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Abstract- Salinity is an ecological problem, and become a global
challenge that affects crop productivity. The current research was
designed to evaluate the mediated effects of biofilm-producing
bacteria (Bacillus sonorensis NCCP-59) on physiological,
biochemical, and antioxidant characteristics of maize cultivar
(Azam 2000) under saline conditions (0, 50, 100, 150 mM).
Salinity significantly reduced the germination percentage with
increasing stress while a significant increase was noted in seeds
primed with biofilm-producing bacteria. Sodium chloride (NaCl)
stress reduced seedling length, fresh/dry weight, ion (Ca**, K%)
contents, and photosynthetic pigments (chlorophyll a, chlorophyll
b, and carotenoids). While a significant increase was recorded in
sodium ion (Na*) content, proline (Pro) and total soluble sugar
(TSS), antioxidants (superoxide dismutase (SOD), peroxidase
(POD), hydrogen peroxide (H20:), malondialdehyde (MDA),
ascorbate peroxidase (APX) and catalase (CAT) contents.
However, the priming of maize seeds with biofilm-producing
bacteria (B. sonorensis) significantly improved the physiological
and biochemical, and antioxidative parameters of the plant by
reducing the uptake of Na*. The study concluded that biofilm-
producing bacteria (Bacillus sonorensis NCCP-59) can enhance
(NaCl) stress tolerance in maize by reducing the uptake of Na*.

Index Terms- Biofilm producing Bacteria, Salinity, Maize,
Priming, Metabolites

I. INTRODUCTION

t is estimated that the world population will exceed 9.4 billion

in 2050 [1]. The increasing population has raised the issue of
food safety and security mainly in developing countries. Food
safety is the main challenge to these countries, as they trying to
improve their economy. There is also a need to increase the
production of crops to fulfill the food requirements for the growing
population [2]. These crops are facing different abiotic stresses
like salinity, drought, and waterlogging which adversely affect the
quality and quantity of the crop yield [3]. Salinity is a type of
abiotic stress which almost covers 6% of the world's area.
Additionally, 19.5% of the irrigated agriculture fields are regarded
as salinity-prone. Furthermore, two million acres of the world’s
agriculture fields deteriorate each year due to salinity, resulting in
little or no crop production [4]. The main causes of the rising
salinity include irrigation with saline and poor cultural practices
and many other factors are involved in salinity which affects the
plants in different ways like membrane injury, protein
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denaturation, and osmotic stress [5]. Maize (Zea mays L.) is the
third vital cereal crop after rice and wheat and moderately
sensitive to salt stress. Salinity affects 37.6% (6.06 million
hectares), out of 18 million hectares area of Pakistan [6]. Under
saline conditions, sodium plays an important role in toxicity which
affects potassium uptake and stromal variations leading to loss of
water and cell death [7]. Besides different other techniques used
for stress tolerance, microorganisms associated with plants also
help to alleviate abiotic stresses including high temperatures
drought, and salinity [8]. Bacteria, like PGPR, enhance salinity
tolerance through compound production, antioxidant enzymes,
and improved nutrient uptake, enabling healthy growth under
saline conditions. Studies show that PGPR induces
osmoprotectant synthesis, regulates osmotic balance, scavenges
reactive oxygen species, and enhances ion balance. For instance,
Upadhyay et al. [9] improved wheat salt tolerance with PGPR,
while Egamberdieva et al. [10] enhanced soybean salt tolerance.
In summary, bacteria, especially PGPR, increase the salinity
threshold for healthy plant growth by mitigating stress effects and
improving physiological mechanisms.

In agriculture, colonizing happens in plant roots due to PGPR
which multiplies further into microcolonies (due to competition
with other microbiota or unfavorable conditions), as a result,
biofilm is formed which is helpful in plant-microbe interactions
[8]. Bacteria that produce biofilms have a protective mechanism
against hostile environments [11]. This unique developmental
characteristic of biofilms is different from non-biofilm-forming
cells. Molecular and genetic studies have identified that biofilms
are significantly different from microbes that have a planktonic
mode (non-biofilm foaming cells) of growth in physiological
functions and gene expression [12]. Moreover, it is suggested that
the antimicrobial tolerance ability of bacteria is the result of
biofilm structure and the adherent nature of microbial cells [13].
The root system of the plants, which is associated with biofilm, is
beneficial for plant growth, yield, and grain quality [14]. When
bacterial inoculants are introduced in the form of biofilms, these
inoculants protect the environment from adverse conditions such
as heavy metals, low pH, high salinity, and drought stress [15].
Bacteria other than Bacillus sonorensis can contribute to improved
growth of maize in saline conditions. Various species of plant
growth-promoting rhizobacteria (PGPR) have been studied for
their potential to enhance maize growth and salinity tolerance. For
example, Ma et al. [16] showed that Pseudomonas putida
improved maize growth under saline conditions, while studies by
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El-Shabrawy et al. [17] and Egamberdieva et al. [10] also reported
positive effects of Bacillus subtilis and Azospirillum brasilense,
respectively [16,17,18]. Biofilms produced by the Paenibacillus
polymyxa around the root tip act as a root-invading bacterium.
Other studies also showed that root colonizing the rhizosphere
with the biofilm inocula produced NH** in the soil solution due to
high acidity for plants near root hairs, which helps in plant
physiology and growth [19]. These findings demonstrate the
potential of different bacterial species in promoting maize growth
and salinity tolerance. The literature revealed that halophilic
bacteria develop biofilms containing extracellular polymeric
substances which help in plant development [20], but the role of
certain halophilic bacteria is not defined on plant growth under
stress conditions, especially in Bacillus sonorensis. Therefore, the
current research was planned to observe the role of biofilm-
producing bacteria (Bacillus sonorensis) in NaCl stress alleviation
by studying the physiological, biochemical, and antioxidant
characteristics of maize.

Il. METHODS AND MATERIALS

Seed collection

Maize seeds (Cultivar Azam) were collected from the Agriculture
Research Station, Serai Naurang (Lakki Marwat) Khyber
Pakhtunkhwa, Pakistan. The Azam was developed by
backcrossing the F1 of Pirsabak 7930 and Zia to Pirsabak 7930 as
the recurrent parent.

Bacterial strains

Two halophilic bacterial strains NCCP -59 (National Culture
Collection of Pakistan) (Bacillus sonorensis-Biofilm producer)
and NCCP-93 (Bacillus endophyticus- Non-Biofilm producer)
were isolated from the salt mines of Karak, Khyber Pakhtunkhwa
Pakistan Roohi et al. [21]. Both Bacillus endophyticus and
Bacillus sonorensis bacterial strains were cultured under sterilized
conditions on Luria Bertani media (LB media) modified with 5%
(w/v) sodium chloride (NaCl). Culture media was autoclaved at 15
PSI (pounds per square inch) and 121°C for 15-20 minutes. To
observe growth, plates were placed on a shaking incubator at 37°C
(120 rpm) for 24 hours [21]. To obtain 108 CFU/ml in broth before
inoculation, liquid culture dilutions were made in autoclaved
distilled water for the calculation of the colony formulating unit.
An inoculum of 1000 pl (OD600) from each dilution was spread
on LB agar plates and incubated for 48 h at 37°C. CFU/g was
calculated from the appeared colonies by using the following
formula [22].

Colony formulating unit (CFU/g) = number of colonies x
dilution factor/ volume of culture plate

Seed priming

Healthy maize seeds were surface sterilized with 3.5% sodium
hypochlorite solution for 3-4 min and washed three times with
distilled water. Priming with bacterial culture broths (OD600)
along with 2% sucrose was carried out in a shaking incubator for
2 hours. The primed seeds were then removed from bacterial
culture media and dried on filter paper under sterilized conditions.
Hydro-primed seeds and Bacillus endophyticus (NCCP-93- non-
Biofilm producer) were used as a control.
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Physiological study

Primed seeds of maize were sown in Petri plates for 10 days
having sand and treated with 0-, 50-, 100-, and 150-mM sodium
chloride (NaCl) stress concentrations. Seeds germinated under
dark conditions. Germination readings were noted at intervals of
12 hours for 5 days. Shoot and root length/fresh weights were
recorded after 10 days. Root and shoot were kept at 80°C for 48
hours to record dry weight.

Greenhouse experiment

Maize primed seeds were transferred in plastic pots having 1 kg
well washed, dried sterilized sand. Seeds were sown at a depth of
1 inch having a relative distance of 2 cm apart, nourished with 500
ml of Hoagland solution weekly. The NaCl stress (50, 100, and
150 mM) was given to the maize plants for a period of 1 week in
Hoagland solution [23]. Plants were exposed to 1 week of stress
and then harvested. Fresh leaves were selected from each
treatment, ground in liquid nitrogen, and kept further at -80 °C.
The rest of the material was dried in an incubator at 80 ¢ for 2 days.

Biochemical Analysis
Determination of photosynthetic pigments and ion analysis

Plant’s pigments (Chlorophyll “a”, “b” and total carotenoids) were
calculated according to the method of Wellburn and Lichtenthaler
[24]. Three different wavelengths i.e., 666, 653, and 470 nm were
used to find out absorbance readings against a solvent blank in a
spectrophotometer (UV-VIS spectrometer) C-7200S double beam
UV-visible spectrophotometer. lons analysis was determined by
the method of Joslyn [25] with little modifications and was
measured by a flame photometer (Jenway PFP7).

Metabolic analysis
Total soluble sugar and Proline Content

The phenol-sulphuric acid method was used to find total soluble
sugar contents as described by Harborne [26] with slight
modifications. Proline content was determined by following the
methodology described by Bates et al. [27].

Antioxidants enzyme assay

Peroxidase (POD) activity was determined by the method
mentioned by Kumar and Khan [28] Using Guaiacol as the
substrate in a total volume of three milliliters. Beauchamp and
Fridovich’s [29] method was used to determine superoxide
dismutase (SOD) content. Catalase (CAT) activity was determined
using the protocol of VVasconcelos et al. [30]. Ascorbic peroxidase
(APX) was determined by a spectrophotometer as described by
Nakano and Asada [31]. Velikova and Yordanov [32] protocol
was used to measure H,O. activity. MDA contents were
determined by using the standard protocols of Daud et al. [33].
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Statistical Analysis

Data are presented as a mean of three replicates. Statistical
analysis was performed using Statistix-9 software ver. 8 for
statistical significance. Differences between treatments were
assessed using a one-way analysis of variance (ANOVA). Means

Il. RESULTS
Screening Test

Two halophilic strains Bacillus sonorensis (NCCP-59 Biofilm
producer as indicated by black colonies) and Bacillus

endophyticus (NCCP-93- non-Biofilm producer as indicated by
orange colonies), were selected after screening among different
halophilic strains on CRA (Congo Red Agar) plates. (Fig. 1).
These two strains (NCCP-59 and NCCP-93) were used in further
experiments.

Fig. 1. Two halophilic strains (A) Non-Biofilm producer strain
Bacillus endophyticus (NCCP-93) and (B) Biofilm producer strain
Bacillus sonorensis (NCCP-59), were selected after screening
among different halophilic strains.

Effect on physiological parameters

Germination percentage

Significant variations were marked in the germination pattern of
biofilm-producing bacteria as compared to non-biofilm and hydro-
primed seeds of maize cultivar at different saline treatments
throughout germination (Fig. 2). Germination percentage was
reduced with an increase of salinity concentrations from 0 to 150
mM, however, biofilm priming enhanced seed germination than
hydro priming and non-biofilm producing bacteria under normal
and stress conditions. Control (0 mM) showed a higher
germination percentage (80 %) as compared to 150 mM NaCl
stress (30 %). The maximum germination percentage recorded for
biofilm-producing bacteria was 99.9 % as compared to non-
biofilm-producing bacteria (60 %) and control (80 %) at 0 mM. A
similar pattern was observed under saline conditions, particularly
at 150 mM NaCl stress, where seeds primed with biofilm-
producing bacteria showed 40 % germination while non-biofilm-
producing bacteria showed 25 %.
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were separated by the Least Significance Difference (LSD) test at
a 5% level of significance.
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Fig. 2. The effect of non-biofilm and biofilm-producing bacteria
on germination percentage of maize seeds under NaCl stress under
Mock and Cd?* treatments 50 mM to 150 mM. Results are
represented as a mean £ SE (n=3). Letters indicate significant
differences between means; determined using Duncan’s multiple
range mean comparisons.

Seedling growth

Both root and shoot length were improved through seed primed
with biofilm-producing bacteria of maize cultivar as compared to
non-biofilm-producing bacteria under NaCl stress conditions (Fig
3). High concentration of salt stress reduces the shoot and root
length of maize seeds (Fig. 4). Length of root and shoot were
recorded as 13.78 and 16.36 cm at control (distilled water) while
it was gradually reduced (4, 3.01 cm) under saline condition such
as 150mM NaCl stress condition. Primed seeds with biofilm-
producing bacteria showed better growth in root and shoot length
than hydro-primed and non-biofilm-producing bacteria under
normal and stress conditions. At control, observed values of root
and shoot length were 17.09, and 24.51 cm in biofilm and in non-
biofilm primed seeds were 6 and 5¢cm while at 150mM NaCl
stress, the observed values were decreased up to 10.54, 5 cm as
compared to non-biofilm producing bacteria that were 1, 2.5 cm
respectively (Fig. 7).

Salinity adversely affected fresh and dry weights of shoot and
roots of maize but the priming treatments were able to alleviate the
stress (Fig 5). At 150 mM NacCl stress, the fresh shoot weight was
1.055 mg and the root weight was 0.213 mg dramatically
decreased to 3.11, 0.645 at control conditions while, primed seeds
with biofilm-producing bacteria showed an increase in the fresh
shoot 1.405 mg and root weight 0.335 mg as compared to non-
biofilm producing bacteria 1, 0.25 mg at 150 mM respectively.
The observed dry weight of root hydro-primed seeds was 0.124mg
which was reduced to 0.044mg at 150 mM NaCl stress. The shoot
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dry weight of hydro-primed seeds was 0.138 g which was reduced
to 0.038 g at 150mM NaCl stress treatment with Biofilm-
producing bacteria alleviated the adverse effect of NaCl stress as
compared to biofilm-producing bacteria. The root dry weight of
the seed primed with biofilm-producing bacteria was 0.073 mg at
150mM concentration while 0.053 mg was observed in biofilm-
producing bacteria, shoot dry weight in biofilm-primed seed was
0.075 mg while in the non-biofilm-primed seed it was 0.055 mg at
150 mM NaCl stress condition.

Fig. 3. The effect of non-biofilm and biofilm-producing bacteria
on maize seedlings under different salt (NaCl) stress conditions. A
= Control, B =50 mM, C =100 mM, D = 150 mM, E = Control +
NCCP-93, F =50 mM + NCCP-93, G = 100 mM + NCCP-93, H=
150 mM + NCCP-93, | = Control + NCCP-59, J = 50 mM +
NCCP-59, K =100 mM + NCCP-59, L = 150 mM + NCCP-59.
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Fig. 4. The effect of non-biofilm and biofilm-producing bacteria
on ‘the shoot length (A) and ‘Root length (B) of maize under
50mM to 150mM. Letters indicate significant differences between
means; determined using Duncan’s multiple range mean

comparisons.
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Fig. 5. The effect of non-biofilm and biofilm-producing bacteria
on dry shoot weight (A), dry root weight (B), fresh shoot weight
(C), and Fresh root weight ‘(D) of maize under different salt
(NaCl) stress conditions. Letters indicate significant differences
between means; determined using Duncan’s multiple range mean

comparisons.

Biochemical analysis

Electrolyte contents (Na*, K* and Ca*?)

Significant variations were noted in electrolyte (Na*, Ca?* and K*)
content of biofilm and non-biofilm primed seed of maize cultivar
at various NaCl concentrations (Fig. 6). Increase in Na* content
while a decrease in Ca?* and K* was observed with an increasing
NaCl concentration under saline conditions. At 150 mM NacCl
stress, the Ca?* and K* content was reduced to 5, 22 and Na* was
increased to 95 ppm respectively. Maize inoculated with biofilm-
producing bacteria has a large amount of K*, Ca?* and low Na*
ions contents under saline conditions in comparison to non-
biofilm-producing bacteria. The observed values of Ca?*, K* and
Na* in biofilm-producing bacteria were 7, 38, and 77.5 ppm at 150
mM NacCl stress, while in non-biofilm-producing bacteria, these
values were 6, 33.5, and 81 ppm respectively.

803-813



Journal of Xi’an Shiyou University, Natural Science Edition

90
= cont =W NBF  ®BF =
5 | A
70 -
60 -
T \
2 50 -
& ‘
= 40 -
z
30 1
20 |
10 -
0 +
40 B
35 4
30 -
- 25 9
£
& 20 -
=
O 15 4
10 -
S -
(0]
60
50 - e ©
40
E 30
=
; 8
20
10
0 T T
(0] 50 100
Treatment (mM)

Fig. 6. The effect of non-biofilm and biofilm-producing bacteria
on Na, K, and Caions of maize under different salt (NaCl) stress
conditions. Letters indicate significant differences between
means; determined using Duncan’s multiple range mean
comparisons.

Effect on photosynthetic pigments

Salinity negatively affected chlorophyll (“a”, “b”) and carotenoid
contents in maize shoots but priming treatments showed a positive
effect on these parameters in maize cultivars (Fig. 7). NaCl
treatment at 150 mM reduced the content of photosynthetic
pigments significantly as compared to control condition. Results
showed that at 150 mM chlorophyll (“a”, “b”) and carotenoid
content reduced to 5.02, 11.12, and 151.25 mg/g respectively as
compared to the control treatment i.e., 9.285, 30.49, and 330.12
mg/g. Seeds primed with biofilm-producing bacteria showed a
higher number of pigments than non-biofilm-producing bacteria.
The recorded values in seed primed with biofilm-producing
bacteria were 8.69, 22.86, and 161.44 mg/g at 150 mM NaCl stress
as compared to biofilm-producing bacteria that were 8.36, 14.11,
and 1212.28 mg/g.
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Fig. 7. The effect of non-biofilm and biofilm-producing bacteria
on chlorophyll content of maize seeds under different salt (NaCl)
stress conditions. Letters indicate significant differences between
means; determined using Duncan’s multiple range mean
comparisons.

Metabolite content

Determination of Total soluble sugar

The content of total soluble sugar was increased by increasing
NaCl content (Fig. 8A). The value recorded at high concentrations
of NaCl stress-treated plants was 55.87 mg/g FW (Fresh Weight)
at 150mM as compared to the control (30.31 mg/g FW)
respectively. A significant reduction in total soluble sugar content
was observed for all the priming treatments in the case of biofilm-
producing bacteria as compared to non-biofilm-producing bacteria
under normal and stress conditions. Seed primed with biofilm-
producing bacteria showed a maximum value of 15.1 mg/g FW as
compared to non-biofilm-producing bacteria 20.6 mg/g FW at
control, whereas at 150mM NaCl stress condition, the sugar
content was reduced to 32.68 mg/g FW in biofilm-producing
bacteria as compared to non-biofilm producing bacteria 43.56
mg/g FW.

Proline content

Considerable changes were observed in proline content when
seeds primed with biofilm-producing bacteria as compared to non-
biofilm primed seeds of maize cultivar at various saline conditions
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(Fig. 8B). Under saline conditions, accumulation of proline
increased with increasing concentration of NaCl in treated plants.
Proline amount was 33.03 umol/g FW at control condition which
increased up to 61.88 pmol/g FW at 150mM NaCl concentration
in maize. Biofilm-primed seeds reduced the amount of proline
with increased NaCl concentration from 0 to 150 mM (22.91,
32.70 umol/g FW). A similar trend was also noted in seeds primed
with non-biofilm-primed seeds under saline conditions. Biofilm-
primed seeds are more effective than non-biofilm-primed seeds
under NacCl.
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Fig. 8. The effect of non-biofilm and biofilm-producing bacteria
on the Total soluble sugar (A) and proline content (B) of maize
under different salt (NaCl) stress conditions. Letters indicate
significant differences between means; determined using

Duncan’s multiple range mean comparisons.
Antioxidants

Peroxidase (POD)

At high NaCl stress, a significant increase was observed in POD
activity. Still, the priming treatment showed a positive effect on
this enzyme activity in maize cultivar (Fig. 9A). The POD content
in mock seedling was 3.522 (U min "1 g ! FW) which was reduced
t0 4.466 (U min 1 g "t FW) at 150mM NaCl concentration. POD
content increased in seeds primed with biofilm-producing bacteria
as compared to non-biofilm-producing bacteria. At control,
biofilm-producing and non-producing bacteria showed better
scavenging content of 1.02 (U min 1 g ** FW) and 1.8 9 (U min !
g * FW) as compared to 150mM NaCl concentration. The
recorded values in seed primed with biofilm-producing bacteria
was 2.61(U min 1 g "t FW) at 150mM as compared to biofilm-
producing bacteria 3.56 (U min g ** FW).
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Variations were observed in the SOD content of biofilm and non-
biofilm primed seeds at different saline conditions in maize seeds
(Fig. 9C). The SOD content was increased with increasing
concentration of NaCl stress from 0 to 150 mM. In control, SOD
content was 269.83 ugFW while non-biofilm and biofilm-
producing bacteria were 277.10 and 242.75 ugFW respectively, at
150mM concentration the SOD content was 263.22 pgFW which
was reduced in biofilm-producing bacteria up-to 109.40 ug/FW
and non-biofilm producing bacteria to 171.41 pg/FW. Biofilm-
producing bacteria showed a decrease in SOD content as
compared to saline conditions and non-biofilm-producing
bacteria.

Catalase (CAT)

When compared to non-biofilm primed seeds of maize cultivar at
various conditions, the CAT content of seeds primed with biofilm-
producing bacteria revealed substantial changes (Fig. 9B). The
CAT content increased with increasing concentration of NaCl
stress. At 150 NaCl concentration, it increased up to 0.6 (U min -
1'g 1 FW) as compared to control 0.33 (U min * g 1 FW)
respectively. A significant reduction in CAT content was observed
for all the priming treatments in the case of biofilm-producing
bacteria and non-biofilm-producing bacteria in both normal and
stress conditions. Seed primed with biofilm-producing bacteria
showed a significant value of 0.1 mmolg/FW at control condition
as compared to non-biofilm-producing bacteria 0.2 (U min 1 g *
FW), whereas a decrease was observed in CAT content of biofilm-
producing bacteria and non-biofilm producing bacteria up-to 0.3
(U mintg?*FW)and0.5 (Umin*g-?!FW)at 150mM NaCl
stress.

Ascorbate peroxidase (APX)

A high mean value was observed in APX content at higher NaCl
stress conditions. Variations in APX content were observed when
primed seeds with biofilm-producing bacteria were compared to
non-biofilm-producing bacteria of maize cultivar at various saline
conditions (Fig. 9D). APX content was increased at 150 mM NaCl
stress 1.5 mMg/FW as compared to control seedlings 0.4 mMg/FW
respectively. Reduced values were observed when compared to
primed seeds with biofilm-producing and non-biofilm-producing
bacteria at 150 mM NacCl stress. Thus, the results conclude that
seeds primed with biofilm-producing bacteria are more effective
than non-biofilm-producing bacteria under different saline
conditions.

Hydrogen peroxide (H20z2)

Major changes were observed in the H,O; content of biofilm and
non-biofilm primed seeds at several saline conditions of maize
cultivar (Fig. 10A). The observed values increased from 0 to 150
mM NaCl stress; however, biofilm-primed seeds showed better
response as compared to non-biofilm primed seeds under normal
and stress conditions. H,O, content was 1.09 pmolg* FW at
control treatment as compared to 150 mM NaCl stress 1.117
pmolg® FW. The recorded value of H,O; for biofilm-producing
bacteria was 0.84 pmolg®* FW as compared to non-biofilm-
producing bacteria 1.035 pmolg™® FW in hydro-primed seedlings.
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At 150 mM NaCl stress treatment primed seeds with biofilm-
producing bacteria 0.67 pmolg® FW showed better results as
compared to non-biofilm-producing bacteria 0.79 umolg™® FW.

Malanodialdehyde (MDA)

In maize, modifications were perceived in the MDA content of
biofilm and non-biofilm-primed seeds at various saline conditions.
(Fig. 10B). The MDA content increased with increasing NaCl
concentration. MDA content was increased up to 0.174 mM/g FW
at 150 mM NaCl stress as compared to control 0.264 mM/g FW
respectively. At control, the recorded value in seed primed with
biofilm-producing bacteria was 0.103 mM/gFW and 0.170
mM/gFW in non-biofilm-producing bacteria. In comparison, a
similar trend was also observed at 150 mM NaCl stress in both
biofilm-producing and non-producing bacteria, MDA content
recorded in seed primed with biofilm-producing bacteria was
0.119 mM/gFW and 0.145 mM/gFW in non-biofilm-producing
bacteria respectively.
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Fig. 9. The effect of non-biofilm and biofilm-producing bacteria
on ascorbate peroxidase (A), catalase (B) peroxidase(C), and
Super Oxides dismutase (D) contents of maize under different salt
(NaCl) stress conditions. Letters indicate significant differences
between means; determined using Duncan’s multiple range mean
comparisons.
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Fig. 10. The effect of non-biofilm and biofilm-producing bacteria
on malondialdehyde (A) and hydrogen peroxide (B) contents of
maize under different salt (NaCl) stress conditions. Letters
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indicate significant differences between means; determined using
Duncan’s multiple range mean comparisons.

IV. DISCUSSION

Sodium chloride stress is the most vital environmental factor
which affects crop production around the world. Different
techniques were used to reduce the drastic effects of salt stress on
plant growth [34] but the use of biofilm-producing bacteria
especially Bacillus sonorensis-(biofilm-producing bacteria) are
limited. Two strains NCCP-59 (Bacillus sonorensis-biofilm
producing bacteria) and NCCP-93 (Bacillus endophyticus- non-
biofilm producing bacteria) were used in this study to investigate
NaCl stress alleviation by studying physiological, biochemical,
and antioxidants parameters. Previous studies suggested that the
use of biofilm-producing bacteria has become an auspicious
alternative to alleviate NaCl stress [35]. Liu et al. [18] reported
that Bacillus spp. has been documented to alleviate salt tolerance
in Arabidopsis (up to 250 mM NaCl), maize (up to 100 mM
NaCl), barley (up to 200 mM NacCl), rice (up to 200 mM NacCl),
wheat (up to 400 mM NaCl), tomato (up to 300 mM NaCl),
chickpea (2 % NacCl), cotton (up to 200 mM NaCl) and soybean
(up to 240 mM NacCl).

Seed germination and early seedlings’ growth are usually sensitive
to environmental stresses. According to our results maize
germination percentage was decreased by sodium chloride but
biofilm-primed seeds showed increased germination percentage
by comparing to non-biofilm-primed seeds (Fig. 2). NaCl stress
creates osmotic pressure which in turn decreased water absorption
and this phenomenon has negative effects on seed germination
[36]. Exopolysaccharides also play a vital role in the adhesive and
stability properties of biofilm-producing bacteria on various
abiotic surfaces [37]. The exopolysaccharide is an important
component of the biofilm [38]. Bhagat et al. [39] also suggested
that bacteria-produced exopolysaccharides in saline soil can
reduce osmotic stress. Previous reports also showed that
exopolysaccharide production and biofilm formation by bacterial
strains significantly contribute to improving plant growth and soil
fertility [39].]

Salinity mainly affects the physiological growth of the plants
including root and shoot length and biofilm-producing bacteria
(NCCP-59) to overcome the effect of salinity and improved root
and shoot length (Fig. 4&5). Ramasamy et al. [40] also found that
NaCl stress in wheat seedlings can be alleviated by the inoculation
of halo-tolerant bacterial strains. Our results also strongly agreed
with Khan et al. [41] who reported that plant growth-promoting
bacteria showed a major increase in shoot length and dry weight
as compared to the control. Indole acetic acid produced by bacteria
has positive effects on root length, root surface area, and number
of root tips leading to higher uptake of nutrients thus refining plant
strength under stress [42]. Our result showed similarity to
Cardarelli et al. [43], who demonstrated seeds inoculated with
micro-organisms enhanced the root and shoot length and biomass
of roots and shoots. Jamil et al. [44] reported that enzymes that are
required for chlorophyll synthesis are suppressed under higher
salinity. Our result showed that chlorophyll and carotenoid
contents were decreased in maize as the level of sodium chloride
increased (Fig. 7). The results were also similar to the observations
of Hameed et al. [45] that salinity greatly influences the
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chlorophyll content. Chlorophyll instability and synthesis of the
pigment-protein complex are destroyed due to NaCl stress [45].
Jan et al. [46] found that plant growth-promoting rhizobacteria
(PGPR) affect seed germination, plant growth, plant biomass,
plant height and shoot weight, nutrient content, and photosynthetic
pigments. Maize seeds treated with PGPR under saline conditions
produced more photosynthetic pigments and decreased the ratio of
Na* and K* ions in the saline environment [47].

Salinity affects the concentration of Ca*?, K* and Na* ions in
plants. With increasing NaCl stress, Na* ions were increased while
Ca?* and K+ ions were reduced (Fig. 6). Due to sodium chloride
stress, Cl" and Na* are dissociated and their increased availability
inhibits the intracellular processes. Ketehouli et al. [48] reported
that the accumulation of Na* and CI" occurs in plant tissue during
NaCl stress. Farooq et al. also proved that when the salinity level
increases from 0.25M NaCl concentration, it damages maize
plants and may cause severe wilting and stunt growth. In maize
plants, Sodium (Na*) ions accumulated which directly enhanced
the high NaCl concentration in the growth medium, while K* and
Ca*? ions were decreased. In salinity K* and Ca*? ions, uptake is
hindered in the root and cannot be transported to the shoot, causing
deficiency in plant tissue [49]. In plants, the formation of calcium
bonds provides energy in different cytoplasmic structures and it
plays an important role in cell membrane linkage [50]. Potassium
development and reproduction are affected due to salinity that
increases the level of sodium-potassium ratio which disturbs
different metabolic pathways [51]. In comparison with hydro
priming, biofilm-producing bacteria reduced the opposing effect
of salinity. The negative effects of sodium chloride stress are
reduced due to biofilm-producing bacteria (Fig. 7). These biofilm-
producing bacteria are closely related to exopolysaccharides, these
exopolysaccharides consist of a group of polymers that help offer
protection against alleviating Na* stress and desiccation [52].

In metabolism, soluble sugars play an important role in osmotic
homeostasis and structural components of cells. Like hormones,
soluble sugars also act as messenger and control signals that are
involved in the expression of various genes [53]. The total soluble
sugar content increased with the increase of NaCl stress in the root
and shoot of the maize plant (Fig. 8A). Biofilm-producing bacteria
decreased the NaCl stress efficiently as compared to non-biofilm-
producing bacteria, current findings were similar to Gandonou et
al. [54], they observed that NaCl stress increase total soluble
sugars and proline level in the plant. In non-inoculated plants, an
increase in the amount of total soluble sugars was observed as the
NaCl concentration increased. Total soluble sugar increased at a
greater level accompanied by the maintenance of the plant turgor,
vital for growth below sodium chloride stress [55]. Against abiotic
stresses, the natural defense system in the plant is present in the
form of secondary metabolites. Proline is one of the most
important components of this mechanism of plant-to-sodium
chloride stress (Fig. 8B). The synthesis of compatible solutes is an
important mechanism of the plant because due to this mechanism,
plants can survive in saline areas. In the cytosol, proline can
accumulate and contribute significantly to osmotic adjustment in
the cytoplasm [56]. According to Maggio et al. [57], proline may
proceed with signaling or act as a regulatory molecule and can
stimulate various responses in the adaptation process. Compatible
solutes help to keep the lower water potential in CaCl, and as a
result, produce the driving force for the uptake of water by plant
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roots [62]. Results of our study showed that accumulation of
proline was observed in maize plants under NaCl stress but the
biofilm-producing bacteria lowered the NaCl stress in maize
plants as compared to non-biofilm-producing bacteria. Other
studies [63, 64] also observed that proline accumulation occurs in
NaCl-stressed plants.

Hydroxyl radicals, hydrogen peroxide, and superoxide are reactive
oxygen species (ROS) that are generated during NaCl stress,
leading to oxidative stress that results in damaged plant growth.
Several antioxidant enzymes are produced due to the stress
conditions of NaCl [65]. In the case of our study, results showed
that increasing the amount of NaCl increased antioxidant enzymes
like CAT, sodium oxide dismutase, POD, APX, malondialdehyde,
and hydrogen peroxide contents in comparison to other treated
plants and control (Figs. 9 & 10). Similar to our results, Azooz al.
[62] reported that during salinity stress, antioxidant enzyme
activity like peroxidase, SOD, catalase, and APX increases in the
salt-tolerant cultivars. Abbasi et al. [63] showed that salinity stress
improved the concentration of CAT, POD, and SOD in maize
under saline conditions. Treated seeds with biofilm-producing
bacteria lowered the SOD, POD, CAT, H,0,, APX, and MDA
levels under NaCl stress. Our results are in line with Jha and
Subramanian [64], according to them when plants were inoculated
with Pseudomonas pseudoalcaligenes, the enzyme activity was
reduced in comparison with control under NaCl stress.
Egamberdieva [65] also observed the same kind of results.

V. CONCLUSION

It is concluded that salinity affects plant growth by changing the
physiological, biochemical, and antioxidative characteristics of
maize seedlings, while primed seeds with biofilm-producing
bacteria showed positive effects on the physiological and
biochemical profile of maize plants under stress conditions;
resulting in lowering the sodium ion uptake in plants. It is also
concluded that halophilic bacteria especially Bacillus sonorensis
play a vital role like other Bacillus spp. in improving plant growth
under saline conditions. It is suggested that the impact of these
biofilm-producing bacteria on maize seeds be assessed at the
molecular level to identify the involved genetic mechanisms. Field
tests must be conducted as well for effective evaluation.
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