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Abstract: Salinity is one of the main factors causing soil deterioration, making it unsuitable for
agriculture. It is well documented that the application of halotolerant and halophilic plant growth-
promoting bacteria (PGPR: plant growth-promoting rhizobacteria) with biological control activities as
an inoculant of cultivated plants offers a biological alternative to the use of agrochemicals, particularly
when subjected to salt stress. From this perspective, 70 bacterial strains were isolated from saline
soils (sebkha) in arid and semi-arid areas of Eastern Algeria. Three isolates were selected based
on their ability to produce bioactive molecules allowing them to promote plant growth, such as
hydrolytic enzymes, indole acetic acid (auxin-phytohormone), HCN, NHj3, etc. Two of these isolates
belonged to the genus Serratia and the third was a halophilic Halomonas bacteria. These bacteria were
identified based on their 165 rDNA sequences. Antagonism tests against phytopathogenic fungi were
carried out. The identification of the antifungal molecules produced by these bacteria was determined
using high-performance liquid chromatography. These bacteria can inhibit mycelial development
against phytopathogenic fungi with rates reaching 80.67% against Botrytis cinerea, 76.22% against
Aspergillus niger, and 66.67% against Fusarium culmorum for Serratia sp. The strain Halomonas sp.
inhibited mycelial growth through the production of volatile substances of Aspergillus niger at 71.29%,
Aspergillus flavus at 75.49%, and Penicillium glabrum at a rate of 72.22%. The identification of the anti-
fungal molecules produced by these three bacteria using HPLC revealed that they were polyphenols,
which makes these strains the first rhizobacteria capable of producing phenolic compounds. Finally,
pot tests to determine the effectiveness of these strains in promoting wheat growth under salinity
stress (125 mM, 150 mM, and 200 mM) was carried out. The results revealed that a consortium
of two isolates (Serratia sp. and Halomonas sp.) performed best at 125 mM. However, at higher
concentrations, it was the halophilic bacteria Halomonas sp. that gave the best result. In all cases,
there was a significant improvement in the growth of wheat seedlings inoculated with the bacteria
compared to non-inoculated controls.

Keywords: halophilic bacteria; salt stress; biological control; polyphenols; plant growth-promoting
bacteria (PGPB)

1. Introduction

Soil salinization is a major challenge in arid and semi-arid regions, which seriously
affects agricultural production worldwide [1,2]. According to the Food and Agriculture
Organization (FAO), approximately 1 billion hectares of the world’s land surface were
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affected by salinization, which represents 8.7% of the planet’s land surface; this causes an
estimated 27.3 billion dollars in economic losses [3]. Each year, approximately 10 million
hectares of the world’s agricultural land is destroyed by salt accumulation [4].

Salinity has negative repercussions on soil properties, plant physiology, and develop-
ment [5]. Saline soils have a high electrical conductivity (EC) and may impose ionic toxicity,
osmotic and oxidative stress, and nutrient deficiency on plants and thus limit plant water
absorption from the soil [2].

Many strategies, such as plant breeding, genetic engineering of plants, and agri-
cultural techniques have been developed to fight against the effects of salinity on crop
productivity. Using plant growth-promoting rhizobacteria (PGPR) is one of the most recent
developments [6] and is the one with the highest potential [7,8]. Many studies have shown
that PGPR can promote plant growth directly or indirectly. Direct mechanisms refer to
the ability of PGPR to fix nitrogen, dissolve organic or inorganic phosphorus, produce
phytohormones such as auxin or indole-3-acetic acid (IAA), and produce other bioactive
molecules that stimulate plant growth and development [9-13]. Indirect mechanisms refer
to the potential of PGPR to prevent the development of phytopathogens, either through
competition for space occupation and nutrient use or through the production of metabolites
such as antibiotics or compounds inducing plant resistance [14-16].

Halotolerant and halophilic PGPRs may promote plant growth under salt stress
through complex mechanisms, such as enhancing antioxidant enzymes to regulate reactive
oxygen (ROS), enhancing the accumulation of intracellular osmolytes to ensure ionic
balance, and through the accumulation of secondary metabolites [17-19].

Therefore, PGPR are able to increase plant tolerance to multiple and simultaneous
stressors (biotic and abiotic) can be instrumental to developing more sustainable agriculture
under the expected climate changes to hotter and dryer environments [20].

In this study, three bacterial strains were isolated from halophytic plant rhizospheres
in arid and semi-arid regions of Eastern Algeria. Bacterial screening was performed based
on the ability of the strains to produce hydrolytic enzymes, hydrogen cyanide, ammonia,
indole acetic acid (IAA), and other PGPR traits. After molecular identification, the PGPR
isolates tested for their in vitro ability to inhibit fungal growth and to enhance the growth
of wheat plants under salt stress.

2. Materials and Methods
2.1. Soil Sampling

Sampling was performed at two sites: Sebkhet Bazer (36°03'16” N 5°40'35” E) and
Chott El Hodna (35°25'34" N 4°44/39" E) in Eastern Algeria. In each site, ten soil samples
were collected from the rhizospheres of wild halophilic plants.

The samples were transported to the laboratory at 4 °C in sterile plastic bags. From
each soil sample, an aliquot of 10 g was homogenized in 10 mL of sterile physiological
water. A volume of one hundred microliters was taken from each suspension and inocu-
lated into liquid culture media for halophiles containing (in g/L): 2 KCL; 1 MgSQO4,7H,0;
0.36 CaCl,,2H;0; 0.23 NaBr; 0.06 NaHCOs; traces of FeCls; 5 peptone; 10 yeast extract; and
1 glucose at a pH of 7.2 £ 0.02. The NaCl concentration ranged from 0.5 M to 3 M. All tests
were performed in triplicate. After 72 h of incubation at 28 °C, 10 puL of each culture was
inoculated in the same medium supplemented with agar (15 g/L). Bacterial isolates (24 h
old) were obtained from 70 colonies, and each originated from a single cell. The isolates
were preserved in culture and/or cold conditions for the subsequent studies.

2.2. Production of Extracellular Lytic Enzymes
2.2.1. Cellulase

The extracellular cellulase determination was carried out using agar disks that were
6 mm in diameter containing young bacterial cultures. The disks were placed inside Petri
dishes with Carder’s medium (1986) containing (in g/L): 6 Na,HPO4; 3 KHpPOy; 0.5 NaCl;
1 NH4CI; 3 yeast extract; 7 CMC (carboxymethylcellulose); and 15 gar at a pH of 7.2 & 0.02.
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The plates were subsequently incubated at 28 °C for 8 days [21]. After the incubation period,
a Congo red solution (0.1%) was poured onto the medium’s surface. After 20 min, the Petri
dish’s surface was flooded again with 1 M NaCl solution and left to stand overnight. The
appearance of a clear halo around the colonies indicated the degradation of CMC, reflecting
the presence of extracellular cellulase activity.

2.2.2. Amylase

Discs of young bacterial cultures were placed on starch-based culture medium in order
to demonstrate their ability to degrade starch. The medium was prepared according to
Vinoth et al. [22] and contained (in g/L): 0.5 KNOj3; 1.0 K;HPO4; 0.2 MgSO4; 0.1 CaCly;
0.001 FeCls; 10.0 soluble starch; 15.0 agar; 7.2 & 0.02 pH. The Petri dishes incubated for
48-72 h at 28 °C. After the incubation period, a lugol solution (1%) was used to flood the
culture medium inside the Petri dishes. After 5 min of contact, the plates washed with
distilled water. The appearance of clear zones around the agar discs indicated the presence
of extracellular amylase in the medium. Non-degraded starch appeared blackish blue.

2.2.3. Lipase

Discs of young bacterial cultures were placed on culture medium containing (in g/L):
10 peptone; 5.0 NaCl; 0.1 CaCl, 2H,0; (1%, v/v) Tween 20; and 18 agar. The pH was
adjusted to 7.4 & 0.02. After 48 h of incubation at 28 °C, a clear halo appearance around the
colonies was considered as a positive result [21,23].

2.2.4. Protease

The proteolytic activity was determined as described above, but using a culture
medium containing (in g/L) 5 pancreatic casein; 2 yeast extract; 1 glucose; 15 agar. The Ph
was adjusted to 7 £ 0.02. The medium was autoclaved at 120 °C for 20 min. In parallel, a
10% skimmed milk solution was prepared and autoclaved at 120 °C for 10 min. 100 mL of
the skimmed milk solution was aseptically added to the culture medium. After incubation
at 28 °C for 48 h, 2 mL of HCI (0.1 mol/L) are added to the surface of the Petri dishes. A
positive result was indicated by the appearance of a clear halo around the colonies [21,24].

2.2.5. Urease

Based on Christensen’s methods [25], urease was revealed using the agar disk method
using a medium with following preparation (pH 6.8) in g per 950 mL of distilled water:
1 peptone; 1 glucose; 5 NaCl; 1.2 NapHPOy; 0.8 KHyPOy; 0.012 phenol red; 15 agar. After
autoclaving for 20 min at 120 °C, a sterile urea solution (40% w/v) was added to the
medium. The solution spread out through the plates. Urease activity was detected as a
pink halo around the colonies.

2.2.6. Chitinase

The following culture medium was used to detect the chitinase activity (in g/L): 0.8 to
0.6 colloidal chitin; 2.7 K;HPOy; 0.3 KH,PO4; 0.7 MgSO47H,0O; 0.5 NaCl; 0.5 KCl; 0.13 yeast
extract; 15 agar. The medium was inoculated with young culture disks and incubated at
28 °C for a minimum of 7 days. Chitinase activity was identified by a transparent halo
appearance around each disc [26,27].

2.3. PGPR Traits
2.3.1. Nitrogen Fixation

The bacterial isolates were streaked on nitrogen-free “Burk’s N-free” culture medium
containing (in g/L): 10 glucose; 30 NaCl; 0.4 KH,;POy; 0.5 K;HPOy; 0.05 NapySOy; 0.2 CaCly;
0.005 MgS504.7H,0; 0.003 NapMoOQy; 15 agar. The development of bacterial colonies
confirmed the capacity of the strain to fix atmospheric nitrogen.
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2.3.2. Phosphate Solubilization

The bacterial isolates were incubated at 28 °C for 7 days on modified Pikovskaya
medium containing (in g/L): 10 glucose; 5 Caz(POy)2; 0.5 NH4)2504; 0.1 MgSO4-7H,0;
0.2 KCL; 0.5 yeast extract; 0.002 MnSO4-H,O; 0.002 FeSO4-7H,0O; 50 NaCl; 15 agar.

2.3.3. Production of Ammonia (NHj)

The isolates were inoculated in tubes containing 5 mL of peptone water (peptone
20 g/L and NaCl 30 g/L) and incubated at 28 °C for 48 h. After the incubation period,
0.25 mL of Nessler reagent was added to each tube. A color change from brown to yellow
revealed the production of ammonium.

2.3.4. Production of Hydrogen Cyanide (HCN)

The HCN production was determined according to Lorck [28]. The bacterial isolates
were streaked on nutrient agar supplemented with glycine (4.4 g/L). A sterile disk of
Whatman paper was placed on the lid of the Petri dish and impregnated with a solution
of sodium picrate (2% anhydrous sodium carbonate in 5% picric acid). Each plate was
sealed with parafilm and incubated at 28 °C for 96 h. A color change from orange to brown
indicated the production of HCN.

2.3.5. Production of Indole 3-Acetic Acid (IAA)

To determine the capacity of the strains to produce IA A-auxin-phytohormone, the
Salkowski colorimetric method was used [29]. The bacterial isolate was inoculated in
modified HM culture broth containing 1 mg/mL of tryptophan and 5% glucose. The
cultures were incubated under shaking conditions (100 rpm) at 28 °C for 3 days. After
incubation, 5 mL of each culture was centrifuged. A sample of 2 mL of the supernatant was
added to 2 mL of Salkowski’s reagent (2% FeCl; 0.5 M in 35% HClOy) and incubated in the
dark at room temperature for 25 min. The optical density of each culture was measured at
530 nm, and the IAA concentration was determined against an IAA calibration curve.

2.4. Molecular Identification of the Bacterial Isolates

The selected strains were identified based on 16S rDNA sequencing. DNA extraction
was followed by amplification of this gene using the forward primer (356F) 5 ACWCC-
TACGGGWGGCWGC and the reverse primer (1064R) 5’ AYCTCACGRCACGAGCTGAC.
Polymerase chain reactions (PCR) were carried out in a final volume of 20 puL. The reaction
mixture contained 10 pL of Xpert Fast Hotstar Mastermix 2x (Grisp), 1 uL of DNA sample,
and 7 pL of ultra-pure water. The mixture was placed in the T100 PCR thermocycler
(BIO-RAD, Hercules, CA, USA), using an initial denaturation at 95 °C for 3 min followed by
35 cycles, each composed of three steps: denaturation at 95 °C for 15 s, annealing at 55 °C
for 15 s, elongation at 72 °C for 15 s, then a final elongation at 72 °C for 3 min. Aliquots
of the PCR reactions were resolved on 1% agarose gels stained with ethidium bromide.
The purified PCR products were sequenced using StabVida (Caparica, Portugal) using the
previously mentioned primers.

2.5. Antifungal Activity

The antifungal activity of the selected strains was tested against five fungi: Aspergillus niger,
Aspergillus flavus, Penicillium glabrum, Fusarium culmurum, and Botrytis cinerea.

2.5.1. In Vitro Tests

Directed inhibition of mycelial growth (direct confrontation test):

The inhibition of fungal growth under direct confrontation with the isolates was
realized on agar [30,31]. A disc of young mycelium (5 days old) from each mushroom
was placed in the center of a Petri dish containing PDA (potato-dextrose-agar) medium.
Three disks of a young culture of each bacterial strain were sited 2.5 cm from the fun-
gus. Plates with sterile agar disks served as controls. After 7 days of incubation at
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25 °C, the percentage of inhibition was calculated according to the following formula:
PGI% = (KR — R1)/KR x 100, where KR is the average diameter between the point of de-
position of the fungus and the margin of the colony contained in the control (mm), and R1
is the average diameter between the point of deposition of the fungus and the margin of
the colony contained in the treated plates (mm) [32,33].

Indirect inhibition of mycelial growth (indirect confrontation test):

This test was applied against A. niger. Bacterial filtrates were prepared using the
modified method of Li et al. [34]. The bacterial strains were inoculated on HM agar at 28 °C
for 24 h then subcultured in the same liquid medium. Three categories of cultures were
prepared. The first was pure, containing the bacterial strain alone. The second was mixed,
where disks of the pathogen (A. niger) were added. In the third, the bacterial strains were
cultivated in HM (halophilic medium) culture medium, free of glucose. After incubation
with shaking (100 rpm) at 28 °C for 72 h, the media was centrifuged at 6000x g rpm for
30 min and the supernatant was filtered through a sterile 0.22 um multi-pore membrane.

Petri dishes containing PDA medium were inoculated in tight streaks with the sporal
suspension of the phytopathogen, and then sterile paper disks were soaked in the filtrate
obtained above and placed aseptically to test the antifungal activity. Sterile discs soaked
in sterile HM medium served as controls. The boxes were incubated at 25 °C for 2 days.
This test was performed following the modified method of Aghighi et al. [35] and Mahdieh
et al. [36].

Indirect inhibition of mycelial growth through the production of volatile substances:

The test for inhibition of mycelial growth through the production of volatile substances
was carried out following the protocol described by Dennis and Webster [37]. A Petri dish
containing the HM medium was inoculated in tight streaks with the bacterial antagonist.
Another Petri dish containing the PDA medium was inoculated with a 5 mm diameter disk
of the pathogenic fungus (A. niger, A. flavus, P. glabrum, or F. culmorum). The bottoms of
the two plates containing the seeded culture media were placed face to face and sealed
with parafilm. Plates without bacteria were used as a control. The radial growth of the
mushrooms was measured after 7 days of incubation and compared to the control. Only
filtrates with positive results (inhibition zone) were used for identification using HPLC.

2.5.2. Characterization of Bacterial Antifungal Metabolites

The filtrates were lyophilized at 40 °C and 200 KPa [38] followed by the dissolution
in 50 mL of methanol of the residue obtained, which was then adjusted to 100 mL with
distilled water. The obtained mixture was centrifuged (1535x g) for 20 min then completed
to 100 mL with a methanol-water solution (50:50 v/v) following the modified method of
Kim et al. [39] and N'Guessan et al. [40].

A Hypersil BDS-C18 reversed-phase column (250 x 4.6 mm, 5 pm) was used for chro-
matographic separations. The mobile phase was composed of 0.2% acetic acid/acetonitrile
(ACN) in a gradient, starting with 95% 0.2% acetic acid and ending with 100% ACN. The
flow rate was 1.5 mL min~! for 30 min.

The injection volume of the SPCs (standard polyphenol compounds) was 20 uL, while
that of the samples and their standard solutions was 10 pL. The column temperature was
maintained at 30 °C. The UV detection wavelengths were 230-255-280-300 and 355 nm,
consistent with the UV scanning results [41]. Antifungal molecules were produced by
bacterial strains SB6, CH11, and SB39, which were identified using RP-HPLC by matching
their retention times to that of the corresponding standard. The quantification of the
compounds was determined by comparing their surface area to that of the corresponding
standard of a known concentration.

The standards used in this study were gallic acid, hydroxyquinone, resorcinol, catechin,
1-2dihydroxybenzene, syringic acid, naringenin-7-glucoside, 3,4,5-trimethoxybenzoic acid,
m-anisic acid, and hesperidine.
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2.5.3. In Vivo Test

Biological test on fruits (apples):

This test was carried out according to the modified protocol of Xiao and Kim [42].
Fresh apples of the “Golden Delicious” variety of approximately the same size and at the
same level of maturity were sterilized with bleach (2%) for 2 min and then rinsed three
times with sterile distilled water. Four wounds (3 mm wide x 3 mm deep) were made
in the equatorial zone of each fruit. Each well was inoculated with 30 uL of the bacterial
antagonist (108 CFU/mL for each strain tested) and 30 uL of sterile distilled water for the
control [43]. After 2 h at room temperature, 15 pL of the spore suspension of the pathogen
(2 x 10* spores/mL for Botrytis cinerea, and 10° spores/mL for Aspergillus niger) was added.
The fruits incubation was performed at 25 °C at 90 to 95% relative humidity for 6 days [44].
The experiment was carried out in triplicate, with 6 fruits in each repetition. The injuries
assessed daily. The disease severity calculation was performed based on the incidence of
lesions and the size around the wounds. After 3 and 6 days of inoculation, we measured
the wound diameters [45].

2.6. Plant Growth Stimulation Tests
2.6.1. Potting

For durum wheat seeds (Triticum durum, Simeto variety), surface sterilization was
accomplished using 70% ethanol and 3% sodium hypochlorite followed by rinsing 5 times
in sterile distilled water according to the Orhan method [46].

Seed inoculation: CH11, SB6, and SB39 bacteria were cultured in HM medium at
28 °C for 18 h. The bacterial suspensions were centrifuged (6000 x ¢ rpm/10 min), and the
supernatant was discarded. The cells were washed 3 times with 20 mL of sterile phosphate-
buffered saline (PBS, pH 7.2), then re-suspended in sterile PBS (108 CFU/mL). The sterile
seeds were soaked in the three isolates of bacterial suspensions, selected either alone or in
combinations of two by two or all three together for 1 h. Sterile seeds soaked in sterile PBS
served as controls [47].

Growing wheat: wheat seeds were sown in plastic pots filled with sterilized soil at a
rate of three seeds per pot. The pots were divided into batches (9 pots per batch), and each
batch was irrigated with the same volume of saline solution (125, 150, and 200 Mm NaCl
concentration) on the 1st day and the 8th day. Other watering was carried out with the
same volume of sterile tap water (10 mL/pot) to avoid dehydration. The experiments were
performed under semi-controlled conditions with temperatures of 20/25 °C night/day; a
photoperiod of 16/8 h light/dark, and a relative humidity of 60% for two weeks. A block
randomization plan was used.

2.6.2. Evaluation of Plant Growth Factors under Salt Stress

After 14 days of growth, the seedlings were harvested and the plant growth was
observed. Hence, the morphological properties of the seedlings were evaluated based on
different experimental growth conditions: stem height, roots length, fresh and dry weight
of roots, and aerial part. The fresh weight was obtained just after harvest. The dry weight
was measured after drying in a hot oven at 45 °C until the weight stabilized.

2.7. Statistical Analysis

The effects of inoculation on the plant parameters (germination, biomass, etc.) were
tested separately using a one-way analysis of variance (ANOVA) with the strain and salinity
level used as fixed factors using the Statistical Package for the Social Sciences (IBM SPSS
V.26, Chicago, IL, USA). The Tukey test was used to compare the mean values between the
treatments at a significance level of p = 0.05.
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3. Results
3.1. Bacterial Traits Are Able to Promote Plant Growth

In this study, 70 halotolerant bacteria were isolated from saline soils. These bacteria
were studied for their ability to increase soil fertility and promote plant growth. The
potential functions of the isolates based on their enzyme activities (Table 1) allowed for the
selection of six bacterial strains (SB6, CH11, CH12, SB29, SB39, CH42) that were able to
produce cellulases, amylases, lipases, proteases, ureases, and chitinases. All these bacteria
were able to fix molecular nitrogen and to produce ammonia (NHjz). Three isolates (SB6,
CH11, and SB29) were able to solubilize inorganic phosphate, and two (SB6 and SB39)
were able to produce HCN. The isolates SB39 and CH42 had the potential to produce IAA,
although in small quantities (2.031 &= 0.01 and 1.027 ug/mL = 0.1, respectively).

Table 1. Plant growth-promoting traits of the selected isolates.

SB6 CH11 CH12 SB29 SB39 CH42

Cellulase + + ++ nd + +

Amylase +++ nd nd nd +++ nd
Lipase nd ++ nd ++ nd +

Protease +++ +++ +++ +++ +++ nd
Urease nd nd + nd ++ ++
Chitinase +++ +++ +++ +++ ++ ++
Nitrogen fixation + + + ++ ++ ++
Phosphate solubilization ++ ++ nd + nd nd
IAA (ug/mL) nd nd nd nd + +

NH3 ++ + + ++ +++ ++
HCN + nd nd nd o+ nd

+++—high activity; ++—intermediate activity; +—low activity; nd—activity not detected. For enzymes, +++—@
> 20 mm; ++—10 < @ < 20 mm; +—& < 10 mm; nd—activity not detected. For NHj3, +++—orange-red;
++—orange; +—yellow; nd—activity not detected. For HCN, +++—orange-red; ++—orange; +—light orange;
and nd—activity not detected.

3.2. Molecular Identification

The isolates with the highest scores for the secretion of certain enzymes such as
cellulases, proteases, and chitinases, and the production of ammonia and hydrogen cyanide,
which have an inhibitory effect on fungal growth while being capable of fixing atmospheric
nitrogen and solubilizing inorganic phosphate, were selected (SB6, CH11, and SB39) for
molecular identification.

Bacterial identification based on the 165 rDNA allowed for genus identification. The
SB6 and CH11 strains were closely related to Serratia, with a similarity of 98.84% for SB6
and 98.98% for CH11. The SB39 strain was related to the halophilic bacterium Halomonas sp.
with a 98.98% similarity.

3.3. Bacterial Antifungal Activity
3.3.1. Direct Inhibition of Mycelial Growth

Figure 1a shows the results of the direct inhibition of fungal growth due to the presence
of the bacterial strains. CH11 was more efficient at inhibiting phytopathogenic fungal
growth, with rates of inhibition ranging from 51 to 80%. The SB6 strain gave an inhibition
rate of 71.28% against A. niger. On the other hand, isolate SB39 recorded a maximum rate of
57.44% against A. flavus. The results demonstrate that the fungi were inhibited by isolates
SB6, CH11, and SB39, but to different degrees (Figure 1b).
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Figure 1. (a) Percentage growth inhibition (PGI%) of phyopathogenic fungi by isolates (plate con-
frontation tests). (b) Effect of volatiles substances produced by the three strains on growth inhibition
(PGI%). Bars are the mean =+ SE. No significant differences are shown.

3.3.2. Indirect Inhibition of Mycelial Growth

The bacterial cultures” media filtrates showed the presence of antifungal activity
against A. niger for the strain CH11 in three environments (with and without biotic and
abiotic stress). This means that the isolate produces antifungal molecules even in the
absence of the fungus. SB39 is able to produce antifungal compounds only when in
presence of the fungus or when the medium is free of glucose. The capacity of the isolate
SB6 to inhibit fungal growth was negligible in the three environments.

3.3.3. Inhibition of Mycelial Growth by Volatile Substances

The results obtained revealed that the volatile substances were reduced the phy-
topathogenic fungi’s mycelial growth. For A. niger and P. glabrum, they were decreased
by 71.29% and 72.22%, respectively. For the strain SB39, we noted a 56.93% decrease. The
same was noted for SB6 (63.33%), but only a 3.96% to 27.78% decrease was shown for CH11.
Concerning F. culmorum, the reduction varied from 12.5% to 26.67% for the three isolates
(Figure 2).
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Figure 2. Efficiency of bacterial isolates (SB6, CH11, and SB39) against A. niger and B. cinerea in apples.
Bars show the mean =+ SE. No significant differences are shown.

3.3.4. Characterization of Bacterial Antifungal Metabolites

The analysis of the filtrates of the culture broths, which showed positive antifungal
activities, allowed for the identification of polyphenols produced by the bacterial isolates
(Table 2). Thus, the three bacterial isolates produced gallic acid, catechins, and syringic
acid. In the presence of the pathogen, the SB39 strain produced gallic acid and syringic
acid in concentrations exceeding 20 mg/mL. In addition, it was the only one producing
hydroxyquinone.

Table 2. Phenolic compounds identified in the filtrate culture broth and their concentrations.

Broth Filtrate (mg/mL)

RRT (min) Compound Name
SB6 — CH11 — CH11 + CH11 dep SB39 + SB39 dep
3.15 + 0.05 Gallic acid 13.77 20.79 12.76 13.43 21.56 9.53
3.61 £ 0.00 Hydroxy quinone nd nd nd nd 6.31 nd
547 +0.23 Resorcinol 2.24 2.82 2.29 2.88 5.38 nd
6.10 = 0.17 Catechin 3.81 4.84 4.27 1.29 5.17 3.5
6.23 +0.41 1,2-hydroxybenzene nd 8.16 3.13 3.55 nd nd
7.21 £ 0.05 Syringic acid 16.65 13.24 18.54 11.72 22.88 12.23
10.63 £ 0.00 Naringenin-7-glucoside nd nd 4.56 nd nd nd
11.08 + 0.00 3,4,5-Trimethoxy benzoic acid 2.51 nd nd nd nd nd
11.36 + 0.01 m-anisic acid nd 1.82 1.01 2.39 nd nd
15.07 £ 0.01 Hesperidine 9.69 1.91 nd nd nd nd

(—): in the absence of the phytopathogen; (+): in the presence of the phytopathogen; (dep): in a depleted culture
medium; nd—not detected. The purification of molecules using HPLC was performed only for bacteria showing
inhibition zones (positive results only).

3.4. Tests to Stimulate the Growth of Wheat Plants Subjected to Salt Stress

The results of the treatment of wheat seeds with the three bacterial isolates and
their different combinations showed a significant improvement in the growth parameters
considered compared to those obtained for the control under salt stress (Figures 3 and 4). To
evaluate the harmful effects of salt stress, different concentrations of NaCl were used (125,
150, and 200 mM). The results obtained indicated that the increase in the NaCl concentration
cause a reduction in the length of the stems and roots, and consequently in their fresh and
dry weight in the control plants. However, the inoculation of the three bacterial isolates
showed a significant attenuation of the harmful effects of salinity (Figure 4). Thus, the
inoculation of the bacterial strains caused an increase of 30% in the length of the stems of
the plants grown under the 125 mM treatment. The two strains SB6 and SB39 (Serratia sp.
and Halomonas sp.) were associated with increases of 34% and 24% at 150 and 200 mM,
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respectively. Concerning the length of the stems, the best result was obtained for the
Halomonas sp. strain, with increases of 39%, 45%, and 53% for NaCl concentrations of
125 mM, 150 mM, and 200 mM, respectively.

Figure 3. Effects of bacterial strain treatment on the growth of wheat seedlings under the 125 mM salt
stress condition. (A) Control; (B) SB6; (C) CH11; (D) SB39; (E) SB6-SB39; (F) SB6-CH11; (G) CH11-
SB39; (H) SB6-CH11-SB39.
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Figure 4. Cont.
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Figure 4. The effects of inoculation with halotolerant rhizobacteria (SB6: Serratia sp.; CH11: Serratia
sp.; SB39: Halomonas sp.) on the growth ((a) shoot length; (b) root length; (c) shoot fresh weight;
(d) root fresh weight; (e) shoot dry weight; (f) root dry weight) of wheat plants grown under salt
stress conditions of 125 mM, 150 mM, or 200 mM of NaCl. (A) Control; (B) SB6; (C) CH11; (D) SB39;
(E) SB6-SB39; (F) SB6-CHI11,; (G) CH11-SB39; (H) SB6-CH11-SB39. Different letters indicate significant
differences between the control and different treatments (with bacteria): B, C, D, E, F, G, H. Bars
indicate the mean £1SE. Significance level: p = 0.05. (a) At 125 mM NaCl: significant differences
between A and different treatments (B, C, D, E, F, and G). No significant difference between A and H.
For 150 mM NaCl, there was a significant difference between the treatments. For 200 mM, NaCl there
was a significant difference between A, B, and D. No significant differences were shown with the
other treatments. (b) For 125 mM, all the treatments were significantly different (A, B, C, D, E, F, and
G) except for H. For 150 mM, there was significant difference between all the letters except for G and
H. For 200 mM, all the treatments were significantly different. (c) For 125 mM, there were significant
differences between A, D, F, G, and H. For 150 mM, there were significant differences between all
the treatments except for G and H. For 200 mM, there were significant differences between A and
all the other treatments. (d) For 125 mM, there were significant differences between A, D, F, and
H. At 150 mM, there was a significant difference between only A and D. For 200 mM, there was no
significant difference shown. (e) For 125 mM, there were significant differences between A, D, F, G,
and H. For 125 mM, there were significant differences between A, D, and F. For 200 mM, there was a
significant difference between A and D only. (f) For 125 mM, no significant differences are shown. For
150 mM, there was a significant difference between only A and D. For 200 mM, there were significant
differences between A, D, and H.



Agronomy 2024, 14, 845

13 of 18

Bioassay on Apples

In this experiment, the apples that were inoculated with the pathogens (A. niger or B.
cinerea) with the antagonist developed much smaller areas of infection compared to the
fruits that were inoculated with the pathogens alone (Figure 5a). Thus, the severity of the
disease was reduced by more than 50% in the case of A. niger and by more than 70% for B.
cinerea (Figure 5b).

Figure 5. Effects of fungal mold on apples treated (b) or not treated (a) with the bacterial antagonist
after 6 days of incubation.

4. Discussion

It should be remembered that agricultural soil salinization constitutes one of the major
problems in agriculture, which limits plant growth and agricultural productivity by up
to 50% [48-50]. Approximately 1 billion hectares of the world’s land surface are affected
by salinization, which represents approximately 7% of the planet’s land surface [31]. On
the other hand, the use of fungicidal chemicals has a negative effect on health and the
environment. Therefore, the application of plant growth-promoting rhizobacteria (PGPR)
as growth-promoting and plant disease-fighting agents is a better alternative [20,51,52].

Recently, most research has focused on the isolation and study of halotolerant and
halophilic bacteria with plant growth potential [53-55]. In our work, all the isolated bacteria
could fix molecular nitrogen and solubilize mineral phosphate. These traits are relevant
to improve plant growth, since they increase the availability of two essential nutrients
for plant development, root growth, ripening of flowers and fruits, and mobilization of
resources to the fruits. The studied strains were also able to produce hydrolytic enzymes
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(cellulase, amylase, lipase, proteases, urease, and chitinase) (Table 1). These microbial
enzyme activities intervene with soil functionality by improving the availability of essential
nutrients for plant growth [56]. Of the six bacterial isolates, SB39 and CH42 were the only
ones that produced IAA in detectable amounts. IAA is a phytohormone involved in root
initiation, cell division, and enlargement. IA A-producing microorganisms stimulate root
growth, allowing for increased nutrient and water use efficiency [57-60]. The simultaneous
expression of different PGP traits promotes plant growth [53] and increases the potential of
the isolates to be used as plant biostimulants, especially under stress conditions such as
saline soils.

The aim was to understand if the isolates with the highest PGP potential based on their
PGP traits were also able to antagonize phytopathogenic fungi, known for their capacity
to attack plants, especially those under stress. To answer this question, the three strains
with the highest PGP potential, namely nitrogen fixation, phosphate solubilization, plant
hormone production (IAA), and secretion of phytopathogen-limiting enzymes, were investi-
gated for their potential to inhibit the growth of five phytopatogenic fungi (Aspergillus niger,
Aspergillus flavus, Penicillium glabrum, Fusarium culmurum, and Botrytis cinerea). Antifungal
activity was observed in all of the three bacterial strains. SB6 and CH11 showed better
antagonistic potential when in direct confrontation with the fungi, while SB39 was the most
efficient in fungal growth inhibition due to the production of volatile substances. Several
studies suggest the involvement of biomolecules (HCN, NH3) and lytic enzymes such as
cellulase, proteases, and chitinases (Table 1) in the antifungal activities of several bacteria.
These enzymes may play an important role in degrading the fungal cell walls [48-50]. The
production of HCN by PGPREs is a trait that is frequently reported in PGP bacteria, which
may contribute to the promotion of plant defenses [56-61].

A comparison of the compounds detected in the mixed cultures of bacteria and the
phytopathogen A. niger or the bacteria alone revealed that SB39 only produced antifungal
compounds when in the presence of A. niger. The same was reported for the interaction
between Psudomonas and Serratia strains with A. niger. On the contrary, the strain CH11
produced antifungal compounds even in the absence of the fungi. This may be a very
interesting train for the design of disease-preventing products.

The HPLC characterization of some of the compounds produced by the bacterial
strains revealed their capacity to produce polyphenols. According to Skorokhod et al. [62],
only plants and certain microorganisms can synthesize the precursors of phenolic com-
pounds. Most of the bacteria described as able to produce phenolic compounds are endo-
phytic, possibly because of their need to synthesize secondary metabolites identical or like
those of their host [63]. Based on the molecular identification of SB6 and CH11 as belonging
to the genus Serratia and SB39 as belonging to the genus Halomonas, the genera for which
endophitic bacteria are common may explain the production of polyphenols by the three
isolates studied. However, this is the first study to demonstrate the capacity of bacteria
from Serratia and Halomonas genera to produce polyphenols.

Plant inoculation with each of the isolated bacteria improved plant performance under
the salinity conditions. It is interesting to point out that the wheat inoculation stimulated
more growth at 200 mM NaCl than at lower salinity levels in comparison to the control.
These results may be mediated through the synthesis of phytohormones by these bacteria
as well as to the improvement in nutrient bioavailability [64]. These results agree with
those of previous studies [46,47,54,65-68].

Apart from stimulating plant growth, the three bacterial strains can also contribute
to increased plant defense against fungal infections in the post-harvest stage. One of the
problems of harvests is the contamination of products during storage, which leads to
significant losses [42]. In our study, inoculation of apples previously contaminated by
phytopathogenic fungi with one of the three bacterial strains limited the expansion of the
root zone induced by the fungi. Furthermore, after the application of the three bacterial
antagonists, the rot in the apples contaminated with A. niger and B. cinerea was reduced.
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Similar results were reported by Sun et al. [59] and Jimtha et al. [69-74] using bacteria of
the genus Serratia.

5. Conclusions

Ultimately, the strains selected in this work proved to be halophilic and to have the
capacity to restore the growth of wheat under saline stress conditions. Additionally, their
production of enzymes involved in soil fertilization, nitrogen fixation, and phosphate
solubilization was increased. This also highlights the production of antifungal metabolites.

The three halotolerant and halophilic strains isolated belonging to Serratia sp. (SB6
and CH11) and Halomonas sp. (SB39) were revealed to be able to stimulate the growth of
wheat under salinity conditions. These isolates were also able to inhibit the development
of phytopathogenic fungi, most likely due to the production of polyphenols. Based on the
results, these strains have a high potential to be used as bio-stimulants. Field trials should
be performed to demonstrate their potential in the field.
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