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ABSTRACT

Soil salinity, which affects more than 6% of the earth’s land surface and more than 20% of its irrigated areas, is a major threat
to agriculture. Diazotrophic bacteria are among the functional groups of soil microbiota that are threatened by this abiotic stress, as
their activity is mostly inhibited by salt stress. Seventy bacterial strains with distinct characteristics were isolated from soils by using
N-free Jensen’s selective medium. Based on their ability to produce metabolites of agricultural interest, four strains were selected
and identified as Flavobacterium johnsoniae, Pseudomonas putida, Achromobacter xzylosoxidans, and Azotobacter chroococcum. The
selected strains were grown at different NaCl concentrations (0-600 mmol L~! in N-free broth and 0-2 000 mmol L~! in Luria-Bertani
medium) in the presence and absence of glycine betaine (GB), aqueous and hydro-alcoholic extracts from marine macroalgae, Ulva
lactuca and Enteromorpha intestinalis, and Opuntia ficus-indica cladodes. The selected bacterial strains, GB, and the aforementioned
extracts were tested for their ability to promote the germination of wheat ( Triticum durum) seeds at 0-300 mmol L= NaCl. Compared
with the results obtained with the synthetic osmoprotectant GB, the extracts from O. ficus-indica, U. lactuca, and E. intestinalis
significantly promoted bacterial growth and seed germination under salt stress.
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INTRODUCTION of the soil. It has been estimated that more than 50%
of arable land will be salinized by the year 2050 (Jamil

Over the last century, the rapid growth of the hu- et al., 2011; Dikilitas and Karakas, 2012; Stankovié et

man population has created a global scarcity of water
resources, increased salinization of soils, loss of biodi-
versity, and environmental degradation, and decreased
nutrient availability (Shahbaz and Ashraf, 2013). A-
mong these problems, salt stress poses an increasing
number of challenges to agriculture and food securi-
ty, which has led to the increased exploitation of na-
tural resources (Ashraf et al., 2012). Globally, 6% of
the Earth’s surface is affected by salinity, which cor-
responds to approximately 20% of irrigated regions,
especially in the arid and semi-arid regions where rain-
fall is insufficient to leach salts from the upper layers

al., 2015).

Soil is considered saline if the electrical conductivi-
ty (EC) of the saturation extract in the area adjacent
to the roots exceeds 4 dS m~! at 25 °C, and if it has
15% exchangeable sodium (Shrivastava and Kumar,
2015). High concentrations of sodium and chloride, as
well as other ions (potassium, calcium, carbonate, ni-
trate, and sulfate), decrease the acquisition of water
by plants and negatively affect many physiological pro-
cesses, such as photosynthesis, protein synthesis, and
lipid metabolism (Kosova et al., 2011; Rojas-Tapias et
al., 2012).

*Corresponding author. E-mail: elhnabtil977@yahoo.fr.
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Salt stress also affects the microbial community in
the soil, including the soil bacteria that are able to colo-
nize the surface of the root system (and sometimes the
root inner tissues) to stimulate the plant’s growth and
health. This group of bacteria was named in 1981 by
Kloepper and Schroth as plant growth-promoting rhi-
zobacteria (PGPR) (Barea et al., 2005; Paul and Nair,
2008; Dutta and Podile, 2010; Bhattacharyya and Jha,
2012; Vacheron et al., 2013). When they are exposed to
solutions with increased osmolarity, the water activity
in the bacterial cytoplasm decreases, consequently dis-
turbing protein activity and inhibiting many biological
processes, such as the synthesis of macromolecules or
DNA replication (Nabti et al,, 2010; Bhattacharyya
and Jha, 2012).

Plant growth enhancement by PGPR occurs thro-
ugh several mechanisms such as nitrogen (N) fixation,
siderophore production, the solubilization of minerals
essential for plant nutrition, and the synthesis of en-
zymes implicated directly in the degradation of orga-
nic matter and soil fertility (such as proteases, ureases,
chitinases, and cellulases) (do Vale Barreto Figueiredo
et al., 2010; Reddy 2013). Recently, numerous studies
reported the role of PGPR as an inducer of plant to-
lerance to abiotic stress (e.g., drought and salinity)
(Paul and Nair, 2008; Yang et al., 2009; Lim and Kim,
2013). The term “induced systemic tolerance (IST)”
has been suggested to represent the tolerance conferred
to plants by PGPR against these types of stress (Bhat-
tacharyya and Jha, 2012).

Ethylene is a plant hormone with an active role
in various developmental processes, such as leaf senes-
cence, leaf abscission, epinasty, and fruit ripening
(Vogel et al, 1998; Gray and Smith, 2005). Howe-
ver, high amounts of this hormone, produced un-
der salt stress, lead to reductions in root and shoot
growth (Shrivastava and Kumar, 2015). The enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deaminase,
synthesized by a wide range of rhizospheric bacteria,
contributes to the reduction of ethylene levels in plant
tissues. In the presence of ACC deaminase-producing
bacteria, part of the plant’s ACC is sequestered and
degraded to supply N and energy, contributing to the
reduction of ethylene levels in the plant (Penrose and
Glick, 2003; Glick et al., 2007).

Under salt stress, PGPR and plants accumulate
and/or synthesize compatible solutes or osmoprotec-
tants; these metabolites are compatible with their ce-
llular metabolism and protect their cells against pla-
smlysis (Cénovas et al., 1997; Goller et al., 1998; Wa-
ni et al., 2013). The compatible solutes comprise mai-
nly sugars and derivatives (sucrose, trehalose, sul-
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fotrehalose, and glucosylglycerol), some amino acids
and derivatives (proline, glutamic acid, glutamine, -
aminobutyric acid, and glycine betaine (GB)), ectoin
and derivatives, and polyhydric alcohols (glycerol, ara-
bitol, and mannitol) (Courtenay et al., 2000).

Marine macroalgae and Opuntia ficus-indica (OFI)
are in the first line among the organisms known for
their tolerance to stresses such as salinity and drought.
Their adaptation to abiotic stress and chemical com-
position suggest that these plants might be used as
efficient sources of a wide range of compatible solutes
(Edwards et al., 1988; Ghoul et al., 1995; Kirst, 1996;
Pichereau et al., 1998; Nabti et al., 2007; Sdenz et al.,
2013). Thus, the objectives of this study were: 1) to
isolate, select, and identify diazotrophic bacteria with
a good ability to produce “in vitro” metabolites of po-
tential agricultural interest and 2) to evaluate the effect
of the natural extracts from marine macroalgae, Ulva
lactuca (UL) and Enteromorpha intestinalis (EI), and
OFI on the growth of the selected bacteria and to exa-
mine the effect of these extracts and bacterial isolates
on the germination of wheat (Triticum durum) seeds
under salt stress conditions.

MATERIAL AND METHODS

Soil samples

Soil samples were aseptically collected from seven
agricultural sites used for wheat cultivation in Alge-
ria (Table I). Soil samples (500 g) from each site were
collected at depths from 10 to 30 cm by using sterile
metallic corers. The soil surface was disinfected with
ethanol (70%, volume:volume) before sampling. It is
important to mention that the seven sites are situa-
ted at a range of different distances from the Mediter-
ranean (approximately from 500 m to 200 km) and
encompass a range of temperatures, to ensure the high
diversity of the isolated bacteria.

Macroalgae and OFI cladodes

Marine macroalgae (Chlorophyta), UL and EI, and
the cladodes of OFI, were harvested from Bejaia Pro-
vince, Algeria (Table I), and transported at 4 °C to
the laboratory for the preparation of the extracts.

Soil physicochemical properties

Effective and titratable acidity (pH (water), pH
(KC1)), EC, gravimetric moisture content (6), and soil
organic matter (SOM) were determined according to
Rouiller et al. (1994), Hardie and Doyle (2012), Pepper
and Gerba (2004), and Huang et al. (2009), respective-

ly.
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TABLE 1

Date and location of soil, Ulva lactuca (UL), Enteromorpha intestinalis (EI), and Opuntia ficus-indica (OFI) sampling

Sample Location Latitude, longitude Date

Soil
BEA Bejaia 36°42/11.60" N, 5°5'14.47" E Jan. 21, 2014
BEB Bejala 36°41/30.19” N, 4°55'46.13"" E Jan. 2, 2014
BEC Bejaia 36°40'44.54" N, 4°53'35.55" E Jan. 29, 2014
BOA Bouira 36°7/41.29" N, 3°32'55.89" E Jan. 29, 2014
MEA Medea 36°15/38.8"" N, 3°23/29.25" E Jan. 31, 2014
SEA Setif 36°12/3.81"" N, 5°22/1.44" E Feb. 24, 2014
SEB Setif 36°11/30.55" N, 5°22'16.79" E Feb. 24, 2014

UL Bejaia 36°48'54.5"" N, 4°59’11.1" E May 13, 2014

EI Bejala 36°48'54.5"" N, 4°59’'11.1" E May 13, 2014

OFI Bejaia 36°48'05.5"" N, 5°00’15.7"" E May 15, 2014

Isolation of diazotrophic bacteria from soil samples

Free-living N-fixing bacteria were isolated by u-
sing the N-free Jensen’s selective medium containing
20 g mannitol, 1.0 g KoHPO4, 2.0 g CaCOg3, 0.5
g MgSO4-7H20, 0.5 g NaCl, 0.1 g FeSO4, 0.005 g
NayMoOy, and 17 g agar in 1 L distilled water, with pH
adjusted at 7.4 £+ 0.02 (Thompson, 1989). Ten grams
of each sample, homogenized in a sterile manner, was
thoroughly mixed with 90 mL of sterile distilled water
to form the first dilution (107!), from which successive
dilutions from 10~2 to 107 were prepared. Each dilu-
tion was inoculated to three Petri dishes (100 uL each)
containing N-free Jensen’s medium. The Petri dishes
were incubated for 7 d at 30 °C. At the end of the in-
cubation period, 10 isolates with different appearances
were purified from each soil sample, tested for their
motility and oxidase and catalase activity, subjected
to Gram staining, and stored for further studies.

Plant growth-promoting traits

Enzymatic activities. ~ The seventy purified stra-
ins were screened for their potential hydrolytic en-
zyme activities using the agar disk method. Cellulolytic
(Carder, 1986), esterasic (Sierra, 1957), lipolytic (Sier-
ra, 1957), chitinolytic (Kope¢ny et al., 1996), prote-
olytic (Kavitha et al., 2013), amylolytic (Raj et al.,
2009), and ureasic (Christensen, 1946) activities were
tested. Twenty-eight isolates with the best enzymatic
scores (the sum of the positive results for each isolate)
were chosen for further studies. To reveal any possible
influence of the environmental parameters (pH, EC,
and SOM) on the enzyme expression by the selected
isolates, the correlations between the physicochemical
properties of each soil sample and the total score of the
enzymatic activities of their corresponding strains to-
gether (the sum of the positive results for all the strains
purified from the same sample) were determined.

Indole 3-acetic acid (IAA) detection and quanti-
fication.  Indole 3-acetic acid was quantified on Lu-
ria-Bertani (LB) medium supplemented with 1 g L1
tryptophan (Bric et al., 1991). After incubation, 1.5
mL of the culture was transferred to microtubes and
centrifuged under approximately 25 °C (room tempe-
rature) at 9500 g for 2 min. One milliliter of the supe-
rnatant, together with 1 mL of Salkowski’s reagent (1
mL of 0.5 mol L=! FeCls and 49 mL of 35% HCIO,),
was transferred to the tubes. After 30 min, the ab-
sorbance at 350 nm was measured. A standard curve
of TAA (Sigma-Aldrich®) was prepared. The develo-
pment of a pink color after the addition of Salkows-
ki’s reagent indicated the production of auxin by the
isolate; 14 auxin-producing isolates were selected and
tested for their ability to produce siderophores.

Siderophore production. The ability of the 14 se-
lected strains to produce siderophores was tested by
using chrome azurol S (CAS) agar medium prepared
in accordance with the protocol originally proposed by
Schwyn and Neilands (1986) and modified by Alexan-
der and Zaberer (1991). The Fe-CAS indicator solution
(Solution 1) was prepared by mixing 10 mL of 1 mmol
L~! FeCl3-6H20 (in 10 mmol L~ HCI) with 50 mL of
CAS solution (1.21 mg mL~!). The mixture was added
slowly to 40 mL of an aqueous solution of hexade-
cyltrimethylammonium bromide (HDTMA) (1.82 mg
mL~1). The buffer solution (Solution 2) was prepared
by dissolving 30.24 g of 1,4-piperazinediethanesulfonic
acid (PIPES) in 750 mL of a salt solution: 0.3 g
KHyPOy4, 0.5 g NaCl, 1.0 g NH,Cl, and 15 g agar.
The pH was adjusted to 6.8 with 50% (weight:weight)
KOH, and water was added to bring the volume to 800
mL. The composition of Solution 3, per 70 mL water,
was: 2 g glucose, 2 g mannitol, 493 mg MgSO4-7TH-0,
11 mg CaClg, 1.17 mg MHSO4-H20, 14 mg H3BO3,
0.04 mg CuSO4-5H50, 1.2 mg ZnSO,4-7H>0O, and 1.0
mg NasMoQO4-2H50. The three obtained solutions were
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autoclaved separately and cooled to 50 °C. An aliquot
of 30 mL of the filter-sterilized solution (Solution 4)
containing 10% (weight:volume) casamino acids was
mixed with Solutions 3 and 2. The indicator solution
was added last, with sufficient stirring to mix the in-
gredients without forming bubbles. Based on this test,
eight siderophore-producing isolates were selected for
further study.

Phosphate solubilization. The eight selected stra-
ins were tested for their ability to solubilize inorga-
nic rock phosphate (Cag(POy)2). Pikovskaya’s medi-
um (PKV) was used, which contained 10 g glucose,
5 g (:‘213(1304)27 0.5 g (NH4)QSO4, 0.2 g NaCl, 0.1 g
MgSO4-7TH20, 0.2 g KCI, 0.5 g yeast extract, 0.002
g MnSO,4-H>0, 0.002 g FeSO,-7TH20, and 15 g agar
in 1 L of distilled water. The capacity of an isolate
to solubilize inorganic phosphate was indicated by a
clear halo around the agar disk (Sagervanshi et al.,
2012). Four strains considered to be phosphate solu-
bilizers were molecularly identified and subsequently
used in the second part of this work.

Use of ACC as a sole N source. — The bacte-
ria were cultivated on a rich medium containing 5 g
tryptone, 2.5 g yeast extract, and 2 g glucose in 1 L
of distilled water and incubated with shaking (100 r
min~!) for 48 h at 30 °C. The obtained biomass was
washed three times with a sterile solution of 0.1 mol
L~! MgSO, and finally resuspended in the same solu-
tion. In a 96-well plate, 120 puL. of Dworkin and Fos-
ter (DF) salt medium, which contained (in 1 L) 4.0
g KHQPO4, 6.0 g NagHPO4, 0.2 g MgSO47HQO, 2.0
g glucose, 2.0 g gluconic acid, 2.0 g citric acid, 1 mg
FeSO4-7H20, 10 mg HgBOg7 11.19 mg MHSO4-H20,
124.6 mg ZnSO4-TH50, 78.22 mg CuSO,4-5H>0, and
10 mg MoOs, at pH 7.2 (Penrose and Glick, 2003), was
added to each well. Aliquots of 15 uL of 0.1 mol L~}
MgSOy or 15 uL of 0.1 mol L=1 (NH,4)2SO, were added
to the first and the second thirds of the microplates, re-
spectively. The ACC solution (3 mmol L™1) was filter-
sterilized (0.2 pm) and stored at —20 °C until the assay.
The ACC was thawed and 15 uL. was placed in the fi-
nal third of the microplates. Each well was inoculated
with 15 uL of the washed bacterial culture. A control
without bacteria was used (Shahzad et al., 2010). After
incubation (48 h at 28 °C), the bacterial growth was
determined by the measurement of optical density at
600 nm (OD600).

Molecular identification

The selected strains were identified based on their
coding DNA fragments for 16S rRNA sequences. The
total DNA extraction was performed, and the 16S

A. RAI et al.

rRNA gene was amplified by using the universal
primers 5’-S-D-Bact-0008-a-S-20-3' and 5’-S-D-Bact-
1495-a-S-20-3', with the sequences 5'-AGAGTTTGA-
TCCTGGCTCAG-3" and 5-AAGGAGGTGATCCA-
GCCGCA-3', respectively (Daffonchio et al., 2000).

The amplification reaction mixture consisted of 2.5
uL PCR reaction buffer, 2.5 uL. MgCls, 0.2 pL deoxynu-
cleoside triphosphate, 0.3 uL of each primer, 0.2 uL. Tagq
DNA polymerase, and 1 pL of total DNA. The PCR
program consisted of an initial step of 94 °C for 3 min,
35 cycles of denaturation at 94 °C for 45 s, annealing
at 55 °C for 1 min, and elongation at 72 °C for 2 min,
followed by a final elongation step at 72 °C for 8 min.

An agarose gel (1.5%, weight:volume) was used
for the separation of the PCR products in 0.5x Tris-
borate-EDTA buffer, stained for 30 min in 0.5 mg L1
ethidium bromide solution, and developed by expo-
sure to ultra-violet light. An enzymatic sequencing of
the amplified DNA fragments was conducted in accor-
dance with the method of Sanger (Sanger and Coul-
son, 1975). The obtained sequences were deposited
in GenBank and compared with sequences available
from the National Center for Biotechnology Informa-
tion (NCBI) database (http://www.ncbi.nlm.nih.gov)
using the BLAST algorithm. A phylogenetic dendro-
gram was conducted by using the neighbor joining me-
thod, and tree topology was evaluated by performing
bootstrap analysis of 1000 data sets using MEGA4.1
(Kumar et al., 2004).

Determination of halotolerance

The halotolerance of the selected strains was stu-
died using an N-free broth medium (N-Fb) containing
6 g KQHPO4, 4 g KHQPO47 0.2 g MgSO4, 0.1 g NaCl,
0.02 g CaClg, 0.01 g FeCls, 0.002 g NasMoQOy, 0.05
g yeast extract, and 5 g glucose (added after autocla-
ving) in 1 L of distilled water. This medium was sup-
plemented with various concentrations of NaCl (0, 250,
300, 350, 400, 450, 500, 550, 600, and 650 mmol L)
(Nabti et al., 2007).

Marine macroalgae and OFI cladodes were cut into
fine pieces to facilitate the improved release of intra-
cellular substances. The finely cut pieces (2.5 g fresh
weight) were immersed in vials containing 50 mL of
N-Fb medium with the aforementioned NaCl concen-
trations. The vials were then autoclaved at 110 °C
for 30 min. After decantation, 10 mL of the superna-
tant was distributed in sterile tubes to be loaded in-
to microplates for the study of bacterial halotolerance
(Ghoul et al., 1995).

Luria-Bertani broth (5 mL) was inoculated with a
fresh culture (18 h) of the tested strains (BEA4, BECY,
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BOA4, and SEBY). After incubation at 28 °C for 24
h, the culture was centrifuged at 3000 r min~—! for 10
min. The pellet was washed three times with 5 mL of
normal saline solution (8.5 ¢ L~! NaCl) and finally re-
suspended in 5 mL of the same solution. The obtained
bacterial suspensions were inoculated to the culture
medium already distributed in microplates. After in-
cubation (28 °C for 4 d), the bacterial growth was esti-
mated through the measurement of the absorbance of
the culture at 600 nm.

The above procedure was then repeated after the
replacement of N-Fb with LB medium (0, 300, 500,
800, 1000, 1300, 1500, 1800, and 2000 mmol L~ of
NaCl) supplemented, or not, with GB (1 mmol L=!) or
hydro-alcoholic extracts (1072, volume:volume) from
OFI, UL, and EI The hydro-alcoholic extracts were
prepared through the immersion of 5 g (dry weight)
of UL, EI, and OFI cladodes in vials containing 150
mL of 70% ethanol with shaking for 5 to 10 min. The
obtained extract was filtered through a filter paper to
eliminate solids, evaporated to dryness, and resuspen-
ded in 10 mL distilled water (Ghoul et al., 1995).

Wheat germination assay

The bacterial cultures of the four strains final-
ly selected were washed three times with sterile dis-
tilled water (ODggpp: 0.8) and used for the germina-
tion assays. The seeds of wheat (variety Boussalem)
were surface sterilized (G6tz et al., 2006) and imbibed
in washed bacterial suspension for 30 min. The im-
bibed seeds were placed in Petri dishes layered with
sterile filter paper and soaked (5 mL per Petri dish)
in various NaCl solutions (100, 200, and 300 mmol
L~1). Hydro-alcoholic extracts from OFI and UL (1%,
weight:volume) and GB (1 mmol L™!) were added
to the salt solutions (Ramadoss et al., 2013). All te-
sts were repeated in triplicate (12 seeds per Petri
dish). Controls without bacterial treatment, without
GB, and without extracts were used. The experiment
was conducted in darkness at 20 °C. Readings were
recorded every 2 d for 12 d, and the final germination
percentage was determined at the end of the experi-
ment.

Statistical analysis

Statistical analyses were computed by using Gra-
phPad Prism software (version 6). The data from the
halotolerance and germination assays were analyzed u-
sing two-way analysis of variance (ANOVA) subjected
to a 95% confidence limit. The correlations between the
enzymatic scores and physicochemical properties of the
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soil samples were analyzed by the calculation of Pear-
son’s coefficient of correlation (r) and linear regression
(P < 0.05).

RESULTS
Soil physicochemical properties

All soil samples were slightly alkaline. One sample
from Bejala (BEA) was identified as a saline soil (EC >
4 dS m~1); for the other samples, the EC was between
3.8 dS m~! for the samplefrom Bouira (BOA) and
2.1 dS m~? for for the samplefrom Setif (SEA). The
samples collected from Medea (MEA) and Setif (SEA
and SEB) were richer in SOM (11, 13, and 15 g kg™ *,
respectively) than those collected from Bejaia (BEA,
BEB, and BEC) and Bouira (BOA). Other physico-
chemical properties were similar for the seven samples
(Table II).

TABLE II

Selected physicochemical propertiesa) of the collected soil sam-
ples

Sample pH (H20) pH (KCl) 0, EC SOM
gkg™? dSm~! gkg!
BEA 8.05 7.16 1.37 4.2 8
BEB 8.54 7.63 2.00 3.5 5
BEC 8.20 7.29 2.40 2.4 9
BOA 8.29 7.60 1.86 3.8 7
MEA 8.12 7.34 2.11 2.9 11
SEA 8.20 7.15 2.87 2.1 15
SEB 8.19 7.41 2.22 2.4 13

a) 0y = gravimetric moisture content; EC = electrical conducti-
vity; SOM = soil organic matter.

Enzymatic activities

Sixty-three strains (90% of the selected bacteria)
were amylase positive. Ureasic activity was detected in
44.29% of the isolates, with less protease activity de-
tected (37.14%). Lipolytic, esterasic, chitinolytic, and
cellulolytic activities were detected in 45.71%, 47.14%,
70%, and 50% of the 70 tested strains, respectively
(data not shown). The intensity of the enzymatic ac-
tivities of the selected isolates from each soil sample
and their respective pH (KCl) values were positively
correlated; for a sample with a basic pH, the bacte-
ria produced more hydrolytic enzymes (Fig.1a). The
SOM of all samples, except BEA, and their §,, ex-
cept BEA and SEB, were negatively correlated with
the total enzymatic activities in each group of isolates,
whereas the EC of all samples, except BEA, was posi-
tively correlated with the enzymatic activities of the
isolates (Fig. 1b, c). In all samples, both SOM and 6,
were negatively correlated with EC (Fig. 1d).
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Fig. 1 Pearson’s coefficient of correlation (r) and linear regression between the total enzymatic activities (score) of isolates selected
from each soil sample and soil pH (KCl) (a), electrical conductivity (EC) (b), and soil organic matter (SOM) (c) and EC and SOM
and gravimetric moisture content (0g) of each soil sample (d). *, **Significant at P < 0.05 and P < 0.01, respectively.

TA A quantification

The phytohormone IAA was produced by all the
tested strains, ranging from 76.31 ug mL~! for the iso-
late BEA4 to 3.35 ug mL~* for the isolate BOA2. The
isolates BEC9, BOA4, and SEB9 produced 25.7, 47.4,
and 32.2 ug TAA mL~}, respectively (Table III).

Detection of siderophores

All the tested isolates were able to produce sidero-
phores, except the strains BEB4, BOA5, and MEA4.
The isolates BEB6 and SEA3 showed a weak ability to
produce siderophores (Table III).

Phosphate solubilization

Only two isolates, BEA3 and SEA3, were unable to
solubilize inorganic phosphate (Caz(POy)2). The solu-
bilization index of the isolates BEA4, BEC9, BOA4,
and SEB9 was 0.79, 0.40, 0.36, and 0.65, respectively
(Table IIT).

Use of ACC as a sole N source

Four strains (BEA4, BEC9, BOA4, and SEB9)
were able to grow with ACC as the sole N source. The
growth of the two isolates BEA4 and BEC9 was much
faster in the presence of ACC and (NHy4)2SO4 than
in the absence of N. However, no significant difference
was detected in the growth of the two strains BOA4
and BEC9 in the presence and absence of ACC as a N
source (Fig. 2).

Molecular identification

The selected strains BEA4, BEC9, BOA4, and SE-
B9 were molecularly similar to the species Flavobac-
terium johnsoniae, Pseudomonas putida, Achromobac-
ter xylosoridans, and Azotobacter chroococcum, respe-

08 r
O N free
3 (NH,),SO,
ACC
06| H *
33
B =
02
00 1 1 1
BEA4 BEC9 BOA4 SEB9
Isolate

Fig. 2 Utilization of 1-aminocyclopropane-1-carboxylate (AC-
C) and (NH4)2SO4 as the sole N source by isolates BEA4, BEC9,
BOA4, and SEB9. Readings were performed in four replicates.
Error bars represent the standard deviations of means. Agoo =
absorbance of the culture at 600 nm. *, **Significant at P <
0.05 and P < 0.01, respectively.

ctively (Fig. 3).
Halotolerance of bacteria

The LB medium conferred greater protection to ba-
cteria against salt stress than the N-Fb medium in the
absence of GB and extracts. At high salt concentra-
tions, the OFI extract conferred better protection than
the GB and UL and FI extracts. The isolate BEA4
seemed to be the most tolerant to salt stress. The iso-
late SEB9 was the most sensitive to salinity on the LB
medium, whereas BEC9 expressed the weakest tolera-
nce to NaCl on the N-Fb medium (Figs. 4 and 5).

Compared with the control, in the absence of salt
stress, OFT extract enhanced the growth of the isolates
BEA4 and SEB9 on the N-Fb medium by 115.342%
and 124.51%, respectively, and that of the isolates
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TABLE III

Hierarchical strain selection based on the production of indole 3-acetic acid (IAA) and siderophores and phosphate solubilization

Strain IAA Siderophore Phosphate solubilization
code productiona>
Colony zone diameter Halo zone diameter Solubilization index
ug mL~1 cm
BEA1 12.3 £ 2.8
BEA3 38.0 £ 2.7 +++ 1.1 1.1 1
BEA4 76.3 £ 7.7 +++ 1.1 1.4 0.79
BEA6 12.3 + 4.2
BEB3 154 + 2.8
BEB4 23.1+£4.1
BEB6 30.3 £ 84 +
BEB9 05.3 £ 1.3
BEC1 10.2 + 4.2
BEC4 34.2 £ 2.8 +++ 0.6 1.5 0.40
BEC5 344 +£59
BEC9 25.7 + 2.6 +++ 0.2 2 0.40
BOA2 03.3 £ 2.8
BOA4 474 £ 5.6 +++ 0.9 2.5 0.36
BOA5 40.2 £ 5.5 —
BOAS8 20.3 £ 2.7
MEA1 11.3 + 2.6
MEA2 05.3 £ 2.5 ++
MEA4 314+ 14 —
MEAG6 07.4 £ 0.0
SEA3 269+ 1.4 + 1.2 1.2 1
SEA4 24.3 £5.9 +++
SEA6 03.4 £ 0.8
SEAS 23.3 £ 2.7
SEB1 12.7 + 0.7
SEB4 08.4 £ 1.2
SEBT7 32.6 £ 5.0 +++ 1 1.2 0.83
SEB9 322+ 14 +++ 1.3 2 0.65
a) _ = negative; + = weakly positive; ++ = moderately positive; +++ = highly positive.

Azotobacter chroococcum strain GD5 16S ribosomal RNA gene partial sequence
Azotobacter chroococcum strain YCYS 16S ribosomal RNA gene partial sequence
Azotobacter chroococcum strain CL13 16S ribosomal RNA gene partial sequence
Azotobacter chroococcum strain ISSDS-356 16S ribosomal RNA gene partial sequence
SEB9

Pseudomonas sp. NR 6-08 16S ribosomal RNA gene partial sequence

Pseudomonas fluorescens strain Amp45 16S ribosomal RNA gene partial sequence
Pseudomonas sp. 8S-116S ribosomal RNA gene partial sequence

Pseudomonas putida partial 16S ribosomal RNA gene isolate BD17-R08

BEC9

Achromobacter marplatensis partial 16S ribosomal RNA gene isolate S16
Achromobactersp. GSE4 16S ribosomal RNA gene partial sequence
Achromobacter xylosoxidans partial 16S ribosomal RNA geneisolate BD17ACC-E41
Achromobacter xylosoxidans strain 141 16S ribosomal RNA gene partial sequence
BOA4

|Flavobacterium sp. A2051 16S ribosomal RNA gene partial sequence

| |Flavobacterium denitrificans strain KUDC1759 16S ribosomal RNA gene partial sequence

Flavobacterium denitrificans strain KUDC1760 16S ribosomal RNA gene partial sequence

0.05 BEA4
- Flavobacterium johnsoniae strain NW53 168 ribosomal RNA gene partial sequence

Fig. 3 Neighbor-joining tree revealing the phylogenetic relationship of the analyzed isolates BEA4, BEC9, BOA4, and SEB9. The
bar indicates 5% sequence divergence.

BEA4, BEC9, BOA4, and SEB9 by 109.231%, 105.5%, with 1000 mmol L~! of NaCl by 141.085%, 230.805%,
103.115%, and 144.887% on the LB medium. The 215%, and 221%, respectively, whereas their growth
same extract increased the bacterial growth of the iso- was restored under 350 mmol L~ of NaCl on N-Fb me-
lates BEA4, BEC9, BOA4, and SEB9 on LB medium dium to 187.877%, 414.398%, 183.321%, and 414.267%
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Fig. 4 Maximum growth of isolates BEA4 (a), BEC9 (b), BOA4 (c), and SEB9 (d) achieved on N-free broth medium with different
NaCl concentrations in the the absence (control) and presence of glycine betaine (GB) (1 mmol L~!) and hydro-alcoholic extracts
from Ulva lactuca (UL) and Opuntia ficus-indica (OFI) (1%, weight:volume). The readings were performed in duplicate. Agoo =

absorbance of the culture at 600 nm.
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Fig. 5 Maximum growth of isolates BEA4 (a), BEC9 (b), BOA4 (c), and SEB9 (d) achieved on Luria-Bertani medium with different
NaCl concentrations in the absence (control) and presence of glycine betaine (GB) (1 mmol L™1) and aqueous extracts from Ulva
lactuca (UL), Enteromorpha intestinalis (EI), and Opuntia ficus-indica (OFI). The readings were performed in duplicate. Agoo =

absorbance of the culture at 600 nm.

of the control (without extract). Elextract amelio-
rated the growth of the isolates BEA4, BEC9, and
BOA4 on LB medium with 1300 mmol L~! of Na-
Cl by 135.529%, 641.538%, and 949.895%, respective-
ly. Glycine betaine stimulated the growth of the iso-
lates BEA4, BEC9, BOA4, and SEB9 on N-Fb medi-
um with 300 mmol L' of NaCl by 127.286%, 142.22%,
113.269%, and 101.834%, respectively (Figs.4 and 5).

Wheat germination

The presence of GB and UL and OFI extracts
markedly promoted seed germination under salt stress.
The bacterial treatment, especially with BOA4 and
SEB9, improved seed germination success. The germi-
nation percentage was restored from 2.77% to 22.23%,
38.89%, and 30.57% under 300 mmol L~! of NaCl and
from 22.2% to 47.23%, 44.45%, and 47.23% under 200

mmol L~ NaCl in the presence of GB and OFI and
UL extracts, respectively. Bacterial inoculation with
the strains BEA4, BEC9, BOA4, and SEB9 enhanced
the germination success from 22.2% to 44.43%, 41.66%,
61.1%, and 63.86% under 200 mmol L~! NaCl and
from 2.77% to 256%, 22.23%, 50%, and 44.43% under
300 mmol L=t NaCl, respectively (Fig.6).

DISCUSSION

Morrissey et al. (2014) indicated that salinity in-
creased the microbial decomposition rates in low-
salinity wetlands, which was consistent with the posi-
tive correlation between the EC of soil samples and
the enzymatic activities of their corresponding strains
found in this work. The isolates from the saline soil
BEA (EC > 4) showed a high enzymatic score when
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Fig. 6 Seed germination success (percentage) of wheat in the presence and absence of glycine betaine (GB) (1 mmol L™!) and
hydro-alcoholic extracts from Opuntia ficus-indica (OFI) and Ulva lactuca (UL) (1%, weight:volume). Seeds other than controls were
treated with isolate BEA4, BEC9, BOA4, or SEB9. Controls without bacterial, without GB, and without extracts were used. Error
bars are the standard deviations of means. Different letters above the bars indicate significant differences at P < 0.05 within each

NaCl concentration.

tested in non-saline medium. Despite this, BEA con-
tained high levels of SOM, probably due to inhibi-
tion of the lytic enzymes under salt stress. Eivazi and
Tabatabai (1988), Garcia et al. (1994), and Batra and
Manna (1997) showed that the activities of the soil en-
zymes were seriously reduced by salinity, which affec-
ted nutrient recycling and release for use by plants. pH
(KCl) in soil assesses the exchangeable hydrogen and
affects the N-fixing efficiency of diazotrophic bacte-
ria (Nikliniska et al., 2005; Lapinskas and Piaulokaite-
Motuziené, 2006; Rousk et al., 2009). Generally, bac-
terial extracellular enzymes in soil are alkaline, in con-
trast to those released by fungi and plants (Caldwell,
2005), which could explain the positive correlation ob-
served between the pH of soil samples and the total
detected enzymes.

Plant growth-promoting rhizobacteria may influ-
ence plant growth through several mechanisms, such
as the increased availability of other nutrients and the
production of phytohormones. In the first part of this
work, we established a hierarchy of potential properties
in order to isolate diazotrophic bacteria with high plant

growth-promoting potential: N fixation; catabolic acti-
vity (urease, protease, lipase, chitinase, esterase, amy-
lase, and cellulase); TAA and siderophore production;
and phosphate solubilization. Through this method, we
selected four bacterial strains (Flavobacterium johnso-
niae BEA4, Pseudomonas putida BEC9, Achromobac-
ter xylosoridans BOA4, and Azotobacter chroococcum
SEB9) with a high n vitro potential to promote plant
growth.

One of the mechanisms by which rhizobacteria
ameliorate plant growth is N fixation (James et al.,
1994; Glick et al., 1997; Vessey 2003; Gray and Smith
2005). Several strains belonging to the species F. john-
soniae, P. putida, A. xylosoxidans, and A. chroococ-
cum, are known to be plant growth promoters; they are
diazotrophic bacteria in the soil (Altman and Waisel,
1997; Malik et al., 1997; Kader et al., 2002; Jha and
Kumar, 2009; Ma et al., 2009; Sgroy et al., 2009; Laskar
et al., 2013; Vacheron et al., 2013; Pathani et al., 2014).

The degradation of organic matter through cata-
bolic activity is one of the most important means
through which bacteria increase plant growth. Mi-
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crobial enzymes, such as ureases, esterases, lipases,
proteases, chitinases, amylases, and cellulases, play
key roles in biological transformation processes (Glick,
1995; Martinez-Viveros et al., 2010; Rana et al., 2012;
Xun et al., 2015). Enzymes such as chitinase and cellu-
lose play important roles as biocontrol agents through
the degradation of fungal cell walls (Mitchell and
Alexander, 1963; Sindhu and Dadarwal 2001). Kathire-
san et al. (2011) reported that a bacterium of the
genus Azotobacter produces important quantities of
amylases, cellulases, lipases, chitinases, and proteases.
Ahmad et al. (2013) revealed that several strains of
the genus Pseudomonas produce proteases, cellulases,
chitinases, and lipases, that are implicated in SOM
degradation and the biocontrol of plant pathogens.

Indole 3-acetic acid is the most commonly pro-
duced phytohormone whose effect on plant growth de-
pends on the sensitivity of the plant and the amount of
TAA produced (Pant and Agrawal, 2014). Our results
with respect to IAA production are in agreement with
previous works (Torres-Rubio et al., 2000; Tsavkelova
et al., 2006; Jha and Kumar, 2009; Soltani et al.,
2010; Kumar et al., 2014), which reported that bacte-
ria of the genera Flavobacterium, Pseudomonas, Achro-
mobacter, and Azotobacter can produce large quanti-
ties of IAA and promote plant growth.

Siderophores are iron-chelating compounds whose
biosynthesis is regulated by the availability of iron
in the surrounding medium (Simoes et al., 2007). In
soil, they play a crucial role in plant growth improve-
ment, enhancing iron uptake by roots. Recent work
has demonstrated that iron-chelating siderophores sup-
press soil-borne fungal pathogens (Beneduzi et al.,
2012). Others have shown that the bacterial species
F. johnsoniae, P. putida, A. chroococcum, and A. xy-
losozxidans produce siderophores (Suneja et al., 1996;
Hynes et al., 2008; Moretti et al., 2008; Sgroy et al.,
2009; Tian et al., 2009; Ahemad and Kibret, 2014).

After N, phosphorus is the most limiting element
for plant nutrition. Phosphate-solubilizing microorga-
nisms (PSM) in soil are considered the most eco-
friendly option to provide inexpensive phosphorus to
plants (Kumar et al., 2000; Chen et al., 2006; Hussain
et al., 2013; Sharma et al., 2013; Khan et al., 2014;
Nosrati et al., 2014). Sashidhar and Podile (2010) high-
lighted the phosphate solubilization capacity of the ba-
cteria A. xylosoxidans, A. chroococcum, P. putida, and
F. johnsoniae.

All the discussed traits (N fixation, hydrolytic en-
zymes, TAA synthesis, solubilization of inorganic inso-
luble phosphorus, ACC degradation, and siderophore
production) are known to be involved in the enhance-
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ment of plant tolerance to salt stress (Egamberdieva,
2009; Walpola and Arunakumara, 2010; Kizildag et al.,
2012; Shrivastava and Kumar, 2015).

The use of PGPR is becoming a widespread prac-
tice. However, they may be even more beneficial under
stress conditions. It is therefore important to ensure
that the tested inoculant is able to survive in the par-
ticular conditions under which its use is proposed. Mi-
crobial tolerance to salt stress may be improved using
compatible solutes synthesized by the microorganism
and/or taken up from the medium (Madkour et al.,
1990); the latter mechanism is preferred when the ap-
propriate substances are present in the environment
(Lamosa et al., 1998; Paul and Nair 2008).

In the second part of this work, we demonstrated
that OFI extract was, in most cases, better at pro-
moting bacterial growth (BEA4, BEC9, BOA4, and
SEB9) and wheat seed germination under high salini-
ty than GB. The LB medium most likely conferred
greater protection to bacterial cultures than N-Fb
medium in the absence of other sources of compatible
solutes owing to the presence of proline, betaines, and
other molecules known for their osmoprotectant role,
especially in the yeast extract (Nagata et al, 1996;
Wood, 2007). It is also important to report the positi-
ve results obtained by the addition of the extracts of
UL and EI Both marine macroalgae have been repor-
ted to synthesize and accumulate a wide variety of os-
moprotectants under salt stress (Dickson et al., 1982;
Edwards et al., 1987; Plettner et al, 2005). Marine
macroalgal extracts have already been used to improve
the halotolerance of bacteria such as Sinorhizobium
meliloti, Azospirillum brasilense, and Escherichia coli
(Ghoul et al., 1995; Pichereau et al., 1998; Nabti et al.,
2007). Dimethylsulfoniopropionate and other tertiary
sulfoniums, sugars, polyols, and N-organic compou-
nds are the most abundant compatible solutes accumu-
lated under salt stress conditions by marine macroal-
gae, including UL and EI (Edwards et al., 1988; Kirst,
1996).

It is pertinent to note that this is the first recor-
ded use of OFI as a source of natural osmoprotectants.
No prior reports have detailed the chemical nature of
these compounds, nor the conditions of their synthesis
by this plant, which is known for its resistance to en-
vironmental stress. However, the total content of free
amino acids (257.24 mg per 100 g) was higher than
the average for other fruits. Opuntia ficus-indica has
relatively high levels of serine, g-amino butyric acid,
glutamine, proline, arginine, and histidine, and con-
tains methionine (Sdenz et al., 2013), suggesting that
the amino acids may constitute the majority of the
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natural osmoprotectants provided by the extract of
this plant. In addition, OFI cladodes are rich in mi-
nerals such as potassium, calcium, phosphorus, and
iron (Hadj Sadok et al., 2008), which are involved in
the enrichment of the culture media, and thus promote
bacterial growth. Tryptophan, the direct precursor of
TAA, is an abundant compound in OFI cladodes (1.04
g per 100 g) (El-Mostafa et al., 2014). The production
of such elements plays a key role in the promotion of
plant growth and the amelioration of salt stress (Egam-
berdieva 2009; Kaya et al., 2009; Liu et al., 2013).

Nabti et al. (2007) reported the use of PGPR and
natural compatible solutes from UL to promote wheat
seed germination and growth under salt stress. Howe-
ver, our report on the use of extracts of OFI and EI
to promote plant growth under high salinity is new.
Basavaraju et al. (2002), Kaymak et al. (2009), Tam
and Diep (2014), and Rathi et al. (2014) reported the
role of A. xylosoridans, Flavobacterium sp., P. puti-
da, and A. chroococcum in the amelioration of seed
germination and plant growth under salt stress condi-
tions. The extract from OFI cladodes appears to be an
economically viable, natural alleviator of salt stress in
agriculture. These plants are distributed worldwide in
many countries with arid and semi-arid zones, the most
extensive dry lands on the planet, where there is a need
for plant species that can adapt to provide food and
materials under abiotic stress conditions (Sdenz et al.,
2013).

CONCLUSIONS

The bacterial strains F. johnsoniae BEA4, P. puti-
da BEC9, A. zylosoxidans BOA4, and A. chroococ-
cum SEB9 were able to fix atmospheric N, produce
a wide range of hydrolytic enzymes, solubilize inor-
ganic insoluble phosphorus, produce siderophores, syn-
thesize useful amounts of TAA, and use ACC as their
sole N source. Aqueous and hydro-alcoholic extracts
from OFI, UL, and EI improved the halotolerance of
the aforementioned strains. The germination of wheat
seeds was markedly enhanced by bacterial inoculation
and the application of the OFI and UL extracts. In
vivo studies are required to determine the effect of the
extracts and the strains on extended stages of the plant
growth, and to determine the nature of the compounds
implicated in the enhancement of bacterial and plant
halotolerance.
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