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The plant-based-sea water culture medium is introduced to in vitro cultivation and in situ recovery of the
microbiome of halophytes. The ice plant (Mesembryanthemum crystallinum) was used, in the form of juice
and/or dehydrated plant powder packed in teabags, to supplement the natural sea water. The resulting
culture medium enjoys the combinations of plant materials as rich source of nutrients and sea water
exercising the required salt stress. As such without any supplements, the culture medium was sufficient
and efficient to support very good in vitro growth of halotolerant bacteria. It was also capable to recover
their in situ culturable populations in the phyllosphere, ecto-rhizosphere and endo-rhizosphere of halo-
phytes prevailing in Lake Mariout, Egypt. When related to the total bacterial numbers measured for
Suaeda pruinosa roots by quantitative-PCR, the proposed culture medium increased culturability (15.3–
19.5%) compared to the conventional chemically-synthetic culture medium supplemented with (11.2%)
or without (3.8%) NaCl. Based on 16S rRNA gene sequencing, representative isolates of halotolerant bac-
teria prevailed on such culture medium were closely related to Bacillus spp., Halomonas spp., and Kocuria
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Arthrocnemum macrostachyum, Halocnemum
strobilaceum, Mesembryanthemum
crystallinum, Mesembryanthemum forsskaolii
and Suaeda pruinosa
spp. Seed germination tests on 25–50% sea water agar indicated positive interaction of such bacterial iso-
lates with the germination and seedlings’ growth of barley seeds.
� 2017 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Over 800 million hectares of land throughout the world are
affected by salt, and according to global climate change scenarios,
rising of the sea level will threaten agricultural production in large
areas by increasing the salinity of the soil [1]. To tackle this prob-
lem, the use of traditional breeding, genetic engineering of halotol-
erant transgenic plants and application of halotolerant plant
growth promoting (PGP) bacteria are among the major strategies
proposed to improve cultivation of saline soil/water environments
[2]. So far, members of the salt-tolerant plant microbiome, e.g.
Arthrobacter spp., Azospirillum spp., Bacillus spp., Flavobacterium
spp., Pseudomonas spp., and Rhizobium spp., have shown a great
adaptation and beneficial interactions with plants in salt stressed
environments [3]. Mechanisms involved are most similar among
different taxa, and the main strategies include avoiding high salt
concentration vis specific membrane or cell wall constructions,
pumping ions out of the cell ‘salting out’ process or adjusting their
intracellular environment by accumulating non-toxic organic
osmolytes and the adaptation of proteins and enzymes to high con-
centrations of solute ions [4–7]. Such adaptation mechanisms are
partly related to their ability of expanding and regulating those
genes required to survive and respond appropriately to the physi-
cal and chemical composition of these stressed habitats [6].
Microorganisms nesting roots and leaves of halophytes may con-
tribute to their well-being and salinity tolerance. Directly, they
promote plant growth by increasing the availability and efficient
uptake of nutrients, e.g. fixing N2, solubilizing inorganic phosphate
and producing siderophores [7]. They contribute, as well, to the
modulation of plant hormone balance through the synthesis of
hormone-like molecules; mainly auxins, cytokinins and gib-
berellins [8]. Indirect mechanisms include the prevention of attack
of plant pathogens through the synthesis of antibiotics or antifun-
gal compounds and through competition for nutrients [7]. On their
side, plants noticeably contribute to the selection of the associated
bacteria by releasing root exudates, which generate a positive
selection pressure and increase competitiveness among bacteria
in root colonization [9]. In addition, plants may protect themselves
from drought and salt stresses by accumulating compatible solutes
such as sugars and amino acids to osmotically adjust their environ-
ment [10]. Indeed, information is still limited on survival, physio-
logical, and molecular responses of halotolerant microbiome to
sea water intrusion, and consequently possible contribution to
the salt-affected environments.

Increasing culturability of the plant microbiome under labora-
tory conditions represents a challenge to specialists, where cultiva-
tion on laboratory media has selective effects, and thus yields
results that are not representative of the whole microbial commu-
nity. Having in mind that the communities of rhizobacteria
develop in concert with plant roots and, as well, are framed by
the background and bulk soil community [11]. This has steered
efforts towards tailoring culture media for increasing culturability
of the plant microbiome. Including plant materials in the composi-
tion of used culture media was sporadic, and originally experi-
mented through the use of plant infusion and extracts as
additional supplements for cultivation of plant/soil microorgan-
isms. Pathogenic and endophytic fungi as well as human pathogens
were successfully grown on the extracts/juices of variety of plants
and legume seed-proteins [12–14]. Furthermore, microbial
metabolites were productively recovered from culture media
based on plant substrates especially the by-products of agro-
industries [15].

Our previous publications [16,17] provided original results and
evidences on the ability of crude plant slurry homogenates, juices
and saps, as such without any supplements, to support culturabil-
ity of rhizobacteria and to retrieve their in situ populations. For
ease of application, plant dehydrated powders packed in teabags
were used to prepare liquid infusions rich enough to cultivate rhi-
zobacteria [18]. In fact, such plant teabags culture media do chal-
lenge standard chemically-synthetic culture media as they were
adequate and capable to recover and mirror the complex and
diverse communities of rhizobacteria. Based on Polymerase Chain
Reaction-Denaturing Gradient Gel Electrophoresis (PCR-DGGE) of
16S rRNA gene fingerprints and sequencing, the plant teabags cul-
ture media proved to support higher diversity and significant
increases in richness of endo-rhizobacteria, namely Gammapro-
teobacteria and dominantly Alphaproteobacteria. This culminated
in more retrieval of the rhizobacteria taxa associated to the plant
roots.

In this work, a number of the halophytes of the sea water-
stressed environment of the western North Coast of Egypt was
tested for the diversity and richness of associated halotolerant bac-
teria. In addition to plant phyllosphere, the two root compartments
of ecto-rhizosphere (representing the root surface together with
adhering soil particles) and endo-rhizosphere (representing endo-
phytes in the outer and inner tissues of surface-sterilized roots)
were included. Further, we present the original idea of the sole
use of plant-based-sea water culture medium to in vitro cultivation
and in situ recovery of the plant associated halotolerant micro-
biome. Culture-dependent (CFUs) and–independent (qPCR) analy-
ses were performed on tested halophytes to expound how far
such plant-based substrates would support halotolerant bacterial
growth, and possibility to challenge the chemically-synthetic stan-
dard culture media supplemented with various types and amounts
of salts. 16S rRNA gene analysis was used for identification and
phylogenetic characterization of the halotolerant isolates secured
from the tested salt-affected environments. For possible contribu-
tion to the nutritional status and establishment of tested halo-
phytes, secured isolates were evaluated in relation to their
potential to promote plant growth via N2-fixation, indole-acetic
acid (IAA) production, and phosphate solubilization. Interaction
of these isolates with germination indices of a salt tolerant cultivar
of barley, nominated for cultivation in salt-affected Egyptian North
Coast, was also monitored.

Material and methods

Sampling sites

Naturally-grown salt-affected plant environments along the
northern coasts of Egypt were investigated. The site is located
around Lake Mariout, 22 km southwest of Alexandria, Egypt
(30�56039.600N 29�29077.100E).

Tested plants

Six representative salt-affected perennial shrubs were collected
from the tested sea water-affected environments (Table 1 and
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Fig. 1. Very well-established vegetation of the salt-affected environment of Lake Mariout, Egypt; and CFUs development and morphologies of the endo-rhizosphere bacteria
(endophytes) associated to the tested plants: A: Ice plant (Mesembryanthemum crystallinum), B: Suaeda pruinosa having very thick succulent leaves covered with salt crystals,
C: CFUs (dilution 10�4) of endophytes ofMesembrynthemum crystallinum as developed on agar plates of: CCM standard culture medium without (CCM) or with NaCl (30 g L�1,
CCM30), plant-based-seawater culture media prepared from juices (PJ) or teabags packed with dehydrated plant powder (PP) of ice plant; D: CFUs (dilution 10�1) of
endophytes of Suaeda pruinosa as developed on agar plates of: 1, the chemically synthetic combined carbon sources medium supplemented with NaCl (30 g L�1, CCM30); 2,
the plant-based seawater culture media prepared from the teabags of the dehydrated powder of ice plant.

Table 1
Tested plant species of the salt-affected environment of Lake Mariout, Alexandria, Egypt: Description, distribution and ecology.

Tested plants Species
description

World distribution Distribution in Egypt Ecological habitat

1- Arthrocnemum macrostachyum
(Moric.) K. Koch
(Family: Chenopodiaceae)

Halophytic
perennial
small shrub

North Africa, South Portugal,
East Mediterranean region, Sinai
to eastward to Iran and Indus
River delta

Nile valley, Oases,
Mediterranean region,
desert, Red Sea and Sinai

Halophytic species grows in coastal salt
marshes. The plant accumulates salts in its
succulent young stems

2- Halocnemum strobilaceum
(Pall.) M. Bieb.
(Family: Chenopodiaceae)

Halophytic
glabrous
shrub

Southern Europe, North Africa
and Sinai to central Asia.

North Nile Delta,
Mediterranean strip, Red
Sea, Sinai and deserts

Grows as halophyte in coastal and desert salt
marshes and saline plains

3- Limoniastrum monopetalum
(L.) Boiss
(Family: Plumbaginaceae)

Halophytic
low shrub

West Mediterranean region,
Egypt, Crete, naturalized in
Balearic islands.

Mediterranean strip and
Sinai

Halophyte in coastal salt marshes. Dominate
the salt marshes with high calcium
concentration, this appears as calcareous scales
on leaves

4- Mesembryanthemum forsskaolii
Hochst. ex
(Family: Aizoaceae)

Annual
succulent
papillose
herb

Egypt, Libya, Palestineand Saudi
Arabia

Mediterranean strip,
deserts, Sinai and Wadi
Natrun

Grows in saline - sandy soil and salt affected
deserts. Generally can grow in soil with lower
salt concentrations than M. crystallinum. The
plant is salt tolerant

5- Mesembryanthemum
crystallinum
L.
(Family: Aizoaceae)

Annual
succulent
recumbent
herb

Mediterranean region,
Macaronesia, Europe, South
Africa, Naturalized in North and
South America and Australia

Mediterranean strip, Nile
valley, Eastern desert and
Sinai

Maritime sand, coastal salt affected soil, edges
of salt marches The plant is salt tolerant,
accumulate salt in its root and stem, highest
salt concentration stored in Epidermal cells
(bladder cells giving the plant the crystalline
shape).

6- Suaeda pruinosa Lange
(Family: Chenopodiaceae)

Halophytic
shrub

Spain, Sicily and North Africa. Mediterranean strip and
Sinai coast

Grows in the edges of the salt marshes.
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Table 2
Physico-chemical properties of collected samples representing free soils around tested plants of the salt-affected environment of Lake Mariout, Alexandria, Egypt; and physico-
chemical properties of the nearby Mediterranean Sea water.

Parameters Salt-stressed free soils around the tested plants Mediterranean sea water

L. monopetalum S. pruinosa H. strobilaceum A. macrostachyum M. crystallinum a M. forsskaolii a

pH 8.6 9.2 9.2 8.4 9.8 9.6 8.85
EC (dS m�1) 33.6 89.0 43.5 48.7 11.8 11.5 51.5
Saturation perecentage (SP%) 27.0 38.0 28.7 36.7 26.3 27.1 ND b

Cations (meq L�1)
Ca++ 59.0 24.6 22.1 21.0 7.4 7.4 19.6
Mg++ 151.0 36.1 44.5 57.0 2.4 2.6 107.0
Na+ 260.0 975.0 534.0 635.0 117.0 119.0 635.0
K+ 35.0 60.0 52.5 17.5 43.0 49.0 12.5

Anions (meq L�1)
SO4�� 117.0 457.0 60.0 148.0 12.9 12.5 147.0
CO3

�� 1.2 0.0 0.0 0.0 0.0 0.0 0.9
HCO3

� 3.5 4.1 7.1 2.9 25.9 26.4 2.9
Cl� 383.0 635.0 586.0 580.0 131.0 126.0 623.0

a Adjacent sand dunes.
b ND, not determined.
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Fig. 1A and B). Samples were obtained by first insertion and sepa-
ration of the aerial parts of full-grown plants (phyllosphere) into
sterilized plastic bags. Then, the root-soil system (intact roots with
closely adherent soil) was carefully removed and transferred to
sterilized plastic bags for microbiological analyses. Free soil sam-
ples nearby the roots were taken as well and subjected to
physico-chemical analyses (Table 2) within 48 h of sampling.
Plants were identified at ‘‘Cairo University Herbarium” based on
the authentic herbarium specimens, and were found to belong to
the families: Chenopdiaceae, Plumbaginaceae and Aizoaceae.
Culture media

Chemically-synthetic standard culture media
We used the N-deficient combined carbon-sources medium

(CCM) that was introduced by Hegazi et al. [19]. This particular cul-
ture medium was found to satisfy the nutritional requirements of a
wide range of rhizobacteria because of its contents of limited N and
diverse carbon sources that mimic the root milieu. It comprises of
(g L�1): glucose, 2.0; malic acid, 2.0; mannitol, 2.0; sucrose, 1.0;
K2HPO4, 0.4; KH2PO4, 0.6; MgSO4, 0.2; NaCl, 0.1; MnSO4, 0.01;
yeast extract, 0.2; fermentol (a local product of corn-steep liquor),
0.2; KOH, 1.5; CaCl2, 0.02; FeCl3, 0.015; Na2MoO4, 0.002. In addi-
tion, CuSO4, 0.08 mg; ZnSO4, 0.25 mg; sodium lactate, 0.6 mL
(50% v/v) were added per litter. The medium was used as such
(CCM), or amended with NaCl: 30 g L�1 (513 mM; identified as
CCM30).
Plant-based-sea water culture media

Plant juice culture media
The mature juicy shoots (leaves and stems) of H. strobilaceum,

M. crystallinum, M. forsskaolii or S. pruinosa, were sliced and
blended for 5 min in a Waring blender with the least possible
amounts of sea water, except for M. crystallinum where no water
was added because of its very juice nature. The resulting juices
were thoroughly filtered through cheese cloth and stored at
�20 �C for further use [17]. The crude plant juices, as such or
diluted with sea water (juice diluted 1:10, 1:20 and 1:40 with
sea water, v/v) were tested as liquid culture media. The used
Mediterranean Sea water was of EC 51.5 dS m�1 (corresponding
to 3.7% salts and 627 mM; Table 2). Agar culture medium was pre-
pared by adding agar (2%, w/v), pH adjusted to 7.0, then autoclaved
for 20 min at 121 �C.
Plant teabags powder culture media
The ice plant (M. crystallinum) was further used for media

preparation because of its succulent and juicy nature, rich nutri-
tional contents (Table 3) and abundance in the salt-affected sand
dune environments of the northern coast of Egypt. According to
Sarhan et al. [18], the vegetative parts of the ice plant were sun
dried for 24 h, then oven-dried at 70 �C for 1–2 days. The dehy-
drated plant materials were mechanically ground to pass through
a 2.0 mm sieve to obtain a fine dehydrated powder. Teabags were
prepared by packing two grams of the dehydrated powder into
empty teabags then sealed by stapling. Two teabags (each contain-
ing 2 g) were added to 1 liter of sea water to obtain liquid plant
infusions. Agar culture medium was prepared by adding agar (2%,
w/v), pH adjusted to 7.0, then autoclaved for 20 min at 121 �C. The
teabags were left in the culture media during autoclaving for fur-
ther plant extraction. Media were tested to ensure sterility before
use.

In vitro growth of isolates of halotolerant rhizobacteria on plant-
based-sea water culture media

The list of tested isolates included three halotolerant pure iso-
lates, Bacillus megaterium, Bacillus pumilus, and Enterobacter spp.
obtained from the culture collection of the Department of Microbi-
ology, Faculty of Agriculture, Cairo University, Giza, Egypt. These
particular isolates were selected because of their predominance
in a number of tested Egyptian salt-affected environments. They
were initially inoculated into semi-solid CCM30 test tubes, and
microscopically examined for growth and purity. Aliquots of
100 mL were spread on surfaces of agar plates of various tested cul-
ture media. This included CCM amended with NaCl (CCM30) and
plant-based-sea water culture media of various concentrations of
plant juices (juice diluted 1:10, 1:20 and 1:40 with sea water v/
v), and plant powder (2 g L�1 and 4 g L�1). After incubation at
30 �C for 4 days, the visual growth index recorded was: 1, scant
(discontinued bacterial lawn, with scattered colonies); 2–3, good
(continued bacterial lawn); and 4–5, very good (continued and
denser bacterial lawn).

Culturability and recovery of plant halotolerant bacteria associated to
tested plants

The efficiency of all tested culture media to recover the in situ
halotolerant culturable populations associated to naturally grown
halophytes was investigated. Three plant compartments were



Table 3
Nutritional profilea of the dehydrated powder of the ice plant (M. crystallinum) used for the preparation of the plant-based-sea water culture media.

Parameters M. crystallinum (Sun dried) Parameters M. crystallinum (Sun dried)

Macronutrients (ppm) Micronutrients (ppm)
Ca++ 36.7 Cu 6.0
Mg++ 4.6 Zn 125.0
K+ 5.6 Fe 315.0
Na+ 246.9 Mn 31.0

Se (ppb) 2.3
Pb (ppb) 1070.0

Total phosphate (%) 2.20 Total crude protein (%) 12.30
Total ash (%) 44.7 Moisture (%) 8.0
Total crude fiber (%) 7.1

Amino acids (mg/g) Amino acids (mg/g)
Aspartic acid 0.69 Isoleucine 0.45
Threonine 0.42 Leucine 0.78
Serine 0.56 Tyrosine 0.39
Glutamic acid 1.25 Phenylalanine 0.47
Proline 0.61 Histidine 0.38
Glycine 0.52 Lysine 0.71
Alanine 0.29 Arginine 0.69
Valine 0.61 Cysteine 0.58
Methionine 0.20

a Methods used for analyses are those described in details by Youssef et al. [17].

M.Y. Saleh et al. / Journal of Advanced Research 8 (2017) 577–590 581
tested: the phyllosphere (representing all vegetative parts includ-
ing leaves and stems), ecto-rhizosphere (representing the root
surface together with closely-adhering soil particles), and endo-
rhizosphere (representing endophytes in the outer and inner
tissues of surface-sterilized roots). Samples of all tested spheres
were prepared for microbiological analysis according to the meth-
ods described by Youssef et al. [17] and Sarhan et al. [18]. For
endo-rhizosphere samples, roots were surface sterilized with 95%
ethanol for 1 min followed by 3% sodium hypochlorite for
30 min, then washed 5 times with sterilized distilled water,
5 min for each wash, before crushing in Waring blender with ade-
quate amount of sea water. Sea water was used as diluent for the
preparation of additional serial dilutions of the phyllosphere,
ecto- and endo-rhizosphere. Aliquots (200 mL) of suitable dilutions
were surface inoculated on agar plates, with 3 replicates, repre-
senting the different plant-based culture media prepared from
the ice plant juice/powder (juice diluted 1:10, 1:20 and 1:40 with
sea water (v/v), and plant powder 2 g L�1 and 4 g L�1) as well as
CCM with (3%, w/v) or without NaCl. Incubation took place at
30 �C for >2–7 days, and developed CFUs were counted (Fig. 1C
and D). Suspended materials of shoots/roots were dried at 70 �C
and weighed for calculations on dry basis of plant materials.

Pure isolates of halotolerant bacteria and determination of their plant
growth promoting (PGP) functions

Throughout the microbiological analyses of tested halophytes,
one hundred forty-six isolates were selected. Based on their cul-
tural and morpho-physiological characteristics, forty-four repre-
sentatives of various plants, spheres and culture media were
selected for further characterisation. They were tested for PGP
functions: nitrogen fixation, phosphate solubilization, indole acetic
acid production, and salt tolerance. Based on results obtained, they
were clustered (PAST3 software; https://folk.uio.no/oham-
mer/past), using Unweighted Pair Group Method with Arithmetic
Mean (UPGMA). The resulting distance matrix was visualized in
dendrogram, and reformatted using FigTree software (http://tree.
bio.ed.ac.uk/software/figtree), and annotated using the online tool
of Interactive Tree of Life (iTOL) (http://itol.embl.de).

Acetylene reduction assay (ARA)
Nitrogen fixation ability in the form of acetylene reducing activ-

ity was measured [20] for pure halotolerant isolates grown in semi
solid CCM culture medium, supplemented with 3% NaCl (CCM30).
Isolates produced more than 5 nmoles C2H4 culture�1 h�1 were
considered positive and further maintained on CCM30 agar slants.

Indole-acetic acid (IAA) production
Tubes containing liquid CCM30 supplemented with L-

tryptophan (0.5 g L�1) were inoculated with the selected isolates
and incubated for 24–48 h at 30 �C. The resulting liquid cultures
were centrifuged and 0.5 mL of Salkovisky’s reagent was added
to the supernatant. Positive result was indicated with the change
in colour to pink to deep purple and measured colorimetrically at
535 nm [20].

Phosphate solubilization
Isolates were grown on Pikovskaya’s agar plates [21] that con-

tained (g L�1): glucose, 10; Ca3(PO4)2, 5; (NH4)2SO4, 0.5; NaCl,
0.2; MgSO4�7H2O, 0.1; KCl, 0.2; yeast extract, 0.5; MnSO4�H2O,
0.002; and FeSO4�7H2O, 0.002; and agar, 20. The culture medium
was additionally supplemented with NaCl (30 g L�1). The forma-
tion of clearance zone is considered positive result.

Salt tolerance
A number of tubes with liquid CCM amended with different

NaCl concentrations (30, 50, 70, 100, 120, 150, 200, and
220 g L�1) was inoculated with the selected isolates. During incu-
bation period of 2–7 days at 30 �C, growth turbidity confirmed by
microscopic examination was considered an indication of positive
growth and tolerance to the tested salt concentration.

Quantification of total bacterial counts using quantitative real-time
PCR

Copy number quantification of 16S rRNA gene was performed
by quantitative real-time PCR using the CFX96 TouchTM Detection
System (Bio-Rad, CA, USA) in optical grade 96 well plates. Portions
of the original root suspensions, prepared for CFUs plate counting
were centrifuged at 9500g for 15 min., and then DNAwas extracted
from root pellets using the QIAGEN DNeasy plant mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
The extracted DNA was 1:10 (v/v) diluted and analyzed in dupli-
cates [18]. The PCR reaction was performed in a total volume of
25 mL using SYBR� green master mix (Bio-Rad, CA, USA) containing
2 mL DNA (ca. 3–15 ng), 2.5 mL of 3.3 pmol of both primers of each

https://folk.uio.no/ohammer/past
https://folk.uio.no/ohammer/past
http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree
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of the universal forward 519f (CAGCMGCCGCGGTAANWC) and
reverse 907r (CCGTCAATTCMTTTRAGTT) primers [18], and 5.5 mL
PCR water. The standard curve was constructed using 407 bp
length fragment of purified PCR product of the Escherichia coli
16S rRNA gene in tenfold dilutions with the range of 2.5E+2–2.5E
+7. The amplification of DNA was done according to the thermal
amplification cycling program: 3 min of initial denaturation at
95 �C, 40 thermal cycles of denaturation at 95 �C for 15 sec, anneal-
ing at 53 �C for 30 sec, and extension at 72 �C for 42 sec; followed
by melting curve construction by increasing the temperature from
53 �C to 95 �C with fluorescence detection every 0.5 �C to verify the
PCR quality. The bacterial cell numbers were obtained indirectly
assuming 3.6 is the average number of rRNA operon [18,22,23].

16S rRNA gene sequencing and phylogenetic affiliation
Selected isolates were grown in liquid cultures of the corre-

sponding culture media, then bacterial broth cultures were cen-
trifuged at 9500g for 15 min., and DNA was extracted from
bacterial pellets using the QIAGEN DNeasy plant mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
The extracted DNA was used as a template to amplify the whole
16S rRNA gene using the primers 9bfm (GAGTTTGATYHTGGCT-
CAG) and 1512r (ACGGHTACCTTGTTACGACTT) [18]. The reaction
was performed in a total volume of 25 mL with 2 mL template
DNA (ca. 2–18 ng mL�1), 12.5 mL of QIAGEN TopTaq master mix
(Qiagen, Hilden, Germany), 5.5 mL PCR water, and 2.5 mL of 3.3 pmol
of both primers, using the Bio-Rad C1000 Thermal Cycler (Bio-Rad,
CA, USA). The thermal cycling program was adjusted as follows:
4 min of initial denaturation at 95 �C, 30 thermal cycles of 1 min
denaturation at 95 �C, 1 min annealing at 56 �C, and 1 min of
extension at 74 �C; PCR was finished by a final extension step at
74 �C for 10 min. QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany) was used to purify the PCR product according to the
manufacturers’ instructions.

16S rRNA gene sequencing was performed according to Sanger
enzymatic sequencing (Eurofins MWG Operon, Ebersberg, Ger-
many). 16S rRNA gene sequences were compared with their closest
matches in GenBank (www.ncbi.nlm.nih.gov/BLAST/) and Green-
Genes (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) databases
to determine the taxonomy of the bacterial strains. Together with
429 sequences representing all species of Bacillus spp. (280), Halo-
monas spp. (134), and Kocuria spp. (15), we constructed the phylo-
genetic tree using MUSCLE and the Neighbours-Joining methods
based on the maximum composite likelihood model implemented
in MEGA 6.0 [24]. The bootstrap values were calculated after 1000
replicates and indicated at each node. The 16S rRNA gene
sequences identified in this study have been deposited in the Gen-
Bank database under the accession numbers: KU836856–
KU836865

Interaction of halotolerant bacterial isolates with germination of
barley seeds

This introductory experiment was carried out to report on the
possible interaction of five tested PGP isolates, Bacillus spp.
(PhS1), Bacillus subtilis (EcL2), Bacillus pumilus (EnS4), Bacillus
spp. (EnM9), and Halomonas spp. (EnM10), with seed germination
of barely. The salt tolerant cultivar Giza 126 was nominated and
obtained from the Barley Department, Agricultural Research Centre
(ARC), Giza, Egypt. Seeds were surface sterilized with 70% ethanol
for 1 min, followed by soaking in 5% sodium hypochlorite for
10 min, then washed 5 times with sterilized distilled water,
5 min for each wash. Tested isolates were grown in liquid salt
amended culture medium (CCM30) for 24 h at 25 �C. Seeds were
submerged for 30 min in the resulting liquid cultures of the tested
isolates (containing >107–108 cells/mL), and a set of seeds was sub-
merged in sterilized liquid medium as a control [25]. The entire
process was maintained under axenic conditions. Seed germina-
tion was carried out using agar plates (0.8% agar). Preliminary
experiments indicated no germination on either undiluted sea
water or 3% NaCl-amended tap water. Therefore, further germina-
tion experiments used tap water mixed with 25% or 50% sea water.
For each salt concentration, three sets of plates were prepared; the
set consists of three plates for each isolate with five seeds per plate.
Plates were kept in dark at 25 �C, and number of germinated seeds
was recorded daily up to 10 d. The following germination attri-
butes were calculated [26]: germination percentage, coefficient of
velocity of germination (CVG), germination rate index (GRI) and
mean germination time (MGT) as follows:

CVG ð% day�1Þ ¼
X

Ni=
X

ðNiTiÞ � 100; GRI ð% day�1Þ
¼

X
Ni=I; MGT ðdaysÞ ¼

X
ðNiTiÞ=

X
Ni

where N is the number of seeds germinated on day i, and Ti is the
number of days from sowing.

Shoot and root lengths as well as dry weights (oven dried at
70 �C overnight) were measured at the tenth day. Vigor index
(VI) was calculated, VI = (mean root length + mean shoot
length) � germination (%). Specific root length (SRL) was assessed
as well, SRL = Root length (cm)/Root weight (g).

Statistical analysis

Analysis of Variance (ANOVA) and Fisher’s Least Significance
Difference (LSD) were carried out using STATISTICA v10 (Statsoft,
OK, USA).
Results

In vitro growth of pure isolates of halotolerant rhizobacteria on the
plant-based-sea water culture media

Preliminary experiments examined the possible preparation of
culture media exclusively based on the crude juices and/or pow-
ders of tested plants, H. strobilaceum, S. pruinosa, M. forsskaolii,
and M. crystallinum. Respectively, they were having juice contents
of 5%, 17%, 47%, and 67%. Growth indices indicated that all plant
juices were nutritionally rich to support good growth of the tested
halotolerant bacterial isolates of Enterobacter spp., Bacillus pumilus,
and Bacillus megaterium (Fig. 2A). Because of its widespread in salt-
affected coastal environments of Egypt, its succulent nature and
high content of juice (67%) that supports sufficient culture media
preparation as well as better bacterial growth, the ice plant (M.
crystallinum) was selected for further experiments (Fig. 1A). The
plant was used in the form of juices, in different concentrations,
and for ease of application as dehydrated plant powder packed in
teabags. In general, the growth index of bacterial isolates measured
on the plant-based-sea water culture media was good enough and
very much comparable to the standard culture medium (CCM with
or without salt amendment). The diluted plant juice (1:10, v/v)
supported better growth compared to further diluted plant juices.
Interestingly enough, the teabags of ice plant powder, in particular
those of 4 g L�1, proved to be appropriate and rather practical
(Fig. 2B).

The use of the plant-based-sea water culture media for in situ recovery
of the halotolerant microbiome of tested halophytes

Compared to the chemically-synthetic CCM culture medium
supplemented with 3% NaCl, the plant-based-sea water culture
media supported well-developed CFUs of halotolerant bacteria

http://www.ncbi.nlm.nih.gov/BLAST/
http://greengenes.lbl.gov/cgi-bin/nph-index.cgi


Fig. 2. Growth of halotolerant bacterial isolates on plant-based-sea water culture media compared to the chemically synthetic combined carbon sources medium (CCM). A,
growth indices on various crude juices of tested plants; B, growth indices on various dilutions of the juice, and teabags of ice plant powder (Mesembryanthemum crystallinum);
(0, no growth; 1, scant growth; 2–3, good growth; 4–5, very good growth.
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(Fig. 1C and D). Irrespective of growth substrate, the culturable
population in the ecto-rhizosphere (Fig. 3B) speaks well on the
particular richness of the plants S. pruinosa and M. crystallinum
(>108–1010 CFU g�1), while the poorest densities were reported
for A. macrostachyum (<107 CFU g�1). As to culture media, the
plant-based-sea water culture medium enriched with either juice
or plant powder-teabags of ice plant, were as good as the
chemically-synthetic CCM culture media, and in most cases recov-
ered the highest culturable bacterial population.

Microbiological examination of surface sterilized roots (Fig. 3B),
i.e. endo-rhizosphere, indicated the copious presence of endophytic
halotolerant bacteria in the roots of tested halophytes; being in the
wide range of >104–109 CFU g�1. The highest endophytic coloniza-
tion was scored for the plant M. crystallinum (>109 CFU g�1) fol-
lowed by S. pruinosa and A. macrostachyum (>105–108 CFU g�1);
the lowest pattern of colonization was reported for L. monopetalum
and H. strobilaceum (>104–107 CFU g�1). Again, the tested plant-
based-sea water culture media recovered culturable endophytes
with densities very much comparable, if not exceeding, to those
developed on the salt-amended chemically-synthetic culture med-
ium (CCM).

The bacterial load of the aerial parts, i.e. phyllosphere, of the
tested plants was in the range of >104–109 CFU g�1 (Fig. 3 A). The
phyllosphere load of the plants M. crystallinum, S. pruinosa and L.
monopetalum was relatively higher to that of H. strobilaceum and
A. macrostachyum. The plant-based-sea water culture media sup-
ported the highest recovery of both epiphytic and endophytic bac-
terial populations of the phyllosphere.

Using qPCR, the bacterial 16S rRNA gene copy numbers were
determined per grams of dry weight of roots of S. pruinosa; the
mean log number of bacterial cell calculated for 4 replicates was
log 8.40 ± 0.007. The culture-dependent CFUs developed on agar
plates represented 3.83–19.45% of qPCR bacterial cell numbers.
The highest culturability was reported for the plant-sea water cul-
ture medium based on the ice plant juice (15.27%) or powder tea-
bags (19.45%) compared to the chemically synthetic CCM either
salted (11.22%) or not (3.83%) (Table 4). This is a strong indication
on the capacity, together with practicability, of the introduced
plant-based-sea water culture media to significantly increase cul-
turability and recoverability of the in situ microbiome of tested
halophytes.

Characterization and identification of representative halotolerant
bacterial isolates secured from various spheres of tested halophytes

One hundred forty-six isolates representing phyllosphere (43
isolates), ecto-rhizosphere (47 isolates) and endo-rhizosphere (56
isolates) of the tested halophilic xerophytes were single-colony
isolated from CFUs developed on various tested culture media.
Based on their general cultural and morpho-physiological charac-
teristics, forty-four representative isolates were further selected,
tested and clustered according to their plant growth promoting
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Fig. 3. Culturable bacterial loads (CFUs) of phyllosphere (A), and ecto-rhizosphere and endo-rhizosphere (B) of salt affected plants of Lake Mariout, developed on ice plant-
seawater culture medium based on plant juice or dehydrated powder, compared to the chemically-synthetic combined carbon sources medium amended with salt (3%, CCM
30) or not (CCM). Different letters indicate significant differences among treatments (P � 0.05).
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potentials (acetylene reduction, IAA production, P-solubilization
and salt tolerance; Fig. 4). In general, 40–80% of the isolates
showed tolerance to higher concentrations of NaCl, particularly
those found in the close proximity of the plant, i.e. phyllosphere
(80.0%) and endo-rhizosphere (63.2%) compared to the ecto-
rhizosphere (40.0%). Similarly, indole acetic acid production was
a common function in the phyllosphere (60.0%) and endo-
rhizosphere (52.6%) compared to the ecto-rhizosphere (10.0%). To
the contrary, P-solubilization was reported higher in the root envi-
ronment (50.0–60.0%) compared to the plant phyllosphere (20.0%).
Nitrogen fixation, in terms of acetylene reduction activity, was the
most predominant function representing 50.0–80.0%, being highest
in the phyllosphere (80.0%) followed by ecto-rhizosphere (70.0%)
and endo-rhizosphere (52.6%).

The ten most potential isolates of PGP multifunction (Table 5)
were selected for further 16S rRNA gene sequencing. The con-



Table 4
The culturability of rhizobacteria in the endo-rhizosphere of S. pruinosa on various
culture media, calculated as numbers of CFUs1 developed on agar plates, and related
to the total bacterial numbers measured by qPCR.2

Culture media log CFU count g�1 root % of culturability

CCM 6.99 ± 0.009d,3 3.83%
CCM30 7.45 ± 0.008c 11.22%
Ice plant juice 7.59 ± 0.073b 15.27%
Ice plant teabags 7.69 ± 0.027a 19.45%

1 CFUs experiment of 3 replicates: Data are log means ± standard error (SE), n = 3.
2 qPCR experiment of 4 replicates of surface-sterilized roots: The mean value of

qPCR cell numbers is log 8.40 ± 0.007 g�1 root dry weight, indirectly obtained by
assuming that the average 16S rRNA gene copy number per bacterial cell is 3.6.

3 Statistical significant differences (LSD) are indicated by different letters
(P value � 0.05).

M.Y. Saleh et al. / Journal of Advanced Research 8 (2017) 577–590 585
structed phylogenetic tree (Fig. 5) showed that they belonged to
three families; Bacillaceae, Halomonadaceae and Micrococcaceae.
The majority of isolates belonged to the genera Bacillus spp., fol-
lowed by Halomonas spp. and Kocuria spp. All isolates shared more
than 99% identity with their closest phylogenetic relatives.

Interaction of multifunction PGP halotolerant isolates with
germination of barley seeds

In absence of salt stress, majority of the tested bacterial isolates
supported better germination and growth of barley seedlings;
Fig. 4. UPGMA cluster analysis of tested halotolerant bacterial isolates based on their pla
traits: nitrogen fixation measured as acetylene reduction, phosphate solubilization, indole
rhizosphere, endo-rhizosphere and phyllo-sphere). Isolates in bold are those selected for
barley seeds.
lengths of roots and shoots increased with corresponding percent-
ages of 10–58% and 3–9% (data not shown). Increases in dry
weights of shoots and roots of seedlings were 26–72% and 35–
87%, respectively. Such positive interaction did persist in the envi-
ronment of 25% sea water (corresponding to 157 mM), especially
for shoot with increases ranging from 16% to 83% over control
(Fig. 6). To the contrary, in the presence of 50% sea water (corre-
sponding to 314 mM), growth of seedlings was very much
retarded, with no positive interactions to any of the isolates tested.
Discussion

Microorganisms represent the richest repository of molecular
and chemical diversity in nature. They perform multiple functions
vital to the sustainability of the biosphere, being abound in all
kinds of habitat, viz, with extremes of pH, temperature, water
stress and salinity. More recently, this largely unexplored reservoir
of resources has become the focus of investigation for innovative
application useful to mankind. In this respect, the widespread of
halophilic microorganisms and shifts in their community composi-
tion with increasing salinity have been in focus, and research in
functional interactions between plants and microorganisms con-
tributing to salt stress is gaining interest [27–30]. Bearing in mind
that prokaryotic community composition of halophytes, compared
to glucophytes, has only rarely been investigated and the phyllo-
sphere even more sparsely than the rhizosphere [7].
nt growth promoting potential. Each circle represents a positive result of the tested
acetic acid production, salt tolerance; in addition to the plant sphere of origin (ecto-
furthers tests of 16S rRNA gene sequencing and interaction with the germination of



Table 5
Detailed information and plant growth promoting functions (PGP) of the selected halotolerant isolates associated to halophytes of Lake Mariout, Alexandria, Egypt.

Isolate code Host plant Plant sphere Culture media
of isolation

ARA c IAA e Phosphate
solubilization f

Salt
tolerance g

Taxonomic position based
on 16S rRNA gene sequence
(best matched identity >99%)

EnS3 S. pruinosa Endorhizosphere Juice-baseda 159 8.2 + 150 Bacillus subtilis
EnS4 19.7 16 + 100 Bacillus pumilus
PhS1 Phyllosphere CCM30b 35 13 + 100 Bacillus spp.
EcL2 L. monopetalum Ectorhizosphere Juice-baseda 38.1 7.5 + 150 Bacillus subtilis
EnL7 Endorhizosphere CCM30b 15.2 NDd + 150 Bacillus spp.
EnM9 M. crystallinum Endorhizosphere Juice-baseda 17 21 NDd 100 Bacillus spp.
EnM10 Teabags of plant powdera NDd 88 NDd 100 Halomonas spp.
PhM5 Phyllosphere Teabags of plant powdera 13.9 24 + 150 Bacillus flexus
PhM6 CCM30b NDd 7.3 + 100 Kocuria rhizophila
PhM8 Juice-baseda 49.8 15 NDd 100 Halomonas spp.

a Plant-based-sea water culture media of ice plant, using either juice or plant powder teabags.
b N-deficient combined carbon sources medium (CCM) amended with 30 g L�1 NaCl.
c nmoles C2H4 h�1 culture�1.
d ND, not detected.
e mg/mL culture.
f Clear zone of solubilization.
g Positive growth in CCM salted with NaCl (up to 100–150 g L�1).

Bacillus subtilis subsp. spizizenii (GQ 122328.1)

EcL2 (KU836857)
Bacillus subtilis (EU 870513.1)

EnS3 (KU836858)
Bacillus amyloliquefaciens (GU 323369.1)
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Fig. 5. Neighbour-joining tree based on 16S rRNA gene sequence. The tree shows the relationship of our isolates to closely related bacteria recovered from GenBank. Black
circles indicate our PGP isolates, and values above each node are bootstrap percentages obtained from 1000 replicates. For more information on the bacterial isolates please
refer to Table 5.
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The present study dealt with the plant cover of a well-known
salt stressed environment in Egypt; namely Lake Mariout, west-
ern North Coast of Alexandria. This particular environment is
under the salt stress of the Mediterranean Sea water. The prevail-
ing halophytes are, certainly, possessing various physiological and
biochemical mechanisms that allow optimal growth and persis-
tence in such marginal conditions, and perhaps part of their adap-
tive success would depend at least on their ability to establish
and maintain effective associations with endophytic and/or rhizo-
spheric bacteria [7]. In this respect, the diversity of culturable



Fig. 6. Interaction of tested halotolerant bacterial isolates with growth (dry weights of shoots and roots) of barley seedlings developed on different concentrations of sea
water (25% and 50% in water agar). Different letters indicate significant differences among treatments (P � 0.05).
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halophilic bacteria, possibly of multiple plant growth promoting
(PGP) functions, were documented in different environments all
over the world [27–31].This was confirmed during the present
study, as PGP multifunctions were reported among the tested iso-
lates representing the culturable halotolerant population, being
plant sphere-dependent. The majority of isolates (>75.0%) pos-
sessed more than two PGP functions, and 45.0% of more than
three PGP functions. Of interest is that >40.0% of isolates in close
proximity of the plant, both of endo-rhizosphere and phyllo-
sphere origin, were of more than three PGP multifunctions, com-
pared to only 10.0% for the ecto-rhizophere isolates. It appeared
that those mechanisms of PGP functions account for the alleviat-
ing effects of microorganisms when host plants face unfavourable
environmental conditions; encouraging further research on the
development and future use of such halotolerant bacteria as
biofertilizers. Supporting this conclusion is the findings of Nabti
et al. [32] who reported that the salt-tolerant Azospirillum brasi-
lense produced IAA under salt-stress conditions that may substan-
tially contribute to the increased salt tolerance of inoculated
wheat plants. Besides, the majority of bacterial isolates from sal-
ine habitats had phosphate-solubilizing abilities which are con-
sidered as a possible mechanism of PGPR to promote plant
growth in salt-affected soils [7].

Irrespective of types of plants tested, higher populations of total
culturable bacterial counts (>104–109 CFU g�1), were developed on
N-deficient combined carbon-sources medium (CCM; [19]) supple-
mented with NaCl at a concentration of 513 mM. The overall rich-
ness of the ecto-rhizosphere of the tested plants supports the
concept of the ‘‘rhizosphere effect”; it is the net result of the plant
interweaving with the autochthonous soil community. The inter-
acting factors include, beside plant exudates, flux of soluble salts
into the rhizosphere under the effect of sea water salts,
transpiration-driven movement of water, nutrient ion uptake and
diffusional movement by root creating zones of nutrient depletion,
diurnal water potential fluctuations in the soil adjacent to roots,
creation of low O2 concentration zones and change of the pH of
the rhizosphere [33]. Such fluctuations are considered as critical
environmental characteristics for selecting rhizosphere microbial
communities in quantity (compositional) and quality (functional).
In addition, it is well established that the community structure of
the plant microbiome is greatly determined by plant species, plant
genotype and plant nutritional status [34–36]. The orchestral effect
of plant through root exudates is very well documented [37], and
>20% of photosynthetically assimilated carbon is released in the
form of carbohydrates, organic acids, amino acids and amides as
well as vitamins and other compounds [38].

At the phylogenetic level, Firmicutes, Actinobacteria, and
Gammaproteobacteria were the dominant phyla reported among
the culture-dependent and culture-independent populations nest-
ing various root compartments of halophytes [27,30,39–45].
Among the strains classified to Firmicutes, Bacillus spp. was the
most dominant genus of both endophytes and rhizosphere bacte-
ria. Very common in marine environments were B. subtilis, B.
licheniformis, B. pumilus and B. cereus [30,39]. Similarly, many other
bacilli have been isolated from a wide variety of salt-affected envi-
ronments: B. vallismortis, Ammoniphilus sp, Halobacillus dabanensis,
Oceanobacillus manasiensis sp. nov., and Pantibacillus spp. [40–
43,45]. The genus Halomonas was often detected in the root envi-
ronments of halophytes, and Marasco et al. [44] found that such
salt-loving bacteria replaced the generaMarinobacter and Alcanivo-



Table 6
Multi-functions of the halotolerant bacterial isolates obtained during this study, related to those reported in literature.

Our isolates Plant growth promoting functions Similar isolates with corresponding functions
previously reported in literature

ARAa IAAb Phosphate
solubilization

Salt tolerance
(% NaCl)c

Source of isolation (in literature)

B. flexus (PhM5) + + + + Industrial maize processing wastewater (Nejayote), Mexico
Plant roots, Mexico
Banana tree root, Brazil

B. pumilus (EnS4) + + + + Wheat rhizosphere, India
Banana tree roots, Brazil
Soil of barren fields and the rhizosphere of halophytes, Korea

B. subtilis (EnS3 and Ecl2) + + + + Banana tree roots, Brazil
Culture collection, India

Halomonas sp. (EnM10 and Phm8) + + NR + Salt lake, India
Salicornia brachiata rhizosphere, India

K. rhizophila (PhM6) NRd + NR + Marine sediment, East Siberian Sea
Ryegrass endophytes, Poland

a ARA, acetylene reduction assay.
b IAA, indole-acetic acid production.
c Growth in CCM culture media in presence of NaCl � 30 g L�1.
d NR, not reported in literature.
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rax found in the supratidal rhizosphere of Salicornia strobilacea. A
great part of these halophilic/halotolerant bacteria plays a promi-
nent role in decomposition, biodegradation, carbon and nitrogen
cycles, and promotion of plant growth due to various physiological
and biochemical mechanisms [6,27–31].

To improve culturability of rhizobacteria, we introduced the
plant-based culture media. Crude plant juices, slurry homogenates
and saps of plants were found to be rich enough, as such without
any supplements, to support in vitro culturability and in situ recov-
ery of rhizobacteria [16,17]. For ease of application and practicabil-
ity, we further recommended the use of plant dehydrated powders
packed in teabags to prepare liquid infusions rich enough to culti-
vate endo-rhizobacteria [18]. Such plant-based culture media were
able to resolve unique DGGE bands that were not detected by stan-
dard culture media. Results of 16S rRNA gene DGGE fingerprints
and diversity indices concluded that plant teabags culture media
supported higher diversity and significant increases in richness of
endo-rhizobacteria. Furthermore, such plant media successfully
recovered a number of not-yet-cultured bacteria, which most clo-
sely matched uncultured bacteria grouped to Novosphingobium
spp., Lysobacter spp. and Pedobacter spp. Adopting this particular
approach, the present study proposed the use of plant-based-sea
water culture media for culturing and recovering of halotolerant
bacteria associated to plants of salt-stressed environments. The
tested combinations of plant materials, providing the diverse store
of nutrients, and the sea water, exercising the necessary natural
salt stress, supported excellent recovery of the halotolerant bacte-
rial community compared to the chemically-synthetic CCM, salted
with NaCl. The crude plant juices of almost all the tested plants, as
such without any supplements, are rather rich in nutrients and suf-
ficiently and efficiently supported in vitro growth of tested halotol-
erant bacterial isolates. Amongst tested halophytes,M. crystallinum
favoured for further culture media preparations because of its juicy
nature (67% juice extraction) and distinguished richness in protein,
macro- and micro-nutrients, and amino acids as growth factors. In
vitro growth of tested bacterial isolates was better reported with
further dilutions of plant juice (juice: sea water; 1:10 v/v). Such
positive dilution effect very possibly attributed to decreasing the
osmotic impact of concentrated nutrients/salts as well as minimiz-
ing the inhibitory effect of antimicrobial compounds and/or antibi-
otics that might be present in the plant juice [17]. Further, the
plant-based sea water culture media supported very good in situ
recovery of the culturable haloterant microbiome of tested plants.
The nice development of CFUs on such culture media indicated that
the plant materials and sea water combinations are of promiscuous
nature, and possessed the ability to support the general culturabil-
ity of the salt-tolerant microbiome associated to the various
spheres tested. This supports the idea that, on a coarse taxonomic
scale, there is some degrees of commonality in the bacterial com-
position of plant sphere communities of many plants, ignoring a
certain degree of specificity in the selection of these communities
[46].

The constructed phylogenetic tree of our PGP isolates (Fig. 5)
revealed that they belonged to three families: Bacillaceae (Bacillus
subtilis, Bacillus pumilus, and Bacillus flexus), Halomoadaceae (Halo-
monas spp.), and Micrococcaceae (Kocuria rhizophila). Based on the
available information in the literature (Table 6; [7,44,45]), the bac-
terial members isolated in the present investigation possess PGP
multi-functions that mostly related to plant nutrition and survival
of tested halophytes.

Crop establishment comprises principally three processes; ger-
mination, emergence and early seedling growth. These growth
stages are rather sensitive to salt stress and could be used as crite-
ria to screen for salt tolerance. In this study, seed germination of
the tested salt-tolerant variety of barley was partially injured in
presence of 25% (v/v; 157 mM) sea water, further dramatic
decreases were encountered with raising sea water level to 50%
(v/v; 314 mM). In general, inoculation with halotolerant/halophilic
bacteria alleviated the toxicity of salts. Common positive interac-
tions of majority of the Bacillus spp. and Halomonas spp. are recog-
nized in the absence of salts, and even extended to the
environment of 25% sea water. Of interest is that the tested bacte-
ria showed plant promotion at the shoot compared to the root
level. An effect that was reported and explained as due to shoot
length and biomass increases favouring accumulation of water in
the tissue [44,45]. Additionally, the PGP bacteria had transitional
inhibitory effects over primary root growth followed by prominent
simulation of lateral root formation. Such harmful effects might be
caused by the high osmotic pressure of the solution slowing down
the intake of necessary water for germination and by the toxic
influence of high salt concentration on the embryo [47,48]. Sayar
et al. [49] reported that high salt levels inhibit the mobilization
of the seed reserves and the growth of embryonic axis. Further-
more, Albacete et al. [50] reported that salt stress affects the hor-
monal equilibrium (cytokinins/auxins), which causes trouble in
shoot growth, impairment and changes in the biomass partition-
ing. The decrease in dry biomass may be caused by the increase
of Cl- concentration in the tissue [51].
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Conclusions

For environmental and biotechnological necessities, the need
arises to exploring the diversity of bacteria associated to the halo-
phytes of sea water-stressed environments. The introduced plant-
based-sea water culture media is a unique approach to increase
in vitro culturability and in situ recovery of the halotolerant/halo-
philic microbiome. We recommend the use of sea water as a base
for culture medium supplemented with the plant material of the
predominant halophytic plants in a given salt-stressed environ-
ment. This will increase culturability, explore diversity and open
the window for culturing the unculturable microbiome that failed
to develop on conventional culture media artificially salted with
NaCl. This will significantly contribute to our future utmost goal
of employing the halotolerant/halophilic microbiome as a source
of gene(s) that can increase salt tolerance in various crops possibly
introduced to salt-stressed environments.
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