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Abstract: The harmful effect of salinity stress on crops needs to be mitigated. Therefore, the application
of microbial inoculum in combination with nanomaterials and methyl salicylate was investigated.
Initially, different seeds were exposed to salinity levels treated with variable microbial treatments
using different modes of applications. The microbial treatments included application of cyanobacterial
strain Cyanothece sp. and the rhizobacterium Enterobacter cloacae, alone or in combination with one
another, and a final treatment using combined microbial inoculum supplied with methyl salicylate.
Later, different nanomaterials were used, namely, graphene, graphene oxide, and carbon nanotubes
in combination with biofertilizers on the highest salinity level. The nanomaterial with microbial
treatment and methyl salicylate were applied partly as a mixture in soil and partly as capsules. Results
showed that salinity stress had a drastic inhibitory effect on growth parameters, especially at −5 MPa
level. Nonetheless, the microbial treatments significantly alleviated the deleterious effect of salinity
stress, especially when combined with methyl salicylate. When the nanomaterials were added to
biofertilizers at highest salinity level, the inhibitory effect of salinity was mostly alleviated. Smart use
of synergistic biofertilizers alongside the right nanomaterial, both encapsulated and in soil, would
allow for mitigation and alleviation of inhibitory effect of salinity.

Keywords: Biofertilisers; blue green algae; capsule; carbon nanotubes (CNTs); cyanobacteria,
Cyanothece sp.; graphene; graphene oxide (GO); methyl salicylate; nanomaterials; rhizobacteria and
salinity stress

1. Introduction

One of the major challenges of cultivating arid and semi-arid soils is salinity. Salinity can affect
all the developmental stages of plant growth. Seed germination is one of the most crucial stages and
vulnerable to salinity [1]. Salinity can induce water stress in germinating seeds through decreasing
water intake as a result of the osmotic effect. Thakur and Sharma [2] reported that the decrease in
germination percentage may be due to induction of a state of dormancy in seeds under salinity stress.
Salinity induced a significant increase in Na+, Cl−, and proline concentrations, while it reduced the
accumulation of K+ and Ca2+ in leaves of all the cultivars [3]. Munns [4] suggested that there are
two phases of salinity stress; the first is quick and leads to growth reduction due to osmotic effect,
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and the second phase is much slower, characterized by salt accumulation leading to salt toxicity in
plants. With regard to biofertilizers, [5] reported their advantages in being beneficial in increasing
plant growth and crop yield through increased nutrient availability and soil fertility. They also reduce
pollution through cutting down on the use of chemical fertilizers. In addition, they protect plants
against many pathogens [6].

Cyanobacteria (blue green algae) are one of the most important biofertilizers. They were first
observed to naturally enhance the growth of rice paddies, where they synthesize and liberate plant
growth regulators such as gibberellins that can exert a natural beneficial effect on salt-stressed rice
plants [7]. They are oxygenic photosynthetic microorganisms that are also reported to produce
and liberate 3-indol acetic acid [8]. Interestingly, Stirk et al. [9] reported the detection of auxin and
cytokinin activities by three cyanobacterial strains. Indeed, it was later revealed that cyanobacteria
produce many metabolites, which include the phytohormones IAAs (Indole Acetic Acid), cytokinin and
gibberellin-like compounds), as well as iron-chelators (schizokinen, anachelin and synechobactins) [10].
Another important biofertilizer is the group of bacteria that colonize root regions, called rhizobacteria.
In their review, Ahmed and Kibret [6] enumerated the effects of rhizobacteria, either directly, through
increasing the bioavailability of nutrients such as phosphorus and essential minerals as well as
phytohormone production, or indirectly through decreasing the inhibitory action of pathogens.
Recently, Khan et al. [11] found that halotolerant rhizobacterial strains mitigated the salt stress
on plants.

Methyl salicylate (MeSA) is a derivative of salicylic acid, which is a volatile organic compound
that is associated with induced resistance plant defense methods (Abdul Malik et al. [12] and references
therein). In addition, seed treatment with MeSA can be used to enhance rice seed germination and
seedling growth [13].

Kalaivani et al. [13] suggested that external application of methyl salicylate is responsible for
increased SA (Salicylic acid) which acts as a potential antioxidant and is associated with pathways that
regulate and enhance many physiological processes in plants, including germination rate, cell growth,
and mineral uptake [14].

In recent years, due to their excellent characteristics, carbon nanostructures, including graphene,
graphene oxide (GO), and carbon nanotubes (CNTs), have attracted enormous attention and been
applied to a wide variety of fields [15–18]. These carbon nanostructures have been successfully used as
a filler for the reinforcements in polymer matrices due to their outstanding thermal and mechanical
properties, high specific surface areas, chemical stability, and superior electrical conductivity [19–21].
Due to these properties, graphene (a single atomic layer of graphite with an ideal 2D sp2-hybridized
structure) and CNTs (cylindrical graphene tubes with a 1D sp2-hybridized structure) have been marked
as potential candidates for various applications, such as electronics, sensors, energy storage and
conversion devices, and biological applications [22]. Graphene oxide (GO, an oxidized single-layered
or multilayered graphene) and reduced graphene oxide (rGO) are practically the most studied
graphene derivatives. Carbon nanostructures possess an exceptional photothermal response and
show great biomedical applications, including in biosensors for proteins, aptamers, nucleic acid,
antibodies, and biomarkers [23]. Various reports are available on the successful utilization of
these carbon nanostructures, including biomolecular analysis, discovery of biomarkers, bioimaging,
biological carriers, tissue engineering, target delivery, and photothermal therapy [24,25]. Given their
functionalization with biological systems, the present research would investigate the novel combined
application of nanomaterials and biofertilisers for the purpose of mitigating salinity.
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2. Materials and Methods

2.1. Culture of Cyanobacterial Strain (Blue Green Algal Strain)

A monospecific culture of Cyanothece sp. that was previously isolated [26] was used in the current
study. The cells were solitary with no colony formation. Ten mL of mid-logarithmic culture per pot
was used in the experiments, either solely or in combination with rhizobacteria and methyl salicylate.

2.2. Culture of Rhizobacterium

Enterobacter cloacae is routinely grown in Luria Bertani (LB) medium (Fisher Scientific, Hampton,
NH, USA) at 30 ◦C in a shaking incubator at 250 rpm.

2.3. Germination Experiments

The initial experiment was carried out using seeds of different families, including barley
(Hordeum vulgare), Poaceae, monocot, and broad beans (Vicia faba, fabaceae, dicot.), which were
germinated under different osmotic stress values (0.0, −0.1, −0.3, −0.5 MPa) to determine their salinity
susceptibility. These seeds were exposed to three modes of applications of biofertilizers for a one-week
course. The modes were as follows:

(a) Adding biofertilizers to soil and irrigating with saline water,
(b) Presoaking in biofertilizers for one day, then irrigating with saline water,
(c) Presoaking in biofertilizers for 12 h, then irrigating with saline water.

In all experiments, the seeds were sterilized with 5% Clorox, rinsed thoroughly, and the sand was
washed and sterilized in oven. All modes of biofertilizer applications were exposed to the tested salinity
levels. The biofertilizer treatments were as follows: no biofertilizers; with alga (cyanobacterium) alone;
with rhizobacterium alone; with rhizobacterium and alga; with rhizbacterium, alga and MeSA. Methyl
salicylate was supplied at 10 mg/L. Biofertilizers were mixed with soil prior to irrigation with water of
different salinities.

The soil mode of application of biofertilizers was selected for further experiments, based on results,
and the biofertilizer treatment formulated by the combination of rhizobacterium, alga, and methyl
salicylate was used in subsequent experiments.

To test the effect of adding different nanomaterials to the biofertilizers under highest salinity stress,
nanomaterials of three different types, namely, graphene, graphene oxide, and carbon nanotubes,
were supplied in different concentrations. The detailed description of these materials is supplied in the
coming section.

They were added as 2 mL of nanomaterial + 10 mL cyanobacterial (algal culture) + 10 mL
rhizobacterial strain + 10 mL MeSA. The detailed compositions of the different mixtures were as
follows with the concentrations of the nanomaterials mentioned.

- Graphene + alga + bacterium + MeSA (sample denoted 0.4 Gr-Al-B and 0.8 Gr-Al-B),
- CNT + alga + bacterium + MeSA (sample denoted 0.4 CNT-Al-B and 0.8 CNT-Al-B),
- GO + alga+ bacterium + MeSA (sample denoted 1 GO-Al-B and 2 GO-Al-B).

The different mixtures’ optical properties were measured and those concentrations of nanomaterial
that did not cause significant detrimental effect on algal (cyanobacterial) spectral bioactivity were used
in further tests.

Those concentrations were mixed with biofertilizers supplemented with MeSA and were applied
directly to the soil, where most of the combined components (90% of the total volume) were mixed
thoroughly with soil, whereas the rest (10%) was used in the encapsulated form using agar 6% (w/v).
Their effect was tested at the highest salinity level −5 MPa.
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2.4. Preparation of Carbon Materials

2.4.1. Preparation of Graphene Oxide

Using the Hummers and Offeman’s method, the graphite was oxidized to synthesize the GO.
At first, 3.5 g of graphite was added to 100 mL of 98% H2SO4 with vigorous stirring. While maintaining
a temperature below 20 ◦C, 10 g of KMNO4 was added. After stirring for 2 h at 35 ◦C, the mixture was
transferred to 500 mL of deionized water, and 20 mL of 30% H2SO4 was added to remove any excess
permanganate. Upon treatment with the peroxide, the suspension turned bright yellow. The GO was
then purified by filtration via a sintered glass filter. HCl was used to wash the filtrate, which was
then washed with hot water to remove the residual sulfate ions, yielding a yellowish-brown filter
cake. Finally, the resultant GO preparation was dried at 80 ◦C after repeated washings with hot water.
The graphene (samples 0.4 Gr and 0.8 Gr) and CNT (samples 0.4 CNT and 0.8 CNT) concentrations
used in this experiment were 0.4 and 0.8 mg/mL. For GO, 1 and 2 mg/mL were used (samples 1 GO
and 2 GO). However, double the higher concentration of each nanomaterial was also used only in
optical tests to check the extent to which there would be a change in spectral properties if much higher
concentration was used.

2.4.2. Preparation of Carbon Nanotubes

Carbon nanotubes used in this experiments were MWCNTs (>95%, OD: 30–50 nm) purchased
from US Research Nanomaterials, Houston, TX, USA. The MWCNTs had an outside diameter ranging
from 30–50 nm, an inside diameter ranging from 5–12 nm, and a length of about 10–20 um. The specific
surface area (SSA) of the MWCNTs was >60 m2/g.

2.4.3. Preparation of Graphene

Graphene used in these experiments was graphene nanoflakes (99.9%) purchased from Graphene
Supermarket, Ronkonkoma, NY, USA. Graphene nanoflakes had an average flake thickness of about
~8 nm (20–30 monolayers) and an average particle (lateral) size of about ~5 µm. The specific surface
area (SSA) of graphene nanopowder was >15 m2/g.

2.5. Spectroscopy Techniques

Raman spectra were recorded with a confocal Raman microscope at room temperature by using
the HORIBA Jobin Yvon LabRAM HR equipped with a Syncerity Scientific CCD Deep Cooled Camera
and an automated XY motorized stage. The lines of 633 and 785 nm laser were used as the source
of excitation. Before the measurements were performed, the micro-Raman spectrometer was well
calibrated using a 521 cm−1 Raman line of single crystalline Silicon (Si) wafer.

The UV-vis absorption spectra were measured using a Shimadzu UV-1800 spectrophotometer
(200–800 nm) with 10 mm quartz cuvettes against demineralized water.

2.6. Statistical Analysis

Morphometric measurements were recorded for replicates, followed by statistical analysis.
Data were checked for normality and analyzed for their significance using two-way ANOVA supplied
in the statistical package Minitab 13.

3. Results

3.1. Germination Experiments

With regard to the first mode of application through irrigation, it was noticed that the combined
microbial treatment of bacterial and cyanobacteria strains with MeSA resulted in the highest growth
parameters under all levels of salinity except for dry weight in most of the treatments, both in barley
and broad beans. Salinity stress had also a highly significant drastic impact on the morphometric
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parameters. However, the application of the different levels of microbial treatments had significant
positive impact on all parameters measured, and the microbial treatments, with either algal strain
alone or rhizobacterium alone, did improve all parameters measured (Table 1). Barley was noticeably
less affected by salinity than was broad beans.

With regard to the presoaking treatment for 12 h, there was an inhibition of germination in most
of the treatments, with only the combined microbial treatment and MeSA giving noticeable growth at 0
and −0.1 MPa. However, at −3 and −5 MPa there was no germination in both barley and broad beans
(Table 2). The effect of salinity stress was highly significant in inducing drastic changes in growth
parameters. The microbial treatment did not induce much improvement, especially at higher salinity
levels. The fresh and dry weights did not have any consistent pattern.

The last experiment was conducted to investigate germination at the highest salinity level, −5 MPa.
This experiment was conducted using the combination of biofertilizers, MeSA, and nanomaterials.
As the optical properties for every concentration of nanomaterial were tested (as discussed in detail in
the following section), only those concentrations of nanomaterials that did not drastically affect the
algal photosynthetic activity were used.

Table 1. Morphometric measurements of seedlings of barley and broad beans by adding them directly
to soil. Standard deviation between brackets.

Type
of Seed

Salinity
Treatment

MPa
Biofertilizer Treatment Radicle Length

(cm)
Plumule Length

(cm)
Fresh Weight

(g)
Dry Weight

(g) Germination%

Barley

0

0 0.69
(0.09)

1.59
(0.09)

0.09
(0.02)

0.02
(0.01) 50%

Alga 10.05
(3.34)

14.64
(4.10)

0.21
(0.10)

0.033
(0.01) 90%

Bacterium 9.77
(2.1)

15.55
(3.8)

0.17
(0.07)

0.032
(0.00) 100%

Bacterium + Alga 9.30
(3.1)

18.48
(3.04)

0.23
(0.05)

0.032
(0.01) 100%

Bacterium + Alga + MeSA 12.12
(3.6)

14.84
(2.43)

0.19
(0.02)

0.0260
0.00) 100%

−1

0 0.65
(0.09)

0.52
(0.09)

0.08
(0.01)

0.037
(0.00) 70%

Alga 1.14
(1.5)

0.54
(0.04)

0.09
(0.03)

0.034
(0.00) 80%

Bacterium 2.0
(0.49)

1.95
(1.09)

0.09
(0.01)

0.031
(0.00) 60%

Bacterium + Alga 2.35
(1.05)

2.19
(0.9)

0.10
(0.03)

0.031
(0.00) 70%

Bacterium + Alga + MeSA 3.45
(1.3)

4.7
(1.7)

0.12
(0.05)

0.024
(0.00) 100%

−3

0 1.02
(0.5)

0.15
(0.06)

0.09
(0.03)

0.034
(0.01) 90%

Algae 1.22
(0.3)

0.14
(0.02)

0.09
(0.03)

0.037
(0.01) 70%

Bacteria 1.0
(0.8)

0.04
(0.05)

0.078
(0.06)

0.038
(0.01) 60%

Bacterium + Alga 3.62
(1.85)

0.21
(0.01)

0.089
(0.05)

0.037
(0.00) 90%

Bacterium + Alga + MeSA 5.12
(0.88)

1.15
(0.43)

0.08
(0.00)

0.36
(0.03) 80%

−5

0 0.2
(0.03) 0 (0) 0.065

(0.02)
0.039
(0.00) 60%

Alga 1.0
(0.09)

0. 8
(0.03)

0.079
(0.03)

0.0331
(0.01) 70%

Bacterium 0.43
(0.3)

0.4
(0.00)

0.081
(0.03)

0.036
(0.00) 60%

Bacterium + Alga 0.29
(0.17)

0.4
(0.00)

0.078
(0.03)

0.04
(0.01) 60%

Bacterium + Alga + MeSA 0.28
(0.20)

0.6
(0.01)

0.064
(0.01)

0.03
(0.00) 70%
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Table 1. Cont.

Type
of Seed

Salinity
Treatment

MPa
Biofertilizer Treatment Radicle Length

(cm)
Plumule Length

(cm)
Fresh Weight

(g)
Dry Weight

(g) Germination%

Broad
beans

0

0 3.45
(1.3)

2.57
(1.3)

2.425
(0.9)

1.10
(0.04) 80%

Alga 6.95
(3.3)

7.22
(1.1)

3.85
(0.05)

0.77
(0.38) 90%

Bacterium 4.90
(1.1)

4.98
(1.3)

3.85
(0.05)

0.73
(0.38) 100%

Bacterium + Alga 5.62
(0.78)

7.67
(1.08)

3.1
(1.4)

0.72
(0.17) 100%

Bacteria + Algae + MeSA 7.95
(1.20)

8.59
(3.4)

3.8
(1. 6)

0.70
(0.2) 90%

−1

0 0.33
(0.06)

0
(0)

1.84
(0.64)

0.98
(0.14) 50%

Alga 0.28
(0.08)

0.13
(0.04)

1.75
(0.64)

0.73
(0.15) 40%

Bacterium 0.55
(0.07)

0.24
(0. 04)

1.73
(0.18)

0.75
(0.10) 50%

Bacterium + Alga 0.21
(0.02)

0.24
(0.05)

1.74
(0.9)

0.75
(0.23) 60%

Bacterium + Alga + MeSA 1.93
(0.84)

1.37
(0.92)

1.88
(0.24)

0.74
(0.04) 40%

−3

0 0.05
(0.01) 0 (0) 1.5

(0.33)
0.87

(0.20) 10%

Alga 0 (0) 0 (0) 1.6
(0.30)

0.78
(0.17) 0

Bacterium 0 (0) 0 (0) 1.56
(0.04)

0.75
(0.07) 0

Bacterium + Alga 0.26
(0.78) 0 (0) 1.52

(0.60)
0.71

(0.20) 0

Bacterium + Alga + MeSA 0.26
(0.08) 0 (0) 1.4

(0.20)
0.72

(0.03) 20%

−5

0 0 (0) 0 (0) 1.41
(0.3)

0.85
(0) 0

Alga 0 (0) 0 (0) 1.59
(0.14)

0.78
(0.14) 0

Bacterium 0 (0) 0 (0) 1.60
(0.14)

0.77
(0.14) 0

Bacterium + Alga 0 (0) 0 (0) 1.45
(0.19)

0.80
(0.18) 0

Bacterium + Alga + MeSA 0 (0) 0 (0) 1.45
(0.03)

0.74
(0.06) 0

The germination of both plants in graphene and carbon nanotubes, combined with biofertilizer
treatment under the highest salinity stress level, almost completely alleviated the salinity stress in
comparison to growth with biofertilizers alone at −5 MPa in Table 2. In the case of barley, however,
all treatments with different nanomaterials resulted in the germination and growth of seedlings
despite the osmotic stress and the cumulative stress resulting from water and re-watering with
concentrated saline.

Nevertheless, graphene oxide was the nanomaterial that enhanced germination and growth of
barley most significantly (Table 3) in comparison with other nanomaterials. In the case of graphene at
high concentration, it increased radicle length in both barley and broad beans. In all nanomaterial
treatments, barley plumule length was significantly enhanced, as well as significant enhancement in its
radicle length with graphene and moderate enhancement with graphene oxide. In case of broad beans,
however, only graphene and CNT enhanced germination and radicle growth.
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Table 2. Morphometric measurements of seedlings of barley and broad beans, using soaking for 12 h in
biofertilizer as mode of application of biofertilizers. Standard deviation is found between brackets.

Type of
Seed

Salinity
Treatment

MPa
Biofertilizer Treatment Radicle Length

(cm)
Plumule Length

(cm)
Fresh Weight

(g)
Dry Weight

(g) Germination %

Barley

0

0 0 (0) 0 (0) 0.22
(0.0)

0.042
(0.0) 0%

Alga 1.02
(0.17)

2.02
(0.5)

0.64
(0.1)

0.06
(0.0) 20%

Bacterium 0.06
(0. 03)

0.1
(0.07)

0.07
(0.03)

0.05
(0.02) 20%

Bacterium + Alga 0 (0) 0 (0) 0.077
(0.03)

0.058
(0.04) 0%

Bacterium + Alga + MeSA 2.43
(1.2)

3.33
(1.7)

0.075
(0.01)

0.049
(0.01) 20%

−1

0 0 (0) 0 (0) 0.058
(0.02)

0.041
(0.007) 0%

Alga 0 (0) 0 (0) 0.065
(0.03)

0.041
(0.01) 0%

Bacterium 0 (0) 0 (0) 0.082
(0.012)

0.045
(0.018) 0%

Bacterium + Alga 0.05
(0.01) 0 (0) 0.067

(0.007)
0.039

(0.007) 10%

Bacterium + Alga + MeSA 0.1
(0.03)

0.09
(0.01)

0.074
(0.03)

0.044
(0.01) 30%

−3

0 0 (0) 0 (0) 0.053
(0.007)

0.041
(0.007) 0%

Alga 0 (0) 0 (0) 0.065
(0.007)

0.044
(0.028) 0%

Bacterium 0 (0) 0 (0) 0.070
(0.01)

0.049
(0.01) 0%

Bacterium + Alga 0 (0) 0 (0) 0.066
(0.03)

0.045
(0.003) 0%

Bacterium + Alga + MeSA 0 (0) 0 (0) 0.07
(0.01)

0.04
(0.01) 0%

−5

0 0 (0) 0 (0) 0.063
(0.01)

0.045
(0.00) 0%

Alga 0 (0) 0 (0) 0.065
(0.00)

0.046
(0.00) 0%

Bacterium 0 (0) 0 (0) 0.0612
(0.007)

0.042
(0.01) 0%

Bacterium + Alga 0 (0) 0 (0) 0.064
(0.02)

0.05
(0.04) 0%

Bacterium + Alga + MeSA 0 (0) 0 (0) 0.06
(0.01)

0.045
(0.01) 0%

Broad
beans

0

0 0.69
(0.09)

0.53
(0.05)

1.95
(0.7)

0.652
(0.2) 80%

Alga 1.29
(0.07)

1.34
(0.04)

1.72
(0.04)

0.70
(0.04) 100%

Bacterium 0.82
(0.08)

0.91
(0.08)

1.88
(0.06)

0.777
(0. 05) 100%

Bacterium + Alga 1.56
(0.94)

1.39
(0.50)

1.83
(0.3)

0.74
(0.2) 100%

Bacterium + Alga + MeSA 1.58
(0.08)

1.32
(0.4)

1.73
(0.6)

0.73
(0.09) 90%

−1

0 0.23
(0.02) 0(0) 1.631

(0.8)
0.6453
(0.08) 60%

Alga 0.46
(0.05)

0.20
(0.06)

1.65
(0.2)

0.76
(0.1) 70%

Bacterium 0.42
(0.18) 0 (0) 1.60

(0.4)
0.66
(0.2) 80%

Bacterium + Alga 0.48
(0.15)

0.15
(0.02)

1.501
(0.01)

0.63
(0.15) 70%

Bacterium + Alga + MeSA 0.52
(0.15) 0 (0) 1.5

(0.9)
0.70
(0.3) 80%
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Table 2. Cont.

Type of
Seed

Salinity
Treatment

MPa
Biofertilizer Treatment Radicle Length

(cm)
Plumule Length

(cm)
Fresh Weight

(g)
Dry Weight

(g) Germination %

Broad
beans

−3

0 0 (0) 0 (0) 1.43
(0.9)

0.68
(0.09) 0

Alga 0 (0) 0 (0) 1.536
(0.0)

0.784
(0.2) 0

Bacterium 0 (0) 0 (0) 1.6
(0.0)

0.95
(0.1) 0

Bacterium + Alga 0 (0) 0 (0) 1.39
(0.24)

0.94
(0.3) 0

Bacterium + Alga +MeSA 0 (0) 0 (0) 1.559
(0.2)

0.99
(0.19) 0

−5

0 0 (0) 0 (0) 1.41
(0.03)

0.67
(0.03) 0

Alga 0 (0) 0 (0) 1.36
(0.6)

1.1
(0.5) 0

Bacterium 0 (0) 0 (0) 1.39
(0.06)

1.10
(0.02) 0

Bacterium + Alga 0 (0) 0 (0) 1.32
(0.43)

1.04
(0.36) 0

Bacterium + Alga + MeSA 0 (0) 0 (0) 1.22
(0.04)

0.975
(0.02) 0

Table 3. The combination of nanomaterials and biofertilizers and its application as capsules to
counteract salinity stress at the highest level of −5 MPa. GO (graphene oxide), Gr (graphene), and CNT
(carbon nanotubes).

Salinity
Treatment

MPa

Type of
Seed

Treatment
[Nanomaterial (Concentration

mg/mL)/Biofertilizer Treatment]

Radicle
Length

(cm)

Plumule
Length

(cm)

Fresh Wt.
(g)

Dry Wt.
(g)

Germination
%

−5

Barley

GO (1) [Bacterium + Alga + MeSA] 4.8 4.2 0.094 0.047 60%
GO (2) [Bacterium + Alga + MeSA] 5.8 3.0 0.096 0.047 70%

CNT (0.8) [Bacterium + Alga + MeSA] 1.2 2.0 0.085 0.048 40%
GR (0.8) [Bacterium + Alga + MeSA] 0.88 0.76 0.092 0.040 70%

Broad
beans

GO (1) [Bacterium + Alga + MeSA] 0 0 1.546 1.136 0%
GO (2) [Bacterium + Alga + MeSA] 0 0 1.724 1.400 0%

CNT (0.8) [Bacterium + Alga + MeSA] 1.0 0 1.630 1.226 10%
GR (0.8) [Bacterium + Alga + MeSA] 1.8 0 1.529 1.144 20%

3.2. Optical Properties

Algal strain is considered as a biofertilizer with many spectral properties due to the presence of
several pigments and its photosynthetic nature, and therefore the effect of including it with nanomaterial
of certain optical properties must be monitored. Figure 1 shows the transmittance spectra of reference
algal cells alone and with other components in the presence of different carbon nanomaterials as
a function of wavelength. The transmittance of the algal cells alone was found to be 50%. This optical
transmittance of algae was decreased by the graphene concentration of 0.4 to 0.8 mg/mL, but if bacterial
cells were added, the optical transmittance of graphene at 8 mg/mL increased to the near normal algal
transmittance. Also, optical transmittance of GO and CNT increased when the concentrations increased
from 1 to 2 mg/mL and 0.4 to 0.8 mg/mL, respectively, especially in the presence of bacteria. GO,
specifically, gave better transmission than the rest of the carbon nanomaterials. It is interesting to note
that the maximum peaks associated with chlorophyll (a) in the visible region (600–700 nm) were clearly
observed for a high concentration of GO mixed with the alga (2 GO-Al). It is important to report that
GO is more hydrophilic than graphene and CNT due to the high level of oxygen-containing functional
groups on the basal plane and is reported not to inflict damage on alga [27]. GO bears negative
surface charges containing hydroxyl and epoxide functional groups and has a colloidal stability in
biological media [28,29]. The transmittance spectra of the mixture of algal cells, nano-carbon material,
and rhizobacterium were studied (Figure 1). The transmittance properties were clearly improved by
introducing rhizobacterium into graphene/algae cells (Figure 1a), whereas no major modification was
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observed when rhizobacterium was introduced into GO/algae cells (Figure 1b). However, transmittance
decreased when rhizobacterium was introduced into CNT/algal cells (Figure 1c). Moreover, in the range
of UV light (<300 nm), the transmittance of bio-composites was significantly reduced, which meant
rhizobacterium absorbed UV light.

Figure 1. Transmittance characteristics of (a) graphene, (b) GO, and (c) CNT-based cells as compared
to the reference cells (algal cells, black curve). B denotes bacterial cells and Al denotes algal cells.

Figure 2 shows the typical Raman spectrum of graphene (Gr), GO, and CNT nanomaterials
obtained using a laser excitation wavelength of 633 nm in absence of biofertilsers (Figure 2a) and in
presence of biofertilisers (Figure 2b). Two predominant peaks were observed at 1330 and 1595 cm−1

that are commonly attributed to the disorder D and crystalline G bands of carbon nanomaterials alone
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with no additions, respectively [30–32]. The fluorescence was studied when an algal sample was
added using a laser excitation wavelength of 785 nm. Figure 2b shows the Raman spectra of algal cells
with different contents of nano-carbon materials and bacterium. For the reference algal cells (free of
nano-carbon materials), the Raman spectrum showed two peaks at 1374 and 1860 cm−1, respectively,
which can be attributed to allenic vibration of carotenoids [33,34].

Figure 2. Raman spectra of (a) graphene, GO, and CNT-based cells, compared to (b) nano materials
with the reference algal cells (Al) and bacterium (B) The green arrow indicates algal Raman shift after
introducing GO.

There are two major peaks in the Figure 2b: 1374 cm−1, and 1860 cm−1, which are both attributed to
the alga. It is noticeable that there was a shift denoted by the green arrow that indicates the interaction
between algal cells and GO, as the latter is hydrophilic, which allows functionalization with biological
systems. In addition, as indicated by the green arrow in Figure 2b, the Raman peak at 1374 cm−1

downshifted by about 13 cm−1 for the higher GO concentration, indicating binding or interacting
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with the algal surface. Thus, this result endorses once more the hypothesis of the stability of GO in
a biological medium. No major modifications were observed in the algal Raman spectra by introducing
graphene or CNT.

4. Discussion

Salinity stress can have an extremely harmful effect on plant productivity. Reactive oxygen species
can be produced excessively, leading to chlorophyll degradation and cell membrane oxidation as well
as other destructive cellular damages [3,35]. The sodium ion is very harmful when present in the
cytosol at concentrations higher than 10 mM, particularly in Germainae crops like barley. In contrast,
the similarly monovalent potassium ion is maintained at a higher concentration range of 100–200 mM as
it is essential for many metabolic activities in the cell [36]. Potassium acts as an activator for more than
50 enzymes, and high cytosolic Na+ and high Na+/K+ ratios can be inhibitory for those enzymes [37].
Therefore, maintaining both low cytosolic Na+ as well as a low cytosolic Na+/K+ ratio is essential for
keeping cells functioning [38,39].

In the present study, three different salinity levels were tested, which were very close to those
used by Gadwal and Naik [40]. Those levels were first tested on different plants to explore their
susceptibility to salinity. As expected, salinity adversely affected the germination of the different types
of seeds. However, barley was less susceptible to salinity than the broad beans. They were used in
subsequent experiments that investigated the effect of the mode of application of microbial treatments,
including irrigation and seed presoaking. Seed priming is a method of pre-sowing treatment that
exposes seeds to certain solutions with added stimulatory components until the germination process
begins [13]. The irrigation modes recorded significantly higher growth parameters, whereas the
soaking in microbial treatment had the lowest parameters. This may be due to the lack of oxygen in
prolonged treatments particularly for a day where complete inhibition was observed. However, the
12 h soaking treatment showed rather enhanced measurements of morphometric parameters, but they,
were significantly lower than the irrigation mode. This may be attributed to the presence of living
microbial cells that actively respire and consume all the oxygen.

In all modes of microbial applications tested, the germination percentage, shoot and root lengths,
and fresh weight were significantly high with the combined use of cyanobacterium, rhizobacterium,
and MeSA. This combined treatment resulted in the highest growth parameters. The root extension,
both longitudinally and horizontally, was greatest in this treatment, and the root was noticeably stout
and thick in diameter. This may be attributed to the increased transport of photosynthates to roots after
application of methyl salicylate. Kalaivani et al. [13] hypothesized that MeSA may be metabolized
to increase salicylic acid in the plant, which results in many changes, including increased levels of
minerals and nutrient uptake through increasing root growth.

The mechanisms by which different microbial treatments can mitigate salt stress vary greatly
according to the type of microorganism and the treatment used. Recently it was revealed that treatment
with a halotolerant rhizobacterial strain mitigated salt stress through production of auxin that enhanced
root surface area possibly via the regulation of phytohormones and gene expression where auxins
increased and abscisic acid decreased [11]. Another mechanism was through enhancing polyphenols,
whose antioxidant activity is attributed to hydrogen radicals dissociated from phenolic compounds [11].
The utilization of beneficial soil microbiota colonizing the rhizosphere (e.g., rhizobacteria) provides
the plant with growth promoting metabolites that increase plant growth and enhance the plant’s
heavy metal resistance. Therefore, it has been used as a significant tool for phytoremediation
and increasing plant biomass [41]. Plant growth-promoting rhizobacteria increase plant biomass
by several mechanisms including; fixation of atmospheric nitrogen, mitigation of stress by using
1-aminocyclopropane-1-carboxylic acid as a unique N source, manufacture of siderophores and
anti-pathogenic substances, manufacture of plant growth controllers, and the conversion of nutrient
elements such as phosphorous and potassium [42]. Interestingly, similar synergistic effect is reported



Sustainability 2020, 12, 9218 12 of 16

for cyanobacteria which have wide range of activities and produce vast array of bioactive compounds
needed for normal plant growth [43].

With regard to methyl salicylate, Kalaivani et al. [13] reported the promoting impact of MeSA seed
treatment on germination and early seedling growth, where it caused enhanced germination and growth,
probably due to increased salicylic acid in plant cells. Almeida et al. [44] reported that MeSA treatment
greatly accelerated germination in wheat and barley seeds. According to Yusuf et al. [45], seed treatment
with MeSA may help in the metabolic pentose phosphate pathway, benefiting the hydrolysis of reserves
and increasing the availability of energy to the germination process and seedling emergence. This may
explain the slight decrease in dry weight in our results, as the broken reserves were used for supplying
energy to the germinating seedling, thereby decreasing in weight. Kalaivani et al. [13] suggested that
MeSA causes an increase of SA cellular content, and according to Stout et al. [46] and Vazirimehr
et al. [14], plant seeds treated with SA have higher levels of amino acids, plant growth, ion uptake,
transport enzyme activity, and synthesis of plant hormones, which increase the plant responses to
these proteins. These events provide significant increases in production and reduce the time for the
establishment of the crop field, being more tolerant to abiotic stresses. The promoting effect of SA on
shoot area may be attributed to its important roles in activation of cell division, biosynthesis of organic
foods, water uptake and stomatal resistance, and better toleration of water deficit [47]. Indeed, the data
of the present study support the above hypothesis, where most growth parameters increased when
MeSA was supplied.

Nonetheless, the growth promoting effect of cyanobacteria is also evident from our data.
Cyanobacteria have the ability to release plant growth-promoting substances, some of them are
described as phytohormones like gibberellins, cytokinin, and auxin. Others are described as vitamins
(vitamin B) or amino acids, toxins, and antibiotics [48]. One of the available studies investigated the
effects of biofertilizer on the growth of rice (Oryza sativa L.). The authors reported that the presence
of root-promoting hormones (auxins, cytokinin, and gibberellic acid) increased the growth of rice
seedlings [49]. Žižková et al. [50] pointed out that these hormones play diverse roles in the cell, such as
cell division.

Carbon nanomaterial application in ion removal and desalination is a newly trending application
due to its low cost and efficient results [51]. Their negative charge as well as porosity can be useful in
removing positive ions like sodium [51]. However, with the application of a combination of microbial
cells with nanomaterials in one capsule, one should consider the effect of this combination on the
photosynthetic activity of Cyanothece sp. It is interesting to note that the maximum peaks associated
with chlorophyll (a) in the visible region (600–700 nm) were clearly observed for a high concentration
of GO mixed with the cyanobacterium (2 GO-Al), which indicated the preservation of photosynthetic
activity using this nanomaterial

The presence of shift in the spectrum when adding graphene oxide to Cyanothece sp. indicates
the occurrence of interaction between the alga (cyanobacterium) and the graphene oxide, which is
a good indication for effective co-application of the two. The application of nanomaterials with
biofertilisers and MeSA mostly alleviated the inhibitory effect of salinity but with varying reponses
from the two plant types. Barley responded positively to all nanomaterials tested while broad beans
only responded slightly to graphene and nanocarbon tubes. This indicates that different plants can
have different responses to nanomaterials and therefore future applications should test plant responses
to different nanomaterials before use. Nonetheless, the alleviation of the inhibitory effect of high
levels of salinity in most of the treatments emphasizes the great positive potential of the approach of
combining nanomaterials, biofertilisers and methyl salicylate for mitigation of sailinity.

The smart approach illustrated in the current research lies in the use of two microorganisms with
complementary and exceptional attributes. Cyanothece sp. is a unicellular cyanobacterium capable
of alternating nitrogen fixation and photosynthesis. For nitrogen fixation to occur, a micro-aerobic
environment should be available, with the heterotrophic bacteria respiring alongside the cyanobacterium
itself, oxygen is consumed and CO2 is produced during respiration, thereby allowing photosynthesis to
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occur. In the absence of oxygen, nitrogen is fixed into ammonia, which is a fertilizer itself. The agar used for
casing the capsule components is a commonly used solid growth medium for these microorganisms with
a degree of transparency that allows light to penetrate and the cyanobacterium to perform photosynthesis.
One additional exceptional attribute of Cyanothece sp. is its ability to transform ions found in high
concentrations into elemental nanoparticles [52]. This can be very useful in a niche suffering from high
ion concentrations like salinized soils. On the other frontier, nanomaterials have a high surface area that
can allow ion removal from a soil–salt solution when irrigated with saline water, thereby mitigating
salinity without exhibiting a toxic effect on plants or algal vitality. Indeed, [53] reported the safe use on the
Chlorella alga when trapped in a nanomaterial layer without losing its vitality. In addition, [54] showed
that graphite nanoparticle addition to fertilizers did not inhibit plant yield.

With regard to fate of biofertilisers when released from capsule, the rhizobacterium is
expected to colonize the root zone and allow for a more efficient water and nutrients absorption.
Enterobacter cloacae, specifically, was previously reported to be halotolerant and phosphate solubilizing [55].
The cyanobacterium, when released, would also allow for bioavailability of nutrients and nitrogen fixation.
Nanomaterials tested mostly proved to be stimulatory to growth in most of cases under highest salinity
level tested but with varying degrees and different effects on different plants. Hence, the current research
opens the door for further exploitations of nanomaterials and biofertilizers in cases of salinity alleviation
and mitigation.

5. Conclusions

The current research shows a smart approach of integrating biological systems with physical
materials to counteract salinity. Combining the cyanobacterial strain with the rhizobacterial strain
showed successful integration. Cyanothece sp., which is a nitrogen-fixing and photosynthetic
cyanobacterium, was integrated with a heterotrophic bacterium that actively respires and consumes
oxygen, thereby allowing nitrogen fixation and production of CO2 during respiration and consequently
facilitating photosynthesis. The nanomaterials have a high surface area and can act as desalinizing
agents and ion removers from a soil–salt solution when irrigated with saline water, thereby mitigating
salinity. Graphene oxide is the most plausible candidate because of its hydrophilicity and favorable
spectral interaction with algae with no detectable inhibition of photosynthesis. The rhizobacterium,
when released from a capsule or supplied in the mulch, will colonize the root zone and allow for
more efficient water and nutrient absorption as it produces a growth hormone that enhances root
growth. Similarly, the cyanobacterium, when released, would also allow for bioavailability of nutrients
and nitrogen fixation, as well as production of an array of growth hormones and bio-stimulants.
Graphene oxide and graphene represent good candidates for inclusion with biofertilizers in the
treatment of salinized soils but again the type of plant should be considered. The whole combination
can be used as soil mulch or in capsules. The whole capsulated combination can be readily sold to
farmers to treat salinity-affected soils as supplementary fertilizer materials.
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