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Abstract

The use of plant growth promoting bacteria as bioinoculant to alleviate salt stress is a sustainable and eco-friendly approach
in agriculture. However, the maintenance of the bacterial population in the soil for longer period is a major concern. In
the present study, chitosan-immobilized aggregated Methylobacterium oryzae CBMB20 was used as a bioinoculant to
improve tomato plant (Solanum lycopersicum Mill.) growth under salt stress. The chitosan-immobilized aggregated M.
oryzae CBMB20 was able to enhance plant dry weight, nutrient uptake (N, P, K and Mg?"), photosynthetic efficiency and
decrease electrolyte leakage under salt stress conditions. The oxidative stress exerted by elevated levels of salt stress was also
alleviated by the formulated bioinoculant, as it up-regulated the antioxidant enzyme activities and enhanced the accumulation
of proline which acts as an osmolyte. The chitosan-immobilized aggregated M. oryzae CBMB20 was able to decrease the
excess Na* influx into the plant cells and subsequently decreasing the Na*/K* ratio to improve tomato plant growth under
salt stress conditions. Therefore, it is proposed that the chitosan-immobilized aggregated M. oryzae CBMB20 could be used
as a bioinoculant to promote the plant growth under salt stress conditions.

Keywords Carrier material - Enzyme activity - Immobilization - Methylobacterium oryzae CBMB20 - Salt stress - Tomato

Mak Chanratana and Manoharan Melvin Joe authors have Introduction

contributed equally to this work.

Soil salinity has been considerably affecting the plant growth
and productivity across the globe (Machado and Serral-
heiro 2017). The excessive amount of salt in soil results in
enhanced uptake of Na* (Tank and Saraf 2010), which in
turn reduces the water potential of plants (Chatterjee et al.
2018). The increase in uptake of Na™ also decreases the
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(Lee et al. 2008). The production of reactive oxygen spe-
cies (ROS) such as superoxide ion, hydrogen peroxide and
hydroxyl radicals are evident oxidative stress markers result-
ing due to high salinity stress and these prove to be highly
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detrimental to the plants (De pinto et al. 2012). Significant
elevation of ROS scavenging enzymes such as catalase
(CAT), superoxide dismutase (SOD), ascorbate peroxidase
(APX), glutathione reductase (GR) have been reported in
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plants grown under salt stress (de Azevedo Neto et al. 2006;
Chatterjee et al. 2017).

The use of plant growth promoting bacteria (PGPB) as
inoculants in agriculture and stress alleviation has been
recommended to achieve sustainable and eco-friendly crop
production (Jha and Subramanian 2014). Plant growth pro-
motion using PGPB has been suggested to be achieved either
by direct or indirect mechanisms (Glick 2012). The direct
mechanisms include biological nitrogen fixation, indole-
3-acetic acid (IAA) synthesis, lowering of plant ethylene
levels, and solubilization of phosphate, zinc, silica, potas-
sium, and iron and on the other hand, indirect mechanisms
refer to competition for nutrient, antibiosis, lytic enzyme
production and induced systemic resistance (Glick 2012;
Joe et al. 2016; Parray et al. 2016; Chatterjee et al. 2017).
Methylobacterium oryzae CBMB20, a potential plant growth
promoting bacteria isolated from the phyllosphere of rice
plant are capable of utilizing various compounds such as
methanol, methylamine and can colonize the phyllosphere of
plants (Madhaiyan et al. 2007a). Methylobacterium oryzae
CBMB20 is a 1-aminocyclopropane-1-carboxylate deami-
nase (ACCD) producing bacteria which is also capable to
produce IAA and extracellular polysaccharide (EPS), accu-
mulate polyhydroxybutyrate and form biofilm (Chanratana
et al. 2017). However, the efficacy of PGPB as potential
bioinoculants for agricultural crop production depends on
their ability to compete for colonization of root and pro-
mote plant growth with various amalgamated mechanisms
(Bhattacharyya and Jha 2012). The application of PGPB
is often erratic under field conditions because of the vari-
ous stresses exerted on the inoculants (Souza et al. 2015).
Researchers have been trying to develop methods to enhance
survivability of bioinoculants by altering their physiologi-
cal states under stress environment (Ambrosini et al. 2016).
A wide number of approaches have been recommended to
overcome this issue, such as carriers and formulations of
inoculants including liquid, organic, inorganic, polymeric,
and encapsulated formulations (Bashan et al. 2014). We have
demonstrated in our previous study about the preparation
of flocculated or aggregated cells to maintain high survival
rate of bioinoculant during storage and on the rhizosphere
of the plants (Joe et al. 2010). In addition, in this study, it
has also been demonstrated that the aggregation of Methylo-
bacterium oryzae CBMB20 cells in high C/N ratio enables
their enhanced tolerance to UV radiation, heat, desiccation,
different temperature regimes, oxidative stress and starvation
(Chanratana et al. 2017). The aggregated CBMB20 cells
were able to produce higher amount of extracellular polysac-
charides, accumulate poly-f-hydroxybutyrate and proline,
higher amount of production of IAA, enhanced ACC deami-
nase activity and biofilm formation at 0-200 mM salt con-
centration (Chanratana et al. 2017). The M. oryzae CBMB20
had also been shown to reduce the stress ethylene levels of
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plants induced by salinity by scavenging the ethylene precur-
sor ACC by the production of ACC deaminase (Madhaiyan
et al. 2007b).

Population of bacteria inoculated without proper carrier
declines rapidly for most species of PGPB. The unprotected,
inoculated bacteria often had to compete with the better—
adapted native microflora and withstand predation by soil
microfauna in soils with heterogeneity (Bashan et al. 2014).
Higher number of viable cells during prolonged storage at
room temperature and after inoculation into the soil is the
prerequisite for any bioinoculants preparations. A potent car-
rier material is characterized by its mechanical stability, cost
effectiveness, biodegradability, non-toxicity, eco-friendly
and availability (Liu et al. 2008). Alginate beads have been
reported to protect microbes from biotic and abiotic stresses
and improve persistence and physiological activity as well
as cell densities (Schoebitz et al. 2013).

Chitosan, a natural, safe, inexpensive, abundant, poly-
cationic, biodegradable polymer produced from chitin, has
been evaluated as a potential bioinoculant carrier (Dar et al.
2015). The porous nature of chitosan has been attributed
to support the immobilized cell growth and aid physiologi-
cal activity of microorganisms (Angelim et al. 2013). It has
been reported that the chelating nature of chitosan is helpful
for nutrient and mineral sequestration and make them avail-
able for uptake by plants (Ramirez et al. 2010). In addition,
chitosan also induces plant responses to biotic and abiotic
stresses and support the growth of beneficial microorgan-
isms (Yen and Mau 2007). In our previous report, we have
illustrated higher survival rate of chitosan-immobilized M.
oryzae CBMB20 on tomato spermosphere and enhanced
the tomato plant growth under greenhouse condition using
chitosan-immobilized M. oryzae CBMB20 (Chanratana
et al. 2018).

The objective of this study was to evaluate the chitosan-
immobilized M. oryzae CBMB20 on tomato plant growth
and its potential to alleviate salt stress in relation to produc-
tivity, nutrient uptake, antioxidant enzymes, proline content,
electrolyte leakage, chlorophyll a (Chl a), chlorophyll b (Chl
b), carotenoids, malondialdehyde, hydrogen peroxide, and
uptake of ions. We hypothesized that the chitosan formula-
tion of M. oryzae CBMB20 will not only promote the plant
growth but also improve the physiological response of plants
under to salt stress.

Materials and methods
Methylobacterium oryzae CBMB20 as inoculant
Chitosan-immobilized Methylobacterium oryzae CBMB20

was used as the inoculant in this study (Chanratana
et al. 2018). A single colony of M. oryzae CBMB20
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was inoculated in ammonium mineral salt (AMS) broth
(K,HPO, 0.7 g/L; KH,PO, 0.54 g/L; MgSO,.7H,0 1.0 g/L;
CaCl,.2H,0 0.2 g/L; FeSO,.7H,0 4.0 mg/L; ZnSO,.7H,0
100 pg/L; MnCl,.4H,0 30 ug/L; H;BO; 300 pg/L;
CoCl,.6H,0 200 pg/L; CuCl,.2H,0 10 pg/L; NiCl,.6H,0
20 pg/L; Na,Mo0O,.2H,0 60.0 pg/L; NH,Cl1 0.5 g/L) sup-
plemented with 0.5% sodium succinate and grown at 30 C
for 72 h in a rotary shaker at 180 rpm. 10 mL of bacte-
rial growth was collected by centrifugation at 10, 000g and
washed twice with sterile saline solution (0.85% NaCl). The
pellet was suspended in saline solution and the cell con-
centration was adjusted to ~8.0 log,, cfu mL™' and used
for immobilization. 5 mL of saline suspended M. oryzae
CBMB20 was mixed in 20 mL of 1.5% (w/v) chitosan solu-
tion prepared in 1% (v/v) acetic acid with tween 80 at 0.1%
(v/v) concentration. The chitosan—bacterium mixture was
incubated with shaking incubator at 150 rpm for 3 h. The
mixture was dropped into 1% (w/v) tripolyphosphate (pH
9.0) with 10 mL syringe to obtain approximately 1.50 mm
bead size and allowed to harden in the same tripolyphos-
phate solution for 3 h. Then the beads were collected and
washed three times with 0.15 M K,HPO, (pH 8.0). Finally,
the beads were drained and directly stored in 0.1% peptone
water at 4 "C until further use.

Plant inoculation and treatment

Tomato seeds (cv: Yeoreum Mujeok Heukchima; Mirae
Seed Co.) were surface sterilized by treating the seeds with
70% ethanol for 1 min followed 1% commercial bleach for
10 min and repeated washing with sterile Milli-Q water.
Seeds were sown in seedling trays and kept for 15 days in
Chungbuk National University (36.63°N and 127.45°E)
greenhouse at 25-30 °C temperature with relative humid-
ity of 50-70% and a 15-9 h day/night photoperiod. Seeds
were grown using six different treatments as follows: T1—
control; T2—aggregated M. oryzae CBMB20 (liquid form);
T3—non-aggregated M. oryzae CBMB20 (liquid form);
T4—-chitosan (blank), T5—chitosan-immobilized aggre-
gated M. oryzae CBMB20 and T6—chitosan-immobilized
non-aggregated M. oryzae CBMB20. The control seeds were
treated with sterile Milli-Q water. For bacterial inoculation,
the seeds (1 g) were imbibed with 10 mL of aggregated
and non-aggregated bacterial cells re-suspended in 0.03 M
MgSO, and 10 mL of 1% (w/v) carboxymethyl cellulose.
To prepare aggregated cells of M. oryzae CBMB20, a
single colony was inoculated in ammonium mineral salt
(AMS) broth supplemented with 0.5% sodium succinate
and grown at 30 °C for 72 h in a rotary shaker at 180 rpm.
Ten mL of bacterial growth was harvested by centrifuga-
tion at 1000g and washed twice with sterile saline solution
(0.85% NaCl). 10 mL (8.0 log,, cfu mL™") of bacterial cul-
ture was transferred to 100 mL of fresh high C/N medium

(K,HPO, 0.7 g/L; KH,PO, 0.54 g/L; MgSO,-TH,0 1.0 g/L;
CaCl,-2H,0 0.2 g/L; FeSO,-7H,0 4.0 mg/L; ZnSO,-7H,0
100 pg/L; MnCl,-4H,0 30 nug/L; H;BO; 300 pg/L;
CoCl,-6H,0 200 pg/L; CuCl,-2H,0 10 pg/L; NiCl,-6H,0
20 pg/L; Na,MoO,-2H,0 60.0 ug/L; Sodium succinate
5 g/L) incubated in shaking incubator at 180 rpm and main-
tained at 30 °C for 72 h to obtain aggregated cells. The bac-
terial cells were inoculated by keeping the level of inoculum
equivalent to~8 log CFU g~! mL™"! for all the treatments.
The second round of application of the inoculant were car-
ried out at 15 days after sowing (DAS) when the seedling
plugs were transferred to pots containing 2.5 kg of sterilized
agricultural field soil acquired from Chungbuk National Uni-
versity, Cheongju, South Korea (pH 6.1; electric conductiv-
ity (EC) 0.65 dS m™!; organic matter 1.28 g kg~! dry soil;
cation exchange capacity (CEC) 1.53 cmol (p+); total N
content 0.03%; available P,O5 31.34 mg kg~! dry soil; K
0.3 cmol kg~! dry soil; Ca®* 0.21 cmol kg~! dry soil; Mg
0.44 cmol kg~! dry soil and Na 0.11 cmol kg™! dry soil)
and allowed to acclimate for 15 days. The pots were main-
tained in greenhouse at 28 °C/22 °C day/night temperature
and relative humidity of 50-70% under natural illumination.
The plants were watered with Milli-Q water. On day 30, the
treatment plants were watered with salt at different concen-
trations (0, 50 and 100 mM NaCl). The NaCl solution was
added gradually by adding 25 mL of 25 mM NacCl to each
pot on alternate days so as to achieve the desired salt concen-
tration on day 8 for 100 mM NaCl. During this period, the
plants were supplemented with 25 mL of Hoagland’s nutri-
ent solution on alternate days. The soil water level was main-
tained below the field capacity at all times for prevention of
water leaching. The tomato plants were grown for 30 days
after NaCl amendment and then harvested for analysis.

Plant biomass analysis

Plant biomass was recorded after harvesting at 68 days. The
plant biomass was expressed in terms of dry weight for indi-
vidual plants. The plant samples were dried in 80 °C oven
for 72 h and the dry weight was recorded.

Photosynthetic pigment analysis

Photosynthetic pigments (Chl a, Chl b and carotenoid) were
determined by following the procedures mentioned in Sumanta
et al. (2014). Leaf samples (0.5 g) were homogenized in tissue
homogenizer with 80% (w/v) acetone. The samples were cen-
trifuged at 6000 X g and the supernatant was used for analysis
of pigments. Absorbance of the extracted pigments were meas-
ured using a UV—uvisible spectrophotometer (UV—1601, Shi-
madzu Corporation, Japan) at 480 nm, 510 nm, 645 nm and
663 nm. The photosynthetic pigment content was expressed as
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unit’s mg per gram-fresh weight (mg g~! FW) and calculated
using the following equations:

Chl a = [12.7(ODj43) —2.69(ODgys)
X [(final volume of filtrate 1000) x 0.5)]

Chlb = [22.9(ODg5)—4.68(0ODy;)
X [(final volume of filtrate/1000) X 0.5)]

Carotenoid = [7.6(OD,g,) — 1.49(ODs,)]
X [(final volume of filtrate/1000) x 0.5)|

Determination of proline content

The proline content was estimated as per the protocol men-
tioned in Bates et al. (1973). Leaf samples (0.5 g) were homog-
enized in 3% sulfosalicylic acid. The homogenate (2 mL) was
filtered with Whatman™ filter paper 2 (GE Healthcare Life
Sciences) and equal volume of glacial acetic acid (2 mL) and
ninhydrin (2 mL) was added to the filtrate. The mixture was
kept in 100 °C water bath for 1 h. Later, proline was separated
with 4 mL toluene and the absorbance of the chromophore
was measured at 520 nm with toluene as blank. The concen-
tration of the free proline in the solution was determined by
preparing a range of proline standards. The proline content
was expressed as unit’s ug per gram-fresh weight (ug g~' FW).

Determination of malondialdehyde content

The amount of lipid peroxidation was measured by determin-
ing the concentration of malondialdehyde (MDA) in plant
cells. The total MDA content was measured using the protocol
mentioned in Chatterjee et al. (2018) with little modifications.
Leaf samples (0.5 g) were homogenized in liquid nitrogen and
the tissue was re-suspended in 5 mL of 0.1% Trichloroacetic
acid (TCA) in ice and transferred to a centrifuge tube con-
taining 1 mL of TCA. Centrifugation was done at 6000 % g at
4 °C and the absorbance of the supernatant was recorded at
532 nm and corrected for nonspecific turbidity by subtracting
the absorbance measured at 600 nm. The formula used for
calculation of MDA content was A, subtracted from As;,
multiplied by the extinction coefficient of 155 mm~" cm™" for
MDA. The MDA content was expressed as unit’s nmol per
gram-fresh weight (nmol g~! FW).

Determination of hydrogen peroxide content

The hydrogen peroxide (H,0,) content in leaves was meas-
ured by the protocol mentioned in Zhou et al. (2006). Leaf
samples (0.5 g) were homogenized in liquid nitrogen and
re-suspended in 5 mL of 5% TCA in ice. The mixture was
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centrifuged at 6000 X g. The supernatant was adjusted to pH
8 with 17 M ammonia solution and filtered. The filtrate was
divided into two aliquots and catalase (8 ug) was added to
one of those that served as a blank and kept at room tempera-
ture for 10 min. Colorimetric reagent [10 mg 4-aminoantipy-
rine, 10 mg phenol, 5 mg peroxidase (150 U mg™!) dissolved
in 50 mL of 100 mM acetic acid buffer (pH 5.6)] was added
to both the aliquots and absorbance was measured at 390 nm
and a range of H,0, standards were used to determine the
total H,O, content in leaves.

Electrolyte leakage

Electrolyte leakage was measured using a conductivity meter
(Orion Star A210, USA) according to a protocol mentioned
in Mishra et al. (2011). Leaf samples (1 g) were cut into
small pieces with the size of 7.5 mm leaf discs and rinsed
with distilled water. The tissues were placed into tubes con-
taining 15 mL of double distilled water for 24 h at 25 °C.
The electrical conductivity of the solution was regarded as
the amount of electrolyte leakage from the tissues. The per-
centage of electrolyte leakage was calculated as the ratio
of the conductivity after 12 h and after boiling (total ionic
conductivity).

Leaf tissue extraction

Leaf tissue (0.5 g) were ground using a mortar and pes-
tle with liquid nitrogen and 0.5 g of powdered sample was
added to 10 mL of a solution containing 50 mM of potassium
phosphate buffer (pH 7) and 1% (w/v) polyvinylpyrrolidone
(pH 7.8) and kept at 4 °C for 10 min. Later, the homogenate
was filtered using filter paper followed by centrifugation at
984 x g for 15 min at 4 °C. The supernatant (enzyme extract)
was used for estimation of antioxidant enzymes.

Enzyme analysis

Catalase (CAT), superoxide dismutase (SOD) and ascorbate
peroxidase (APX) were analyzed as per the protocols men-
tioned in Chatterjee et al. (2017).

CAT activity was estimated by a hydrogen peroxide
assay which is based on the formation of its stable complex
with ammonium molybdate. The enzyme extract (0.2 mL)
was incubated in 1 mL reaction mixture containing 65 mM
hydrogen peroxide in 60 mM sodium phosphate buffer at
room temperature for 4 min. The reaction was terminated by
addition of 1 mL of 32.4 mM of ammonium molybdate and
the absorbance of the resultant yellow mixture was measured
at 405 nm.

SOD activity was estimated by mixing the enzyme extract
with 50 mM phosphate buffer (pH 7.8), 9.9 mM L-methio-
nine, 57 uM nitro-blue tetrazolium (NBT), 0.025% (w/v)
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Triton X-100 and 0.0044% (w/v) riboflavin. The SOD activ-
ity was measured at 560 nm by monitoring the decrease in
the absorbance due to the photochemical reduction of NBT.

APX activity was estimated by the oxidative conversion
of ascorbic acid to dehydroascorbate with respect to the
decrease in the absorbance. It was calculated by the means of
extinction coefficient 2.8 mM ™! cm™! at 290 nm. The reac-
tion mixture consists of potassium phosphate buffer (50 mM,
pH 7.0), ascorbic acid (0.3 mM), H,0, (0.1 mM), EDTA
(0.1 mM) and 50 pL of the enzyme extract.

Glutathione reductase (GR) activity was estimated by the
protocol mentioned in de Azevedo Neto et al. (2006) with
little modifications. The GR activity was measured as the
rate of NADPH oxidation. The enzyme extract (0.1 mL) was
mixed with 0.1 M phosphate buffer (pH 7.0), 1 mM EDTA,
10 mM glutathione, 1 mM NaNj3, 1 unit of glutathione reduc-
tase, 1.5 mM NADPH and incubated at 37 °C for 10 min.
H,0, was added to each sample to a final concentration of
1 mM. The rate of oxidation of NADPH was measured as
GR activity at 340 nm. The antioxidant enzyme activities
were expressed as their specific enzyme activities in terms
of units per minute-milligram protein (min~' mg~! protein).

Total protein estimation

Total protein content was estimated by the protocol men-
tioned in Bradford (1976). Different concentrations
(10-100 pg mL™") of bovine serum albumin (BSA) were
used as standards and the absorbance was recorded at
595 nm.

Plant nutrient accumulation

Harvested tomato plants were oven dried at 80 °C for 72 h
and the samples were blended into powder and analyzed
according to a protocol mentioned in Lee et al. (2016). For
other nutrients such as Ca**, Mg?* and K*, dried plant sam-
ples (0.5 g) were digested with the pre-digestion solution
containing perchloric acid, sulfuric acid, and distilled water
(9:1:2) and incubated at room temperature for 24 h. Later
the incubated solution was filtered (No. 6, Advantec Tokyo)
and the volume was made up to 100 mL. 10 mL solution
was analyzed using the inductively coupled plasma optical
emission spectroscopy (ICP-OES, Optima 5300DV, Perkin
Elmer, USA). Plant total nitrogen content was estimated as
per the standard protocol given by Bradstreet (1954). The
nutrient accumulation was expressed in terms of total dry
weight of individual plants (mg plant™).

Statistical analysis

All data were normalized and subjected to analysis of
variance (ANOVA). Significant differences among means
were tested with Duncan’s Multiple Range Test (DMRT) at
P <0.05 using SAS Version 9.1.3 service pack 4 (designed
by SAS Institute Inc., Cary, North Carolina, USA) for all
data in the experiments.

Results

The chitosan formulation containing immobilized aggre-
gated M. oryzae CBMB20 were tested on tomato plant
growth under salt stress. The different formulation treat-
ments were done to the seeds on the day of sowing (day 0).
During transplantation on day 15, the plugs containing the
plants and the support system were transferred to larger pots.

Plant dry weight

The total biomass of the plants determined in terms of
total dry weight showed a drastic reduction in plants grown
under salinity stress conditions irrespective of the treat-
ments (Fig. 1). The plants treated with chitosan beads (T4)
had shown an increase of 28% and 67% of plant dry weight
compared to the non-inoculated control plants at 50 mM
and 100 mM of salt stress conditions, respectively. On the
other hand, the chitosan-immobilized aggregated M. ory-
zae CBMB20 (T5) registered significantly higher dry weight
of plants grown under 50 mM and 100 mM salinity stress
conditions compared to other treatments. The chitosan-
immobilized aggregated M. oryzae CBMB20 had shown
78.02% increase in plant dry weight compared to the non-
inoculated control plants under 50 mM salt stress conditions.
Similarly, the increase was 1.5 fold compared to the control
plants under 100 mM salinity stress conditions. Among the
liquid formulations used, plants inoculated with aggregated
cells biomass resulted in 61.07% increase in total dry weight
compared to the un-inoculated control plants, whereas the
non-aggregated cells enhanced the dry weight of the plants
by 32.07% under 100 mM salt concentration.

Photosynthetic pigment analysis

The photosynthetic efficiency was measured in terms of Chl
a Chl b and carotenoid concentration. The results showed
that a gradual decline with an increase in salt concentration
(Fig. 2). However, the chlorophyll and carotenoid content
of plants inoculated with chitosan-immobilized aggre-
gated M. oryzae CBMB20 (T5) and chitosan-immobilized
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Fig. 1 Effect of treatments on
the dry weight of tomato plants 45 | oTl
under salinity stress conditions. —~
T1—control; T2—aggregated 39 40
M. oryzae CBMB20 (liquid -
form); T3—non-aggregated -En 35 r
M. oryzae CBMB20 (liquid -5 30 +
form); T4——chitosan (blank), a
T5—chitosan-immobilized 25
aggregated M. oryzae CBMB20 Z>
and T6—chitosan-immobilized a 20
non-aggregated M. oryzae - 15 |
CBMB20 =
S 10
=9

B5T6

non-aggregated M. oryzae CBMB20 (T6) were significantly
higher than plants inoculated with liquid formulation and
control plants under normal conditions. However, the T5
treatment had shown significantly higher pigment contents
compared to the other treatments under 50 mM and 150 mM
salt stress conditions.

Proline accumulation and electrolyte leakage

The proline content of tomato leaves were measured and
elevated level of proline was observed upon NaCl amend-
ment irrespective of any inoculation. However, TS5 and T6
treatments registered significantly higher proline content
(89.8% and 78.21%) compared to control plants stressed
with 50 mM and 100 mM salt (Fig. 3a). The damage on
leaves was measured in terms of electrolyte leakage. The
electrolyte leakage had increased among all treatments
under salinity stress conditions. The treatments T5 and T6
had significantly lower amount of damage in terms of elec-
trolyte leakage under 50 mM and 100 mM NaCl amendment
(Fig. 3b). In addition, T5 showed 20% decrease in damage
compared to the control plants in 100 mM NaCl amend-
ment plants. The damage measured in terms of electrolyte
leakage showed that the inoculation of both liquid and chi-
tosan-immobilized bacteria significantly improved the salt
tolerance of the tomato plants (Fig. 3b). The tomato plants
stressed with 100 mM salt produced more electrolyte leak-
age than 50 mM and plants receiving only Milli-Q water.
Among the treatments, the maximum leakage values were
recorded in control plants (T1) followed by chitosan alone
(T4), non-aggregated cells (T3), chitosan-immobilized non-
aggregated cells (T6), aggregated cells (T2) and chitosan-
immobilized aggregated cells (T5) inoculated plants when
stressed with 100 mM salt.
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Salt Concentration (mM)

MDA and H,0, content

Both MDA and H,0, contents serve as an indicator to deter-
mine the redox status of the plant. The MDA content of
tomato leaves increased with an increase in NaCl concentra-
tion in all the treatments. However, the inoculation of both
liquid and chitosan-immobilized bacterial cells registered
lesser MDA content showing their impact against salt stress.
However, the TS5 treatment registered significantly lower
MDA content than other treatments (Fig. 4a). The MDA
content in TS was 32 nmol g~! of fresh weight (FW) com-
pared to 80 nmol g~ of FW for control plants. The amount
of oxidative stress was determined in terms of H,O, content.
While the H,0, content increased in all the plants under
salt stress, it was higher in the control plants with salt stress
followed by T4, T3, T2, TS, T6 (Fig. 4b). The significantly
lower H,0, content of 5.7 umol g~! FW was observed in
T5 treatment.

Antioxidant enzymes

The oxidative stress ameliorating response was determined
by estimating the activity of various enzymes such as SOD,
CAT, GR and APX in plants. The activity of these enzymes
increased across the salt stress conditions, irrespective of the
treatment applied on plants (Fig. 5). The plants treated with
chitosan beads had shown an increase of 56% increase in
SOD activity at 100 mM of salt stress conditions. Whereas,
a onefold increase in GR activity was observed when plants
were treated with chitosan beads at 100 mM of salt stress
conditions. On the other hand, the chitosan-immobilized
aggregated M. oryzae CBMB20 formulation recorded the
maximum activity among other treatments. The increase in
SOD activity was double the amount compared to the control
plants under 50 mM salt stress condition (Fig. 5a). Similarly,
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Fig.2 Effect of treatments on
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the increase of 2.2 fold was recorded when chitosan-immo-
bilized aggregated M. oryzae CBMB20 inoculated plants
were subjected to 100 mM of salt stress condition. Similarly,
glutathione reductase activity was maximum when plants
were inoculated with chitosan-immobilized aggregated M.
oryzae CBMB20 (Fig. 5b). The maximum catalase activity
of 0.074 min~' mg™"! protein and 0.104 min~' mg™! protein
was recorded for chitosan-immobilized aggregated M. ory-
zae CBMB20 inoculated plants at 50 mM and 100 mM of
salt stress condition (Fig. 5¢). Ascorbate peroxidase activity

0 50

Salt Concentration (mM)

was maximum when plants were inoculated with chitosan-
immobilized aggregated M. oryzae CBMB20 (Fig. 5d).

Nutrient accumulation

The uptake of nitrogen, phosphorus, potassium and other
micronutrients like Ca**, Mg®*, and Na* were found sig-
nificantly increased in the tomato plants inoculated with
chitosan-immobilized aggregated and non-aggregated M.
oryzae CBMB20 under salt stress conditions (Table 1). At
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the same time, increase in nutrient uptake was observed
up on microbial treatment compared to control at 0 mM
NaCl treated plants (Table 1). Increased Na*t uptake was
observed in all the plants stressed with NaCl. In general,
plants under increasing NaCl concentration in the soil
showed that the uptake of Na* was inversely proportional
to the uptake of K. However, inoculation with aggregated
M. oryzae CBMB20 decreased the Na*/K* ratio (Table 1).
Chitosan-immobilized aggregated M. oryzae CBMB20
significantly improved nutrient accumulation compared
to all other treatments (Table 1). The nitrogen uptake was
improved by 70.2% and 142.57% by T5 compared to control
plants under 50 mM and 100 mM of salt stress condition,
respectively. Similarly, the phosphorus uptake was improved
by 180.29% and 211. 6%; calcium uptake was improved by
145.65% and 429.3%; magnesium uptake was improved
by 203.9% and 317.16% by T5 treatment compared to the
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50
Salt Concentration (mM)

control plants under 50 mM and 100 mM of salt stress condi-
tions, respectively.

Discussion

Plant growth and productivity in saline soils are sever-
ally affected by salt stress induced ion toxicity and oxida-
tive damage (Ilangumaran and Smith 2017). Plant growth
promoting bacteria (PGPB) or chemical substances are
widely used for mitigating various biotic and abiotic stress
in plants (Ilangumaran and Smith 2017). PGPB protect
plants against the inhibitory effects of ethylene-produc-
ing stresses that include drought, flooding, temperature
extremes, high salt, metal and organic contaminants, insect
and nematode predation, and both fungal and bacterial
phytopathogens (Joe et al. 2016). ACCD produced by
PGPB stimulates plant growth by decreasing the ethylene
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Fig.4 Effect of treatments on A
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levels thereby relieving some of the growth inhibition that
increased ethylene causes (Glick 2012). In addition, IAA
produced by bacteria enhances plant lateral root and root
hair formation thereby enhancing wide range of environ-
mental stress tolerance (Ramadoss et al. 2013; Duca et al.
2014; Singh and Jha 2016). In this study, we have inocu-
lated both liquid and chitosan-immobilized aggregated and
non-aggregated M. oryzae CBMB20 to tomato plants and
demonstrated the effectiveness of chitosan-immobilized
aggregated cells over non-aggregated cells in inducing salt
tolerance and tomato plant under salt stress. M. oryzae
CBMB20 is known for higher ACCD activity (600 pmol
a-ketobutyrate mg~! protein h™!) and IAA production
(3.7 ng mL~!) under salt stress conditions (Chanratana
et al. 2017) and enhanced plant growth promotion, when
applied in the form of chitosan and alginate immobilized
M. oryzae CBMB20 formulations (Chanratana et al. 2018).

Salt stress is linked to oxidative stress with respect to
overproduction of ROS (OH™, O,~, H,0,), detrimental for
plant’s survival (Patel and Saraf 2013). In this study, chi-
tosan-immobilized aggregated M. oryzae CBMB20 induced
defense mechanism against ROS by significantly promot-
ing higher antioxidants in tomato plants resulting in higher

0 50

b

=3

Salt Concentration (mM)

plant biomass. Malondialdehyde (MDA) content is directly
correlated with the oxidative damage of the cell membrane
in plant (Arbona et al. 2008). In addition, the plants treated
with chitosan beads (T4 treatment) had shown higher plant
dry weight and antioxidant activity compared to the non-
inoculated control plants at 50 mM and 100 mM of salt
stress conditions. Abdel-Mawgoud et al. (2010) had reported
that the enhancement of strawberry plant growth after chi-
tosan solution treatment under field conditions. A similar
study had also shown the increase in germination percent-
age, plant growth and antioxidant enzymes after treating saf-
flower and sunflower plants with chitosan under salt stress
conditions (Jabeen and Ahmad 2013). In the present study,
tomato plants under salt stress conditions showed lower lev-
els of MDA content when inoculated with aggregated M.
oryzae CBMB20 entrapped in chitosan. Lower MDA con-
centrations have been reported to represent less membrane
damage or increased salt tolerance of the plants (Jha and
Subramanian 2014). Accumulation of ROS results in acti-
vation of SOD activity, which leads to synthesis of H,0,, a
toxic signal molecule for oxidative stress (Miller et al. 2010).
Proline is an osmolyte which accumulates in plant during
salt stress condition to protect the cells from osmotic stress.
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Fig.5 Antioxidant enzyme activities a superoxide dismutase, b glu-
tathione reductase, ¢ catalase, d ascorbate peroxidase of tomato
plants after application of treatments under salt stress conditions.
T1—control; T2—aggregated M. oryzae CBMB20 (liquid form);
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Table 1 Effect of chitosan-immobilized M. oryzae CBM20 on the nutrient uptake of tomato under salt stress
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T3—non-aggregated M. oryzae CBMB20 (liquid form); T4—chi-
tosan (blank), T5—chitosan-immobilized aggregated M. oryzae
CBMB20 and T6—chitosan-immobilized non-aggregated M. oryzae
CBMB20

Salt concentration  Treatments  Total N P~ Ca** Mgt K* Na* Nat/K*+
mg plant™!

0 mM Tl 4625+13.1° 1164+0.8¢ 1801.7+33.4% 403.4+2.1¢ 768.5+15.2° 192.6+3.3° 0.25
T2 674.8+59°  152.1+10.7° 2543.0+92.9°  596.2+9.7° 962.7+11.0° 193.6+4.8° 0.20
T3 5952+6.8°  1503+4.7° 22533+167.0° 536.0+17.9° 938.6+24.5" 175.4+4.8°  0.19
T4 5242464%  1564+5.8°  2068.5+18.7° 4103+4.8¢ 8152455 212.6+2.7% 0.26
T5 783.7+2.8°  2585+7.1*  3171.8+147.9*° 696.6+44.3 1164.7+52.7* 184.9+84™  0.16
T6 697.3+5.6°  189.7+12.6° 275154539  682.1+14.7*° 1115.5+21.0* 227.1+5.0° 0.20

50 mM T1 453.7+9.8" 61.9+6.6¢ 907.3+104.5%9 1743+13.0° 337.9+9.8° 582.9+489* 1.73
T2 600.3+1.8°  108.5+1.1° 1826.1+38.6" 413.8+14.6° 578.7+1.8° 5259+28% 091
T3 540.0+6.44 97.7+53%  15702+74.5°  348.1+14.0° 5345+6.5° 5632+18.0° 1.05
T4 491.3+5.5° 7724549 1371.7+46.7°  2855+134% 44174559 58274255 1.32
T5 771.1+57% 173.5+£63%  2228.8+73.4%  529.7+21.0° 844.9+57° 485.1+21.7° 0.57
T6 653.6+2.9°  127.5+42" 19353+26.8> 4258+3.2° 682.1+2.9° 530.7+89® 0.78

100 mM Tl 256.7+4.1° 31.9+1.6° 334.1+33.9f 97.3+7.4° 161.7+4.1F  762.7+41.8 472
T2 367.9+4.6° 58242.4°  11244+184°  2295+1.5° 364.9+4.6° 6623+19.2° 1.82
T3 269.8 +1.4° 49.6+3.7¢ 839.6+25.5°  165.4+2.9¢ 260.7+1.4°  701.4+13.1" 2.69
T4 329.7 +6.3¢ 34.6+1.4°  1019.1+49.9%  171.1+3.6¢ 293.6+63% 72554209 247
T5 622.7+8.8° 99.4+3.8"  1768.3+7.9% 405.9+5.1° 6574+88" 5739+54% 087
T6 509.9+0.4° 743+22° 14442 +6.8" 306.1+3.9° 550.1+0.4> 603.3+57° 1.10

T1—control, T2—aggregated M. oryzae CBMB20 (liquid form), T3—non-aggregated M. oryzae CBMB20 (liquid form), T4—chitosan (blank),
T5—chitosan-immobilized aggregated M. oryzae CBMB20 and T6—chitosan-immobilized non-aggregated M. oryzae CBMB20. Each value
represents mean = S.E (standard error) of three replications, letters show differences between treatments according to DMRT test (P <0.05)
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Osmolytes contributes in preventing cell membrane disrup-
tion and increase membrane stability under salt stress condi-
tion. It is reported that proline enhances plant salt/osmotic
stress tolerance, by not only adjusting the osmotic pressure
but also involving in stabilizing many proteins, enzymes and
cell membrane (Ramadoss et al. 2013). Enhanced proline
concentration was observed in tomato leaves inoculated with
PGPB (Mohamed and Gomaa 2012). In the present study,
inoculation with chitosan-immobilized aggregated M. ory-
zae CBMB20 triggered a significant accumulation of proline
in tomato under increasing salt concentration compared to
the un-inoculated control. This could be due to upregula-
tion of proline biosynthesis pathway to keep proline in high
levels, which helps in maintaining cell water status, pro-
tects membranes and proteins from stress. In other causes
increased accumulation of Ca?* ions also increase plant
proline content, which leads to higher water potential gradi-
ent thereby enhance water uptake under salt stress condition
(Misra and Gupta 2006).

Antioxidant enzymes play a major role in reducing
reactive oxygen species content in plants which produced
under stress condition. Previously, many reports showed
the importance of antioxidant enzymes in enhancing plant
growth under salt stress condition (Patel and Saraf 2013; Jha
and Subramanian 2014). Accumulation of H,O, triggers the
CAT (catalase), APX (ascorbate peroxidase) and POD (per-
oxidase) activities to reduce its concentration by convert-
ing into oxygen and water (Heidari and Golpayegani 2012).
This may be the energy efficient mechanisms of removing
hydrogen peroxide (Patel and Saraf 2013). In agreement
with earlier reports (Heidari and Golpayegani 2012), the
present study showed that the inoculation with chitosan-
immobilized aggregated M. oryzae CBMB20 increased the
production of antioxidant enzymes such as SOD, CAT, APX
and GR.

Leaf chlorophyll concentration is an important indica-
tor of salt tolerance and responses to increasing salinity
(Percival 2005). Inoculation of PGPB has been reported to
increase the chlorophyll content in different plants includ-
ing tomato plants compared to control. It was proven that
inoculation of ACCD containing bacteria significantly sup-
press ethylene synthesis so that the chlorophyll decay was
decreased and stop leaf senescence due to increased ethyl-
ene levels (Arshad et al. 2008). Numerous others have also
reported increased chlorophyll content in plants inoculated
with PGPB (Mohamed and Gomaa 2012; Patel and Saraf
2013).The increase in chlorophyll content and reduced
membrane damage by bacterial inoculation can also lead
to increase the concentration of ascorbic acid in plant cells
(Nadeem et al. 2007).

In salt stress condition, nutrient imbalance occurs in
plants due to the higher accumulation of Na* and CI~ in
plants (Mohamed and Gomaa 2012). Earlier studies showed

that inoculation of bacteria enhances the uptake of N, P,
K, Ca®* and Mg?* and maintain nutrient balance in plant
cells (Singh and Jha 2016). In line with this, the present
study results exhibited inoculation of chitosan-immobilized
aggregated M. oryzae CBMB20 increased the accumula-
tion of N, P, K¥, Ca** and Mg?*, and on the other hand the
accumulation of Na* in plant cell was reduced compared to
control plants.

Conclusions

The present study demonstrated that the inoculation of
chitosan-immobilized aggregated M. oryzae CBMB20
increased the resistance of tomato plants under elevated salt
concentrations. The immobilized bacterium induced the pro-
duction of proline and antioxidant enzymes, which resulted
in decrease in oxidative stress on tomato plants measured
in terms of H,O, and MDA content. On the other hand,
the chitosan-immobilized M. oryzae CBMB20 inoculation
reduced electrolyte leakage and enhanced biomass and nutri-
ent uptake of the plants under salt stress. The bacterium
applied as liquid formulation with aggregated cells also
increased all the parameters compared to control. In addi-
tion, the plants treated with chitosan beads had resulted in
increase in plant dry weight and antioxidant enzyme activi-
ties especially the activities of SOD and GR enzymes. The
use of chitosan to immobilize bacteria explains the synergis-
tic effect of both chitosan and the bacterium for promoting
the plant growth under salt stressed conditions. Based on
the results obtained in this study it could be concluded that
the chitosan formulation of M. oryzae CBMB20 can be used
as inoculant for obtaining better salt tolerance without any
requirement for genetic manipulation of the target plants.
Therefore, the chitosan-immobilized PGPB may be used as
an effective formulation which can be scaled up for enhanc-
ing plant growth under salt stress condition.
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