings under controlled conditions.
Plant growth parameter measurements have made it pos-
sible to identify promising strains that could be used in
the formulation of biofertilizers for this important desert
tree species.
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Methods

Isolation of bacteria from rhizosphere soil

Soil samples were taken from the soil surrounding the
roots of six distant V. fortilis subsp. raddiana trees grow-
ing near the locality of Taidalt (a village located near
Guelmim in the extreme southwestern part of the Anti-
Atlas Mountains in Morocco). Details about the climatic
characteristics and predominant vegetation of the sam-
pling area were reported previously [22]. The soil samples
were returned to the laboratory and distributed in pre-
viously disinfected plastic pots. To isolate rhizospheric
bacteria, Vitortilis raddiana seeds were subjected to
scarification with 98% sulfuric acid for 2 h, as described
by Sakrouhi et al. [23] and subsequently, the seeds were
thoroughly washed with sterile water, transferred to Petri
dishes containing 0.7% (w/v) agar, and allowed to ger-
minate in darkness at 28 °C for three to five days. Four
uniform seedlings were aseptically placed directly into
each pot containing the soil samples. After six months of
growth under natural conditions, the plants were metic-
ulously uprooted. The roots were vigorously shaken to
remove excess soil, and the soil adhering to the roots was
identified as rhizosphere soil following the methodology
outlined by Fu et al. [24].

Rhizobacterial isolates were obtained via the serial
dilution plate method via NB medium (nutrient broth).
One gram of rhizosphere soil was suspended in 10 mL
of sterilized saline solution and serially diluted to 10~
after which 100 uL of the suspension was inoculated into
NB plates. After incubation at 28+2 °C for 3 to 4 days,
bacterial colonies exhibiting variations in size, shape, and
color were isolated and subjected to a purification pro-
cess through repeated streaking to ensure the purity of
the isolates. Following purification, the isolates were pre-
served in a 50% glycerol solution at -86 °C.

Diversity and molecular identification of rhizospheric
isolates

DNA isolation

The bacterial strains were incubated for 4 days at 28 °C
in tryptone yeast extract (TY) medium. Genomic DNA
extraction followed the protocol outlined by Chen and
Kuo [25]. The concentration and purity of the DNA sam-
ples were subsequently assessed via a Nanodrop™ spec-
trophotometer. The DNA samples were then stored at
-20 °C until further use.

Rep-PCR fingerprinting

Genetic diversity analysis of the strains was performed
via repetitive extragenic palindromic polymerase chain
reaction (Rep-PCR) fingerprinting with the REP1 R-1
and REP2-I primers, in accordance with the methodology
described by de Bruijn [26]. The obtained data were ana-
lyzed through the unweighted pair group with arithmetic
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mean (UPGMA) clustering method via GelCompar II
software (version 2.5, Applied Maths, Belgium).

Amplification and sequencing of the 16S rRNA gene

Total DNA extraction was performed on one repre-
sentative strain from each REP cluster via a previously
described method. The 16 S rRNA gene was subse-
quently amplified via the fD1/rD1 universal primers [27]
and the following PCR program: an initial denaturation
step of 5 min at 95 °C, followed by 35 cycles of 1 min at
94 °C, 1 min and 30 s at 62 °C, and 10 min at 72 °C, with
a final extension step of 10 min at 72 °C. The PCR prod-
ucts were purified and subjected to sequencing via Geno-
Screen (Lille, France).

Phylogenetic analyses

After quality checking via Chromas Lite (version 2.1),
the sequences were aligned via Ugene (version 2.7) [28]
and then subjected to MEGA X for phylogenetic analyses
[29]. A phylogenetic tree with maximum likelihood phy-
logenetic analysis was inferred from distance calculations
according to Kimura’s two-parameter model [30].

The accession numbers for the nucleotide sequences
utilized in this study are depicted in the phylogenetic
tree, and the bootstrap support for each node was
assessed with 1000 replicates.

Physiological characterization

Plant growth-promoting traits

Auxin production For the qualitative assessment of
indole-3-acetic acid (IAA) production, YEM-agar plates
[31] supplemented with tryptophan (0.5 g L™!) were
inoculated with 5 pL of bacterial culture and incubated
at 28 °C for 3 days. Subsequently, Whatman filter paper
soaked with Salkowski reagent was placed on the bacterial
culture, and the plates were kept in the dark for 30 min.
Bacteria producing IAA were identified by the emergence
of pink halos around the colonies.

The quantitative determination of auxin production by
each strain followed Salkowski’s method [32]. Bacteria
were cultivated in YEM liquid medium containing 500 pg
mL-1 tryptophan for 48 h at 28 °C in a shaking incuba-
tor at 180 rev min-1. After centrifugation for 15 min at
8000 rpm, the cultures were filtered through a 0.2 pm
Millipore filter. The supernatants were transferred to new
test tubes, mixed with Salkowski’s reagent, and stored
at room temperature in the dark for 25 min. The optical
density (OD) at 540 nm was measured, and the amount
of auxin was calculated via an IAA standard curve [33].

Inorganic phosphate solubilization The Pikovskaya
method [34] was employed to assess the ability of the
strains to solubilize inorganic phosphate. For each strain,



Hnini and Aurag Environmental Microbiome (2024) 19:73

10 uL of a fresh bacterial culture was spotted on solid
Pikovskaya medium (PVK) comprising glucose (CsH;,06)
10 g; Cas(PO,), (tricalcium phosphate) 5 g; yeast extract
0.5 g; ammonium sulfate ((NH,),SO,) 0.5 g; potassium
chloride (KCI) 0.2 g; sodium chloride (NaCl) 0.2 g; mag-
nesium sulfate (MgSO,) 0.1 g; trace amounts of ferrous
sulfate (FeSO,) and manganese sulfate (MnSO,); agar
15 g; and distilled water 1 L. The pH value was adjusted
to 7.0%0.2 before sterilization. The inoculated plates were
maintained at 28 °C for four days. The presence of halo
zones around bacterial colonies was considered indicative
of phosphate solubilization by strains utilizing tricalcium
phosphate (TCP) as the sole phosphate source. The halo
diameter to colony diameter ratio was calculated for each
strain.

The amount of phosphate solubilized by the strains was
determined following the vanadate-molybdate colori-
metric method [35]. Strains were first grown in 250 mL
Erlenmeyer flasks containing modified liquid PVK media,
where the P source was 0.05 g of rock phosphate instead
of tricalcium phosphate. The initial ODy, of the bacte-
rial cultures was set to 0.5. The cultures were incubated
for 2 days at 28 °C in a rotary shaker at 180 rpm. The pH
and ODyy, of the medium were regularly determined,
and a sample of each bacterial culture was centrifuged
for 15 min at 8000 rpm. The OD,, of the supernatant
was subsequently measured after the addition of the
vanadate-molybdate mixture. The amount of solubilized
phosphate was determined via a KH,PO, standard curve.

Biological nitrogen fixation and nifH gene amplifica-
tion Bacteria were streaked on Burk’s nitrogen (N)-free
agar [36]. The growth of bacteria on LB agar plates was
used as a positive control. The plates were incubated at
30 °C for 7-10 days. As suggested by Revillas et al. [37],
the colonies that appeared were subcultured twice in a
row on new Burk’s N-free agar plates. Only bacteria that
formed colonies on the third series of plates were consid-
ered free nitrogen fixers.

The ability of positive strains to fix nitrogen was con-
firmed by searching for the presence of the nifH gene
(781 bp). The gene was amplified via PCR via two pairs
of primers, namely, H1 and nifH2 [38], and nifHf/nifHi
(TACGGNAARGGSGGNATC GGCAA/AGC ATG
TCYYCSAGYTCNTCCA) [39]. The PCR products were
subjected to 1% agarose gel electrophoresis in TBE buffer
(0.089 M Tris, 0.089 M boric acid, and 0.002 M EDTA,
pH 8).

Siderophore production Siderophore production was
evaluated through the chrome azurol sulfonate (CAS)
assay, following the methodology outlined by Schwyn and
Neilands [40]. This assay was performed according to the
method described by Arora and Verma [41] and involved
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spot-inoculating bacterial strains onto CAS agar plates,
followed by an incubation period at 30 °C for 5-7 days.
The negative controls included noninoculated plates. Bac-
teria exhibiting siderophore production were identified by
the formation of a colored halo around their colonies, as
indicated by Louden et al. [42].

Siderophore production was quantified for positive
strains via a modified version of the CAS method. The
protocol was modified to use 96-well microplate cul-
tures. Modi medium was used to grow the bacteria in
triplicate, and a control test consisting of noninocu-
lated Modi medium was performed. After incubation at
28 °C for 7 days, the bacterial cultures were centrifuged
at 10,000 rpm for 10 min, and 100 pL of the supernatant
was mixed with an equal volume of CAS reagent. The
ODg;, was then measured via a Biotek elx 808 spectro-
photometer for 30 min. The percent siderophore unit
(psu) was calculated via the following formula [43]:

Siderophore production = (Ar—As) X 100/Ar.

where Ar=the absorbance of the reference (CAS solu-
tion and uninoculated Modi medium), and.

As =absorbance of the sample (CAS solution and cell-
free supernatant of a bacterial culture).

Ammonium production The method of Cappucino and
Sherman was adopted for studying ammonium produc-
tion by the isolates. Fresh bacterial cultures were inocu-
lated in tubes containing 10 mL of peptone water. The
negative control consisted of noninoculated medium
tubes. After 48 h of incubation in a shaker (150 rpm) at
28 °C, ammonium production was revealed by adding 0.5
mL of Nessler reagent to each tube. The appearance of a
brown to yellow color was considered a positive reaction.

Potassium solubilization K solubilization ability was
analyzed via Aleksandrov medium (pH 7.2£0.2), which
is composed of 5.0 g of glucose, 0.5 g of MgSO,, 0.005 g
of FeCl;, 0.1 g of CaCOs, 2 g of Cay(PO,),, 2 g of K-bear-
ing minerals, 15 g of agar, and 1 L °f distilled water [44].
An appropriate amount of phenol red was added to the
medium before autoclaving. Control plates containing
Aleksandrov medium without dye solution were also
included. The medium was poured into Petri plates,
which were then spot inoculated with fresh bacterial cul-
tures. After incubation for 72 h, the size of the halo zones
and the diameter of the colonies were measured. The halo
zone size was calculated by subtracting the colony diam-
eter from the total diameter [45].

Zinc solubilization The ability of the selected strains to
solubilize insoluble Zn compounds was tested. Tris-min-
eral agar medium was used [46], or 0.1% (w/v) insoluble
zinc was added in the form of zinc sulfate (ZnSO,) [47].
The pH was adjusted to 7.0010.25 before autoclaving
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[48]. Fresh bacterial cultures were spot inoculated on each
medium and incubated at 30 °C for 10 days. The appear-
ance of halo areas around bacterial colonies indicated
mineral zinc solubilization.

ACC-deaminase activity The 1l-aminocyclopropane-
1-carboxylic acid (ACC) deaminase activity of the isolates
was studied via the method described by Palaniyandi et al.
[49]. Strains were grown in the minimal medium reported
by Dworkin and Foster [50], which was supplemented
with 3 mmol L™ ACC. The same minimal medium sup-
plemented with ammonium sulfate ((NH,),SO,) was used
as a positive control, whereas for the negative control,
no nitrogen source was added. The experiment was con-
ducted in 96-well microplates, with each strain tested in
triplicate. Blank wells containing minimal medium with-
out bacteria were also included on the outermost edges of
the plate. After incubation at 28 °C for 7 days, the ODg;,
was measured to compare the growth of the isolates
under the three different conditions. The strains that were
able to utilize ACC as a nitrogen source (ACC deaminase
positive) exhibited growth similar to that on (NH,),SO,,
whereas the strains that could not utilize ACC presented
growth similar to that of the free nitrogen medium.

Stress tolerance

Salt and drought tolerance The tests consisted of cul-
tivating the bacteria in YEM medium containing 0—14%
NaCl to simulate salt stress or 10%, 20%, or 30% PEG 6000
to mimic drought stress by creating different osmotic
potentials as described by Michel and Kaufmann, and
Sandhya et al. [51, 52]. The media were inoculated with
1% bacterial cultures grown overnight in YEM medium.
The control tests consisted of assessing bacterial growth
in the same media in the absence of stress. Three repli-
cates for each isolate at each concentration were included.
After 48 h of incubation at 28 °C in a shaking incubator
(120 rpm), the ODg,, was measured via a microplate
reader to estimate bacterial growth under the different
conditions tested.

Exopolysaccharide production EPS production was
evaluated via the method described by Paulo et al. [53].
Briefly, liquid cultures of bacteria with an ODg, of 0.8
were used to inoculate 5 mm diameter sterile filter paper
discs deposited in Petri dishes containing mineral salt
medium supplemented with 10% sucrose. The plate was
incubated at 28 °C for 24 h, after which the presence of
mucoid colonies around the discs indicated the presence
of EPS-producing bacteria.
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Biocontrol activities

Hydrogen cyanide (HCN) production The bacterial
isolates were streaked onto LB media supplemented with
glycine at a concentration of 0.4% (w/v). An alkaline pic-
ric acid solution, prepared by dissolving 2% sodium car-
bonate in 0.5% picric acid, was applied to Whatman filter
paper, which was placed on the surface of the agar. The
Petri dishes were sealed with parafilm and incubated at
28 °C for 4-5 days. The color change of the filter paper
from yellow to red-brown is an indicator of HCN produc-
tion [54].

Extracellular enzyme activities Fresh bacterial cultures
were spot inoculated on LB agar plates supplemented
with either 1% carboxymethyl cellulose (CMC) for cellu-
lase production [55] or skim milk agar plates for protease
production [56]. Both types of plates were incubated at
28 °C for 4 days. For cellulase activity, the corresponding
plates were stained with 0.1% Congo red for 15 min and
then incubated with 1 M NaCl for 15 min. The presence of
yellowish zones surrounding colonies indicated positive
results. In the case of protease activity, the appearance of
a clear zone surrounding the colonies is an indication of
positive protease activity.

Chitinolytic activity was assessed on chitin agar plates
comprising 1 g of colloidal chitin, 0.1% K,HPO,, 0.05%
MgSO,7H,0, 1.5% agar, and 2% phenol red. The bacte-
rial suspensions were aliquoted onto the plates, which
were then incubated at 30 °C for 7 days. Positive chitinase
activity was identified by the development of clear zones
surrounding the spots where the inoculants were placed
[57].

Effects of selected rhizosphere isolates on Vachellia growth
Seed germination, seedling inoculation, and growth
conditions

V. tortilis subsp. raddiana seeds collected in the
Guelmim region were pregerminated aseptically via
the protocol described by Sakrouhi et al. [23]. Briefly,
the seeds were scarified with 98% sulfuric acid for 2 h,
washed several times with sterilized distilled water, and
germinated in the dark in Petri dishes containing 0.7%
agar (w/v). Germinated seeds were then planted in seed-
ling tanks containing 45 alveoli previously filled with
a mixture of autoclaved sand and vermiculite (2:1). The
seedlings were inoculated with the selected bacterial
inoculants (Strains LMR725 and LMR731 were selected
for their ability to solubilize phosphate and produce sid-
erophores. Additionally, they can amplify the nifH gene
and produce hydrogen cyanide (HCN). In contrast, strain
LMR777 was identified as the most proficient isolate for
the production of auxin and ACC deaminase) at a rate of
10 cells per seedling. Bacteria were previously grown for
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48 h in nutrient broth media until the exponential growth
phase [58, 59]. Noninoculated seedlings were used as
controls. For each treatment, 10 replicates were used.
The plants were grown in a greenhouse under natural
light conditions and watered once or twice a week with
the mineral mixture described by Hoagland and Arnon
[60].

Plant harvest and measured parameters

Following a 6-month growth period, the plants were
meticulously uprooted, and their roots were gently
washed with tap water to eliminate any residual sand or
vermiculite particles. The following parameters were
subsequently measured: root dry weight (RDW; g/plant),
shoot dry weight (SDW; g/plant), average shoot length
(SL; cm), and average root length (RL; cm).

Statistical analysis

The data obtained from the inoculation trials were ana-
lyzed using XLSTAT software (version 03.05.2014) to
detect significant differences. An analysis of variance
(ANOVA) followed by Tukey’s Honest Significant Dif-
ference (HSD) test was conducted to determine the vari-
ance, with a significance threshold of P<0.05 for the
mean values.

Results

A total of 152 strains were isolated from the rhizosphere
of the roots of V. tortilis subsp. raddiana; these strains
were analyzed via rep-PCR fingerprinting to evaluate
their genetic diversity and to group those that presented
a high percentage of similarity. In the present study, a
threshold of 80% was established, resulting in the identi-
fication of 84 distinct Rep-PCR patterns (marked in bold)
among the isolates, which were divided into 25 genomic
groups at 65% similarity. (Figure S1).

Phylogenetic analysis of the 16S rRNA gene

The 84 representative strains were identified via 16 S
rRNA gene sequencing. The sequences are available in the
GenBank database under the accession numbers shown
in Table S1. Most of the sequences presented similarities
greater than 98% with 16 S rRNA gene sequences found
in the NCBI database, which allows good strain identifi-
cation, especially at the genus level. The most abundant
genus was Pseudomonas, with 33 strains, followed by
Bacillus (14 strains), Arthrobacter and Pseudoarthrobac-
ter (10 strains each). The genera Phyllobacterium, Sino-
rhizobium, Stenotrophomonas, and Psychrobacillus were
represented by 2 strains each, whereas only one strain
was identified for Rhodococcus, Microbacterium, Nocar-
diodes, Lysinibacillus, Sporosarcina, Brevibacterium,
Staphylococcus, Xanthomonas and Pseudoxanthomonas.
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A phylogenetic tree was constructed via the maxi-
mum likelihood function of Mega. This analysis involved
nucleotide sequences of 84 strains, including reference
strains and strains closely related to those sequenced in
the present study (Fig. 1). The cladogram shows good
individualization of the clades containing strains related
to the Pseudomonas and Bacillus genera. The strains of
the genus Arthrobacter were well grouped with A. crys-
tallopoites, A. pascens and A. globiformis, which share the
same gene pool and are closely related to each other. Sim-
ilarly, 10 strains were closely related to each other and to
Pseudoarthrobacter sp.

Phytobeneficial traits and stress tolerance of rhizosphere
strains

PGP traits

The 84 isolates representing the bacterial diversity in the
rhizosphere of V. tortilis subsp. raddiana were tested for
their in vitro plant growth-promoting activities (Table 1).
Globally, half of the Pseudomonas strains produced auxin
(3.24-58.97 ug mL™!) and siderophores (21.39-77.63%),
whereas inorganic phosphate with P values between
12.13 and 43.18 pug mL™! was detected in only 7 isolates.
Only four isolates were effective potassium solubiliz-
ers, and just seven strains were fixed with atmospheric
nitrogen.

Importantly, the Bacillus strains presented low PGP
activities, with only one strain exhibiting low auxin pro-
duction and phosphate solubilization (Bacillus strain
LMR748) and one strain solubilizing potassium and fix-
ing molecular nitrogen (LMR752). For the latter activ-
ity, another strain (LMR724) also showed good growth
in NFB media. In addition, two other strains exhibited
good siderophore production. Among the other genersa,
only one Arhtrobacter strain (LMR777) produced auxin
at a relatively high rate (101.04 ug mL™'), while the other
possessed both potassium solubilization and nitrogen
fixation activities (LMR740). In addition, two strains
belonging to the genus Pseudarthrobacter presented dif-
ferent PGP traits: LMR792 produced auxin and sidero-
phores and fixed nitrogen, whereas LMR762 exhibited
auxin production and potassium solubilization activities.

For the remaining genera, isolates possessed little or
no activity at all. The most important strains displaying
more than one activity were LMR725, LMR765, LMR782,
and LMR734 (Nocardioides, Sinorhizobium, Stenotroph-
omonas, and Sporosarcina, respectively).

Concerning zinc solubilization, none of the strains
tested could solubilize zinc sulfate or zinc carbonate,
and only 5 strains in the collection solubilized zinc oxide
(Pseudomonas LMR731 and LMR745, LMR729, LMR
767 and Beijerinckia LMR744). Moreover, the nifH gene
was detected in only 6 isolates (Pseudomonas LMR731
and LMR745, Bacillus LMR724, Nocardioides LMR725,
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Fig. 1 Maximum likelihood phylogeny of 16 S rRNA gene sequences of endophytic strains isolated from V. tortilis. subsp. raddiana rhizosphere. The analy-
sis was based on 1461 nucleotides Isolates are denoted in bold. Bootstrap values are indicated as percentages derived from 1000 replications

Arhtrobacter LMR740, and Bacillus LMR752). Among
the whole tested collection, only 17 isolates presented the
capacity to produce ammonium when cultivated in the
corresponding medium.

Stress tolerance

Among the Pseudomonas strains, only three were unable
to grow in the presence of 10% PEG (LMR788, LMR778,
and LMR768), while 14 out of 33 strains were able to
tolerate up to 30% PEG (Table 2). For bacteria with a
maximum tolerated concentration (MTC) of 10% PEG, a
minimum growth reduction of 30.25% was observed for
strain LMR788, whereas the maximum growth reduc-
tion was 43.93% for strain LMR768. At an MTC of 20%
PEG, the minimum growth reduction was 65.10% for
strain LMR757, and the maximum growth reduction was
87.77% for strain LMR766. At an MTC of 30%, the mini-
mum growth reduction was 54.81% for strain LMR739,
and the maximum growth reduction was 87.47% for
strain LMR801.

When exposed to saline stress, the growth of Pseudo-
monas strains is generally reduced by concentrations of
NaCl ranging from 2 to 14%. This stress condition also
affected exopolysaccharide (EPS) production, as only five
of the tested strains were capable of producing EPS.

Sixteen strains of Bacillus were evaluated for their abil-
ity to grow in the presence of 10%, 20%, or 30% PEG.
Only 7 strains were able to grow in media containing
30% PEG, while the growth reduction of the other strains
ranged from 32.55 to 91.83% depending on the PEG con-
centration. The Bacillus strains were found to be tolerant
to high NaCl concentrations, with 6 isolates able to grow
at a concentration of 14%. Only one Bacillus isolate pro-
duced exopolysaccharides (LMR748).

All the Pseudarthrobacter and Arthrobacter strains
were able to grow in media containing 10% PEG, while
growth reduction percentages ranging from 44.26 to
85.97% were observed at concentrations of 20% and
30% PEG. The results for other genera varied greatly,
with strains very sensitive to osmotic stress, such as
Beijerinckia LMR744, which presented 65.06% growth
reduction at 10% PEG, and very tolerant strains, such as
Microbacterium LMR742, which presented only 15.31%
growth reduction at 30% PEG.

Regarding salinity tolerance, some strains of Paenar-
throbacter and Sinorhizobium exhibited higher toler-
ance compared to others, although these strains did not
produce exopolysaccharides. Conversely, Staphylococ-
cus sp. strain LMR733 and Sporosarcina strain LMR734
were highly sensitive to elevated salt concentrations and
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also lacked the capacity to produce exopolysaccharides
, (Table 2).

NifH
gene

Biocontrol traits

The results of the production of extracellular enzymes
and hydrogen cyanide (HCN) by selected rhizosphere
isolates are shown in Table 3. Two strains showed three
activities: cellulase, chitinase, and HCN production by
the Bacillus strain LMR724 and cellulase, protease, and
HCN production by the Bacillus strain LMR796. Ten
strains presented two different activities, whereas the
remaining strains presented only one activity.

NFB

Ammonium
production

++
:

Global analysis of bacterial beneficial activities
The analysis of the Venn diagram of PGP activities
(Fig. 2a) revealed that many strains presented more than
one activity. Notably, only the strain LMR798 exhibited
4 activities (auxin and siderophore production, nitrogen
fixation, and potassium solubilization), whereas 8 strains
presented 3 activities: LMR725 and LMR731 (phosphate
solubilization, siderophore production, and nitrogen fixa-
' tion); LMR745, LMR778, LMR792, and LMR772 (nitro-
gen fixation, AIA and siderophore production); LMR 783
(potassium solubilization, auxin and siderophore produc-
tion); and LMR775 (phosphate and potassium solubiliza-
tion, and siderophore production).

The second Venn diagram, which grouped extracellular
enzyme production and HCN activity (Fig. 2b), revealed
that no strain possessed all the activities analyzed.

index
(%)
78.96

51.11

Zinc solubiliza- Siderophores ACC deaminase

tion (ZnO)

Effect of isolate inoculation on V. tortilis subsp. raddiana
growth under greenhouse conditions

When the effects of the three bacterial strains were com-
pared, LMR725 was found to be particularly effective
in promoting the growth of V. tortilis subsp. raddiana.
Inoculation with this strain resulted in aerial parts that
were equivalent in length to those of the control plants
but significantly greater than those of the two other
strains tested. In terms of root length and dry shoot
weight, Nocardioides strain LMR725 was also the best
performing strain, with values significantly greater than
those of Arthrobacter LMR731 but equivalent to those
of Pseudomonas LMR777 and the control uninoculated
plants. However, for root dry weight, no significant dif-
ferences were detected among the inoculation treatments
and the control (Table 4). Overall, inoculation with the
LMR725 strain clearly improved the growth parameters
of V. tortilis subsp. Raddiana.

solubilization

Potassium
(%)
63.63

75

AIA production Phosphate
production
(ngmL™")

NCBI species
(ngmL™)
Pseudomonas sp. 531
=(Z-C/C)*100
=(Ar—As) x 100/Ar

Bacillus sp.
Bacillus sp.

Discussion

Owing to their nature, rhizobacteria typically populate
the rhizosphere or rhizoplane and, occasionally, the roots
of growing plants. They are known as the most numerous
and versatile of all microorganisms connected to higher

absorbance of the sample (CAS solution and cell-free supernatant of a sample)

absorbance of reference (CAS solution and uninoculated Modi medium),

diameter of solubilization zone
and As

colony diameter

+++ Luxuriant growth/strong activity, ++ good growth/moderate activity, + poor growth/weak activity, — no growth/no activity

Table 1 (continued)

For potassium solubilization:
Solubilization efficiency (SE) %

For the siderophore index:

The percent siderophore unit (psu)

Strain code
LMR796
LMR798
LMR806
where

z

C

where

Ar
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Table 2 Stress tolerance of selected rhizosphere isolates

Strains code NCBI species PEG MTC % of reduction of growth at PEG MTC NaCl MIC (%) EPS production
(%)

LMR722 Bacillus sp. 10 62.71 5 -
LMR723 Bacillus sp. 30 71.06 9 -
LMR724 Bacillus sp. 30 58.23 14 -
LMR725 Nocardioides sp. 10 4742 9 -
LMR726 Pseudomonas sp. 30 80.26 2 -
LMR727 Xanthomonas sp. 30 86.45 14 -
LMR728 Brevibacterium sp. 30 77.03 10 -
LMR729 Pseudomonas sp. 30 74.39 10 -
LMR730 Pseudomonas sp. 30 65.74 4 -
LMR731 Pseudomonas sp. 30 5893 10 -
LMR732 Bacillus sp. 10 4772 14 -
LMR733 Staphlycoccus sp. 20 43.04 10 -
LMR734 Sporosarcina sp. 30 7244 10 -
LMR735 Pseudarthrobacter sp. 30 75.03 10 -
LMR736 Pseudomonas sp. 20 85.49 14 -
LMR737 Pseudarthrobacter sp. 30 44.50 5 -
LMR738 Pseudarthrobacter sp. 20 78.80 4 -
LMR739 Pseudomonas sp. 30 54.81 10 -
LMR740 Arthrobacter sp. 30 64.23 2 -
LMR741 Bacillus sp. 20 61.31 14 -
LMR742 Microbacterium sp. 30 15.31 5 -
LMR743 Bacillus sp. 30 60.70 10 -
LMR744 Beijerinckia sp. 20 85.17 5 -
LMR745 Pseudomonas sp. 30 7793 5 -
LMR746 Pseudarthrobacter sp. 30 68.61 10 -
LMR747 Psychrobacillus sp. 20 78.69 1 -
LMR748 Bacillus sp. 10 51.15 10 +++
LMR749 Pseudomonas sp. 20 83.03 10 +++
LMR750 Bacillus sp. 30 84.01 14 -
LMR751 Bacillus sp. 30 81.89 10 -
LMR752 Bacillus sp. 20 75.15 14 -
LMR753 Pseudomonas sp. 20 82.25 10 +++
LMR754 Pseudomonas sp. 30 72.84 4% -
LMR755 Bacillus sp. 30 32.55 10 -
LMR756 Pseudarthrobacter sp. 20 44.26 2 -
LMR757 Pseudomonas sp. 20 65.10 10 -
LMR758 Pseudomonas sp. 20 75.36 10 -
LMR759 Pseudarthrobacter sp. 20 85.97 10 -
LMR760 Pseudomonas sp. 30 77.36 4 -
LMR761 Pseudomonas sp. 20 78.25 10 -
LMR762 Pseudarthrobacter sp. 30 69.77 10 -
LMR763 Paenarthrobacter sp. 30 65.54 10 -
LMR764 Pseudomonas sp. 20 78.89 10 -
LMR765 Sinorhizobium sp. 20 79.21 10 -
LMR766 Pseudomonas sp. 20 87.77 10 -
LMR767 Pseudomonas sp. 20 82.82 10 -
LMR768 Pseudomonas sp. 10 4393 10 -
LMR769 Phyllobacterium sp. 30 73.76 10 +++
LMR770 Arthrobacter sp. 20 78.10 4 -
LMR771 Stenotrophomonas sp. 30 74.30 2 -
LMR772 Pseudomonas sp. 30 83.62 10 -

LMR773 Paenarthrobacter sp. 30 93.28 10 -
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Table 2 (continued)
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Strains code NCBI species PEG MTC % of reduction of growth at PEG MTC NaCl MIC (%) EPS production
(%)

LMR774 Pseudarthrobacter sp. 30 83.58 5 -
LMR775 Pseudomonas sp. 20 67.77 5 -
LMR776 Pseudomonas sp. 30 7793 10 -
LMR777 Arthrobacter sp. 30 77.34 5 -
LMR778 Pseudomonas sp. 10 34.78 1 -
LMR779 Pseudoxanthomonas sp. 30 4283 2 +++
LMR780 Rhodococcus sp. 20 4538 2 +++
LMR781 Pseudomonas sp. 20 69.86 1 -
LMR782 Stenotrophomonas sp. 20 78.79 2 -
LMR783 Pseudomonas sp. 30 79.75 10 -
LMR784 Arthrobacter sp. 30 59.84 5 -
LMR785 Bacillus sp. 30 50.93 2 -
LMR786 Bacillus sp. 20 59.97 10 -
LMR787 Sinorhizobium sp. 20 29.87 2 -
LMR788 Pseudomonas sp. 10 30.25 2 +++
LMR789 Pseudomonas sp. 10 73.25 5 +++
LMR790 Pseudomonas sp. 30 7645 5 -
LMR791 Arthrobacter sp. 20 7713 5 +++
LMR792 Pseudarthrobacter sp. 20 44.26 2 -
LMR793 Pseudomonas sp. 30 70.99 5 -
LMR794 Arthrobacter sp. 20 7538 2 -
LMR795 Bacillus sp. 20 41.67 14 -
LMR796 Bacillus sp. 30 50.69 12 -
LMR797 Pseudarthrobacter sp. 20 57.86 1 -
LMR798 Pseudomonas sp. 20 7033 10 +++
LMR799 Pseudomonas sp. 20 83.53 2 -
LMR800 Pseudomonas sp. 20 80.67 10 -
LMR801 Pseudomonas sp. 30 8747 10 -
LMR802 Arthrobacter sp. 30 85.71 10 -
LMR803 Lysinibacillus sp. 30 66.29 5 -
LMR804 Pseudomonas sp. 30 82.67 10 -
LMR805 Pseudarthrobacter sp. 20 83.58 10 -
LMR806 Bacillus sp. 10 91.83 5 -
LMR807 Psychrobacillus sp. 30 83.27 1 -
LMR808 Paenarthrobacter sp. 10 29.30 5 -

MTC Maximum tolerated concentration

MIC Minimal Inhibiting Concentration

+++ Luxuriant growth/strong activity, ++ good growth/moderate activity, + poor growth/weak activity, — no growth/no activity

(GrOWth redUCtiOn:] - (ODstrain/ODControl) X1 00)
OD;in= ODggp at the MTCpeg
ODCnntmI: ODGOO at 0% PEG

plants [61]. It is well documented that a greater density
of microbes are found in the rhizosphere than in the
bulk soil. Moreover, the structure of soil microbial com-
munities, their metabolic activities, and biogeochemi-
cal process rates have been reported to be substantially
impacted by plant roots [62].

To date, few studies have investigated the microbiota of
the rhizosphere of Vachellia (formerly the Acacia genus)
species. In a previous study, Yuan et al. reported results
concerning the roots and soil rhizosphere of five Acacia

species (Acacia crassicarpa, Acacia cincinnata, Acacia
melanoxylon, Acacia mangium, and Acacia mearnsil)
[63]. The phylum Acidobacteria was the most abundant
phylum in the rhizosphere, followed by Proteobacteria
and Actinobacteria. On the other hand, Kamutando et
al. reported that Alphaproteobacteria and Gammapro-
teobacteria (bacterial classes) and Pezizomycetes and
Agaricomycetes (fungal classes) were enriched in the rhi-
zosphere of Acacia dealbata compared with bulk soils
[64]. In general, most of the research on the microbiota
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Table 3 Extracellular enzymes and HCN production of selected rhizosphere isolates

Strains code NCBI species Cellulase Chitinase Protease Hydrogen cyanide
LMR724 Bacillus sp. +++ + - ++
LMR725 Nocardioides sp. - - - +++
LMR726 Pseudomonas sp. - - + ++
LMR727 Xanthomonas sp. +++ - - ++
LMR729 Pseudomonas sp. - - - +
LMR730 Pseudomonas sp. - - -

LMR731 Pseudomonas sp. - - + +
LMR732 Bacillus sp. +++ - - -
LMR734 Sporosarcina sp. - ++ - +
LMR736 Pseudomonas sp. - - - +
LMR739 Pseudomonas sp. +++ - - -
LMR740 Arthrobacter sp. - - + -
LMR742 Microbacterium sp. - - - -
LMR743 Bacillus sp. - - + -
LMR744 Beijerinckia sp. - - - -
LMR745 Pseudomonas sp. - - - N
LMR748 Bacillus sp. - - -

LMR750 Bacillus sp. +++ - - ++
LMR752 Bacillus sp. - - - +
LMR754 Pseudomonas sp. - - - +
LMR758 Pseudomonas sp. - - - +++
LMR762 Pseudarthrobacter sp. - - - +
LMR764 Pseudomonas sp. - - - +
LMR765 Sinorhizobium sp. ++ - + -
LMR767 Pseudomonas sp. - - - +
LMR768 Pseudomonas sp. - - - +
LMR771 Stenotrophomonas sp. - - + ++
LMR775 Pseudomonas sp. - - + -
LMR777 Arthrobacter sp. - - - -
LMR778 Pseudomonas sp. - + - ++
LMR780 Rhodococcus sp. - - - +
LMR782 Stenotrophomonas sp. - - - +
LMR783 Pseudomonas sp. + - - +
LMR787 Sinorhizobium sp. - + - -
LMR789 Pseudomonas sp. - - - -
LMR792 Pseudarthrobacter sp. - - - -
LMR793 Pseudomonas sp. - - - -
LMR796 Bacillus sp. +++ - ++ +
LMR798 Pseudomonas sp. - - ++ +

+++ Luxuriant growth/strong activity, ++ good growth/moderate activity, + poor growth/weak activity, — no growth/no activity

associated with V. tortilis subsp. raddiana has focused
on nodule isolates [13, 23, 65-71]. In a recent study,
we reported a comprehensive inventory of nonsymbi-
otic endophytic bacteria isolated from nodules of this
tree species. The identified bacterial strains included
six strains closely related to 6 different Bacillus species,
nine strains associated with 4 Pseudomonas species, two
strains related to 2 Microbacterium species, three strains
linked to Klebsiella sp., and one strain related to each
genus, namely, Stenotrophomonas sp. and Streptomyces
sp [72].

In the present study, we isolated and studied the bacte-
ria associated with the roots of V. tortilis subsp. raddiana
growing in desert soils collected in the Guelmin region
(southern Morocco). Genetic diversity was assessed via
Rep-PCR, and representative isolates were identified
via 16 S rRNA sequencing. The rhizobacterial commu-
nity analyzed was diverse, and several genera previously
reported in the rhizosphere of other Acacia species, such
as Pseudomonas, Bacillus, and Stenotrophomonas, were
also identified here [63, 64]. The 16 S rRNA gene is usu-
ally sequenced for strain identification; however, in many
cases, resolution for identification at the species level is
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Chitinase

Fig. 2 Venn diagrams showing the PGP activities (a), extracellular enzyme production and HCN (b) of a collection of 84 rhizospheric strains isolates ob-
tained from V. tortilis. subsp. raddiana rhizosphere (http://bicinformatics.psb.ugent.be/webtools/Venn/)

Table 4 Effects of inoculation with selected strains on the shoot and root dry weights of V. Tortilis subsp. raddiana plants grown under

greenhouse conditions

Treatment Closest species SL (cm) RL (cm) SDW (g) RDW (g)
LMR725 Nocardioides sp. 23.950a+4.15 15.875ab+1.58 1.088ab+0.23 0.489a+0.12
LMR731 Pseudomonas sp. 17.857bc+297 12.000c+2.51 0.818bc+0.27 0429a+0.20
LMR777 Arthrobacter sp. 16911c+2.24 16.144a+2.21 0.587¢+0.23 0.356a+0.18
Control - 20.875abc+1.88 13.525abc+1.63 0.577¢+0.17 0.347a+0.09

The values are the means of six independent replicates (1=6). Means followed by the same letter(s) within the same column are not significantly (p<0.05) different

according to Tukey’s HSD

Control: Noninoculated plants

SDW: shoot dry weight (g/plant); RDW: root dry weight (g/plant).
SL: Shoot length (cm); RL: Root length (cm)

lacking, depending on the genus analyzed [73]. Sequenc-
ing of housekeeping genes such as gyrB, rpoB, atpD,
and recA is a better and pertinent approach for species
identification [74, 75], and more recently, whole-genome
sequencing techniques have also been increasingly used
for this purpose [76, 77]. For these reasons, the 32 puta-
tive species of rhizobacteria identified in our study are
given as indicators and should be confirmed via the
abovementioned techniques. These genera are affiliated
with 17 genera dominated by Pseudomonas and Bacillus.
Many studies have reported that Pseudomonas species
are the most abundant Gram-negative bacteria pres-
ent in rhizosphere soils [78, 79]. This genus is also fre-
quently found in the rhizosphere and nodules of legumes
[80]. Several Bacillus species have also been found to
adapt well to the rhizoplane and rhizosphere of differ-
ent plants. In particular, Bacillus subtilis and B. mycoi-
des have been reported to be closely associated with the
roots of established tea plants [81], while Bacillus cereus

was the second most abundant species in the rhizosphere
of Acacia plants [82]. This species is known to produce
spores and is highly tolerant to environmental stresses
[83], which is the case in the soils of the Guelmim region,
from which strains were isolated. In addition to Pseudo-
monas and Bacillus, other predominant genera in the
rhizosphere, such as Arthrobacter, Pseudoarthrobacter,
Mycobacterium, Burkholderia, Stenotrophomonas and
different members of Proteobacteria, Actinobacteria,
and Bacteroidetes, were identified in other studies [84,
85]. The diversity of the bacterial community in the rhi-
zosphere is known to be influenced by various factors,
such as plant species, soil type, and environmental condi-
tions. These bacteria are believed to play important roles
in plant growth, disease suppression, and nutrient acqui-
sition [86]; thus, manipulating this bacterial community
is a potential way to improve plant growth and health
[87]. Indeed, more studies on the role of these bacteria
in the rhizosphere of V. tortilis subsp. raddiana and their
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potential for biotechnological applications are needed.
Future studies should also consider the influence of abi-
otic factors such as soil type, pH, and moisture on the
structure of the bacterial community in the rhizosphere
of V. tortilis subsp. Raddiana.

PGP traits of V. tortilis subsp. raddiana rhizospheric
bacteria

All the bacteria recovered from the rhizosphere of V.
tortilis subsp. raddiana were tested for their main PGP
activities, auxin and siderophore production, phosphate
solubilization, ACC deaminase activity, ammonium pro-
duction, nitrogen fixation and #ifH genes, and stress tol-
erance (salt and drought). The most interesting isolates
were subjected to another round of screening concerning
zinc and potassium solubilization and the production of
HCN, chitinase, and protease.

Auxin, siderophore, and ACC deaminase production

Among the rhizobacterial collection, the best producers
of IAA were the strains Arthrobacter LMR777 and Bei-
jerinckia LMR744. However, a greater number of strains
producing IAA were recorded among those affiliated
with the Pseudomonas genus, which is not surprising
given the number of previous studies that reported this
genus as an efficient IAA producer [78, 88]. In contrast,
only one Bacillus strain exhibited positive IAA activity.
The ability of microorganisms to produce and release
auxins has long been known and is a common feature
of different bacteria isolated from the rhizosphere [89].
This phytohormone is a key regulator and determinant
of plant development and is involved in many different
processes, such as cell differentiation, communication,
and division [90]. IAA may also serve as a signal in bacte-
rial-bacterial communication (quorum sensing) and bac-
terial-plant communication [91].

The production of siderophores is one of the major
PGP activities among rhizobacteria. In our study, the
strains Bacillus LMR796 and Pseudomonas LMR745
were the largest siderophore producers. Different bacte-
rial genera, such as Pseudomonas, Aeromonas, Azoto-
bacter, Bacillus, Rhizobium, Azadirachta, Streptomyces,
Burkholderia, and Serratia, have been reported to pro-
duce siderophores [92—94]. Siderophores play a vital role
in growth promotion, such as binding Fe to leghemoglo-
bin in legume nodules and helping increase enzymatic
activities and plant water and mineral uptake [95]. In
addition, bacteria that produce siderophores can protect
plants from pathogens through competition for iron in
the rhizosphere [96].

The rhizobacterial isolates were also screened for ACC
deaminase activity, which is known to contribute to the
stress adaptation of plants. ACC deaminase cleaves
1-aminocyclopropane-1-carboxylate (ACC), a compound
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involved in the synthesis of the plant hormone ethyl-
ene, leading to a decrease in ethylene production and
an increase in plant growth under stress conditions [97].
Some of the strains belonging to the genera Pseudomo-
nas, Arthrobacter, Beijerinckia and Pseudarthrobacter
were positive for ACC deaminase activity, which is in
accordance with previous studies [16, 98, 99].

Minerals bioavailability

Phosphorus is the second most significant limiting nutri-
ent for plants after nitrogen. This is due to its high rate
of fixation and complexation with other soil elements,
which makes P not readily available to plants [100]. By
participating in the soil phosphorus cycle, PGPR are
crucial actors in making soil-immobilized phosphorus
accessible to plants [101]. Different genera are known as
P solubilizers, such as Azotobacter, Bacillus, Beijerinckia,
Burkholderia, Enterobacter, Erwinia, Flavobacterium,
Microbacterium, Pseudomonas, Rhizobium and Serratia
[102]. In our study, we identified several P-solubilizing
strains belonging mainly to the genus Pseudomonas but
also to Bacillus and Stenotrophomonas. However, the
best P solubilizer in our collection was strain LMR 725,
which has 98.5% similarity with Nocardioides nitropheno-
licus (Table S1), a p-nitrophenol-degrading actinobacte-
ria initially isolated from industrial wastewater in Korea
[103]. To our knowledge, this is the first report on the
isolation of strains belonging to this species from desert
soils and their ability to solubilize rock phosphate.

Potassium is the third essential macronutrient for
plants [104]. It is also present abundantly in insoluble
rocks and minerals (approximately 90%), while the
amount of soluble potassium in the soil is always low, and
only a small fraction (1-2%) is available to plants [105].
Therefore, a system of continuous potassium replenish-
ment in a soil solution is needed to ensure its adequate
availability to crop plants [106]. Species of the genera
Pseudomonas and Bacillus present potassium solubili-
zation capacity [107-109]. In the present study, only 11
strains among the entire collection demonstrated signifi-
cant potassium solubilization activity, and interestingly,
over half of them belonged to the Bacillus and Pseudo-
monas genera.

Among soil minerals, zinc is an essential micronutrient
involved in various metabolic activities, the stimulation
of many enzymes and processes such as photosynthe-
sis and respiration. Thus, it is an essential mineral for
the development of plants, humans, and animals. In the
rhizosphere, zinc-solubilizing bacteria can convert inor-
ganic Zn to available forms for plant nutrition; thus,
these bacteria are potential alternatives for Zn supple-
mentation [110]. Moreno-Jiménez et al. [111] concluded
that aridity negatively affects the availability of essential
micronutrients, particularly iron and zinc, in dryland
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soils, posing threats to ecosystems and food production.
This trait seems not to be widespread among the desert
rhizobacteria isolated in our study, with only five strains
related to Pseudomonas and Beijerinckia showing in vitro
solubilization of zinc oxide, while no strain was able to
solubilize 2 other Zn sources tested. Karnwal et al. also
reported that Pseudomonas strains are zinc-solubilizing
bacteria [112].

Biological nitrogen fixation is among the most impor-
tant PGP traits of rhizobacterial strains. Here, we used
two approaches to detect these strains: bacterial culture
on free nitrogen-selective media and selective amplifica-
tion of the nifH gene, which is involved in the biosynthe-
sis of nitrogenase, the nitrogen-fixing enzyme. The first
method identified 14 strains growing in the absence of
a nitrogen source, whereas six isolates presented nifH
gene amplification. The ability of rhizospheric bacteria
to fix atmospheric nitrogen has been reported for differ-
ent genera: Pseudomonas [113, 114], Bacillus [115, 116],
and Arthrobacter [117, 118]. Notably, some strains that
grew in NFB media did not exhibit amplification of the
nifH gene. This apparent contradiction may be explained
by the diversity of the nifH gene; the use of two pairs of
primers is no longer sufficient to achieve satisfying and
sharp results. Effectively, as shown by Gaby and Buckley
[119], many supposedly universal primer sets miss signif-
icant portions of known nifH diversity. Many recent stud-
ies have demonstrated the potential of various strains
of the genus Pseudomonas sensu stricto to fix nitrogen,
including P, stutzeri A1501, P. stutzeri DSM4166, P. azo-
tifigens 6HT33bT, and Pseudomonas sp. K1 [120-122].
Additionally, qRT-PCR analysis demonstrated the
expression of the Pseudomonas strains CY4 and CN11
nifH genes in sugarcane. As a result, the presence of the
nifH gene indicates the presence of diazotrophs, and
the expression of the gene suggests the presence of BNF
[123].

More globally, our results demonstrate that some rhi-
zobacterial strains exhibit many PGP activities at the
same time, which is in accordance with previous studies
that reported similar results for isolates from the gen-
era Sinorhizobium, Stenotrophomonas, Nocardioides
and Sporosarcina [124-127]. Moreover, Pseudomonas
strains reportedly possess different PGP traits, such as
phosphate solubilization, siderophore, IAA, HCN, antibi-
otic and ammonium production, nitrogen fixation, ACC
deaminase activity, and biological control. These strains
are used as biofertilizers that can increase crop yield
through direct and indirect mechanisms [128]. In this
context, a Pseudomonas putida strain has been reported
as a PGPR that improves not only soil enzyme activities
but also the growth of kasumbha [129]. Moreover, strains
belonging to the Pseudomonas genus are considered effi-
cient PGPR for many crops [130].
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Salt and osmotic stress tolerance and exopolysaccharide
production

Joshi et al. (2021) reported that some PGPR, including
Pseudomonas, Enterobacter, Bacillus, Variovorax, Kleb-
siella, Burkholderia, Azospirillum, Serratia, and Azoto-
bacter, support plant growth and development under
normal and stressful circumstances [131]. Thus, certain
PGPR strains can be used with agricultural plants to
mitigate the stress caused by climate change, as they are
effective at increasing stress tolerance, adaptation, and
response mechanisms in plants. Salinity, drought, and
low and high temperatures are the most common abiotic
stressors in arid and desert areas, and according to Miil-
ler et al., drought affects 64% of the worldwide land area,
whereas salinity affects only 6% [132].

In the present study, we tested representative rhizo-
bacterial strains for their tolerance to salt by increasing
the NaCl concentration in the medium and their toler-
ance to water stress induced by increased concentrations
of PEG6000. The use of PEG to select bacteria that are
tolerant to osmotic stress and the effects of these bacte-
ria on the tolerance of plants to drought stress are well
documented [133-135]. Among the dominant gen-
era identified, all the Pseudomonas strains were able to
grow in the presence of 10% PEG, and half of them were
highly tolerant to osmotic stress (up to 30% PEG). The
Pseudomonas strains were also highly tolerant to salin-
ity (between 2% and 14% NaCl). Similar results have been
reported for isolates belonging to the genus Pseudomo-
nas isolated from maize [136] and rice [137]. It has been
reported that significantly higher ROS (Reactive Oxygen
Species) production in Pseudomonas putida exposed to
water potentials less than 0.5 MPa is among the mecha-
nisms implicated in such a high level of tolerance [138].
The second most abundant genus in the present study,
Bacillus, was also highly tolerant to water stress, and
6 strains, up to 14% NaCl, tolerated high salinity stress.
Exopolysaccharide production has also been reported
as an important characteristic that can be implicated in
stress tolerance. This high-molecular-weight biopolymer
composed of monosaccharide residues is synthesized by
a wide range of PGPR and plays a vital role in enhancing
soil fertility and crop yield. In the present study, strains
producing EPS belong to different genera, especially
Pseudomonas, Bacillus, Arthrobacter, Phyllobacterium,
Rhodococcus, and Pseudoxanthomonas. Previous stud-
ies reported that EPS production is widespread among
PGPR such as Azotobacter vinelandii, Agrobacterium sp.,
Bacillus drentensis, Rhizobium leguminosarum, Entero-
bacter cloacae, and Xanthomonas sp [139]. However, in
our study, not all the osmotolerant strains produced EPS,
which indicates that for these strains, other mechanisms
may be involved in osmotolerance.
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The importance of osmotolerant plant growth-pro-
moting rhizobacteria (PGPR) strains lies in their poten-
tial application for inoculation under water and/or saline
stress conditions. In this regard [140], demonstrated
notable improvements in chickpea-rhizobia symbiotic
performance and plant growth under potted conditions
with saline soil. This positive outcome was observed
when plants were inoculated with various nonrhizobial
endophytic bacteria isolated from chickpea nodules,
including B. cereus NUU1, Achromobacter xylosoxidans
NUU2, B. thuringiensis, NUU3 and B. subtilis NUU4.

Biocontrol activities of V. tortilis subsp. raddiana
rhizospheric bacteria
The production of lytic enzymes, such as chitinases,
lipases, proteases, cellulases, and p-1,3 glucanases, by
beneficial microbes has been shown to inhibit the growth
of pathogenic fungi, including Botrytis, Rhizoctonia, Scle-
rotium, Phytophthora, Pythium, and Fusarium [141].
Among the strains tested in our study, two belonging to
the Bacillus genus (LMR796 and LMR724) presented
three of the following four activities: cellulase, protease,
chitinase, and HCN production. The strain LMR724
is very closely related to Bacillus safensis RGM2450, a
strain that reportedly possesses genomic characteristics
that can lead to the biosynthesis of secondary metabolites
responsible for its antagonistic activity against phyto-
pathogens, particularly competition for macronutrients,
and permeabilization and suppression of membrane
biosynthesis [142]. The LMR796 strain is closely related
to the Bacillus xiamenensis strain PM14, a rhizosphere
strain with in vitro biocontrol properties and the ability
to activate red rot disease resistance in sugarcane [143].
Importantly, the production of extracellular enzymes
and hydrogen cyanide (HCN) by bacteria in the rhizo-
sphere can significantly affect the growth and devel-
opment of plants. These substances can affect various
plant processes, such as nutrient acquisition and defense
against pathogens [144]. For example, cellulase and chi-
tinase production can increase the decomposition of
plant biomass and increase nutrient availability [145],
whereas protease production can improve the solubi-
lization of organic matter and stimulate plant growth
[146]. The production of hydrogen cyanide (HCN) by
rhizosphere bacteria can exert both positive and negative
effects on plants. Low levels of HCN may stimulate plant
growth and enhance defense mechanisms, while elevated
levels can be toxic and inhibit growth. In our study;, it was
observed that the majority of HCN-producing strains
are classified within the genera Pseudomonas and Bacil-
lus (see Table 3). This distribution suggests that these
genera might play a significant role in modulating plant
responses through their HCN production [144].
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To ensure the safe application of these bacterial strains
in agricultural settings, it is essential to consider their
potential for antibiotic resistance. Evaluating the antibi-
otic susceptibility of these strains is crucial for prevent-
ing the spread of antibiotic resistance genes. To this
end, we plan to perform whole genome sequencing of
the three bacterial strains selected for inoculation. This
approach will enable a comprehensive analysis of their
genomic content, with a particular focus on identifying
and assessing antibiotic resistance genes. By taking these
measures, we aim to minimize any associated risks and
ensure the responsible use of these strains in biofertilizer
development.

Effects of PGPR inoculation on V. tortilis subsp. raddiana
growth under greenhouse conditions

Among the collection of rhizobacteria identified and
characterized in our study, three strains were selected
for in planta experimentation (Nocardioides LMR725,
Arthrobacter LMR731, and Pseudomonas LMR777).
Compared with noninoculated control plants, V. ftor-
tilis subsp. raddiana plants inoculated with the strain
LMR725 under controlled conditions presented signifi-
cantly increased plant growth parameters (88.56% shoot
dry weight and 40.92% root dry weight). Strain LMR731
induced nonsignificant increases in both parameters
(41.76% and 23.63%, respectively), whereas inoculation
with LMR777 had no effect on the growth of the plants.

The higher performing strain LMR725 was closely
related to Nocardioides nitrophenolicus. It belongs to
a bacterial genus containing species commonly found
in soil, water sediment, and sludge [103]. Ikunaga et al.
isolated Nocardioides strains from the soil and leaves of
wheat plants [147]. Other isolated strains of this genera
are plant endophytes and have been shown to suppress
crop pathogens [148]. However, our results are the first
to show an important plant growth-promoting effect
of a strain related to Nocardioides nitrophenolicus. This
beneficial impact of phytobene could be related to the
multiple PGP traits of this strain, as revealed by in vitro
tests (phosphate solubilization, siderophore production,
biological nitrogen fixation, salt and drought stress toler-
ance, and HCN production).

The present study is the first to thoroughly investigate
the diversity, osmotolerance and beneficial character-
istics of bacteria isolated from the rhizosphere of the
desert leguminous tree V. tortilis subsp. raddiana. Our
results suggest that this tree rhizosphere is a diverse
and rich source of bacteria with the potential to pro-
mote plant growth. Among three elite selected strains
that were inoculated into V. tortilis subsp. raddiana
grown under controlled conditions, strain LMR725 dem-
onstrated significant plant growth-promoting effects.
These findings suggest that this strain has the potential
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to be used in the formulation of a biofertilizer for V. tor-
tilis subsp. raddiana. The strain LMR725 was identified
by 16 S rRNA sequencing as closely related to Nocardi-
oides nitrophenolicus, a species known for its potential
for degrading complex and toxic molecules. Therefore,
further identification of this strain via MLSA approaches
and/or whole-genome sequencing and further investiga-
tions of the mechanisms underlying the plant growth-
promoting effects of this strain are needed. Furthermore,
it will be necessary to evaluate the survival and sapro-
phytic abilities of this strain under open field conditions
and its impact on V. tortilis subsp. raddiana growth
under the harsh natural conditions prevailing in desert
regions, where abiotic stressors such as drought and high
temperatures may limit plant growth. Further research is
needed to substantiate their potential to enhance plant
resilience to drought or salinity stress. This line of inquiry
is a promising direction for future research. We plan to
explore these aspects in subsequent studies, which will
include RNA sequencing (RNA-seq) and metabolomic
analyses to investigate gene expression and metabolic
changes under stress conditions. These future studies
will provide a more comprehensive understanding of
how these bacterial strains may contribute to plant stress
resilience.

The use of biofertilizers, especially microbial inocu-
lants, is a promising sustainable approach for enhanc-
ing plant growth, improving soil health, and reducing
reliance on synthetic fertilizers. These benefits are par-
ticularly relevant in the context of climate change, which
dramatically affects many arid and desert ecosystems. In
this context, V. tortilis subsp. raddiana and its associ-
ated microorganisms offer good opportunities for scien-
tific investigation and development, as well as potential
socioeconomic benefits for residents of these regions.
However, given the complex characteristics of these
microorganisms, it is crucial to conduct a comprehensive
evaluation of their ecological and conservation implica-
tions. In this context, interdisciplinary collaboration and
knowledge dissemination are critical for gaining a deep
understanding of the potential applications of these
microorganisms [149].

Conclusions

Rhizospheric bacteria associated with V. tortilis subsp.
raddiana, a leguminous tree species thriving in desert
and Saharan regions of Africa, were isolated and identi-
fied through 16 S rRNA sequence analysis. These isolates
were characterized in vitro for salt and drought stress
tolerance, plant growth-promoting (PGP) activities, and
certain biocontrol activities. A subset of rhizospheric
isolates exhibiting multiple PGP traits was subsequently
assessed in planta through inoculation into V. torti-
lis subsp. raddiana seedlings. Following six months of
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growth under greenhouse conditions, LMR725, a strain
closely related to Nocardioides nitrophenolicus, had
positive effects on plant growth. Therefore, this particu-
lar strain has emerged as a promising candidate for the
formulation of biofertilizers tailored for V. tortilis subsp.
raddiana.
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