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Abstract

Salinization of agricultural lands, particularly rice paddies, results in the drastic decline of crop yields. Soil salinization
impacts the plant physiology by inducing salt stress which may leads to osmotic stress, ionic stress and water-related
nutrient imbalance. These imbalances necessitate the need for plants to produce osmolytes including proline and
glycine betaine. This study aimed to elucidate the dynamic changes in proline and glycine betaine accumulation
modulated by the inoculation of Brevibacterium linens RS16 in salt-sensitive and moderately salt-tolerant rice plants
under salt stress conditions. This study showed the interaction of four major factors including rice genotypes with
differing tolerance to salt stress, length of exposure to salt stress, level of salt stress and effects of inoculation. Salt
stress resulted in significant reduction in plant growth parameters with the salt-sensitive rice genotype (IR29) having
a more significant growth reduction. Both the salt-sensitive and salt-tolerant rice genotypes increased in total proline
and glycine betaine accumulation at 3 days and 10 days after subjecting under 50 mM and 150 mM salt stress condi-
tions. A significant increase in proline and glycine betaine was observed in the salt-sensitive genotype after 10 days
under 50 mM and 150 mM salt stress conditions. Inoculation of the rice genotypes with B. linens RS16 resulted in the
improvement of plant growth parameters in both rice genotypes, and total proline and glycine betaine accumula-
tion, especially in IR29. This study showed that proline and glycine betaine are compatible osmolytes of rice under
salt stress, and that inoculation of rice genotypes with B. linens RS16 mediated salt tolerance through improvement of
plant growth parameters and proline and glycine betaine accumulation in rice plants.
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Introduction

Soil salinization has been affecting agriculture at a
greater rate in the recent years. The rise in sea level due to
global climate change and the extensive use of chemical
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fertilizers are the major driving forces of salinization of
lands [1]. It has been estimated that around 45 million
ha of agricultural lands is affected by salinity [2], an esti-
mated global crop production loss of US$ 27.3 billion [3].
The high concentration of Na™ and Cl~ in soil has a det-
rimental effect on plant physiology, as it restricts nutrient
uptake by plants [4]. The higher uptake of Na™ by plants
causes K deficiency, disruption in ion homeostasis and
dehydration of plant cells [5]. These lead to the reduction
in total biomass of plants and eventually in marketable
yield.
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Plants produce a wide range of low molecular weight
compounds which protect cellular damage against ele-
vated concentration of reactive oxygen species (ROS) [6].
They are also known to play an important role in main-
taining the osmotic balance in plants under salt stress [7].
Proline and glycine betaine are two such compatible sol-
utes which belong to the class of amino acid and quater-
nary ammonium compound (QAC) respectively and play
important roles in the maintenance of osmotic balance
and alleviation of oxidative stress [8]. Proline accumula-
tion is generally observed in the cytosolic compartment
of the plant cells and it plays a significant role in stabili-
zation of cellular membranes, balancing cytosolic acidity,
decreasing lipid peroxidation and protection of cellular
structures by scavenging ROS [9]. On the other hand,
glycine betaine accumulation in plant cells is mostly con-
fined to the sub-cellular compartments like plastids [10].
Glycine betaine also plays a wide range of roles such as
sub-cellular membrane stabilization, scavenging of ROS
and stabilization of the photosynthetic machinery [11].

The use of bacterial inoculation on plants for stress alle-
viation and plant growth promotion has been regarded as
an economically feasible and sustainable approach for salt
stress amelioration [12]. Plant growth promoting bacte-
ria (PGPB) can enhance plant growth and alleviate salt
stress by increasing total plant biomass [13] by enhanc-
ing nutrient uptake [14], upregulating ROS scavenging
enzymes [15], reducing stress ethylene levels by 1-ami-
nocyclopropane-1-carboxylate (ACC) deaminase activ-
ity [16], fixing atmospheric nitrogen [17] and colonizing
root architecture [18]. Brevibacterium linens RS16, which
was isolated from the coastal regions of South Korea [19],
is known to be a potential PGPB [14]. It has been shown
that [14], the inoculation of B. linens RS16 reduced stress
ethylene levels in red pepper seedlings under salt stress
conditions. Similarly, the inoculation of B. linens RS16 on
rice cultivars regulated the stress volatile compound lev-
els under salt stress conditions [20].

Rice (Oryza sativa L.) is regarded as one of the major
food crops across the world and is cultivated from warm
temperate to tropical regions. Rice plants are gener-
ally susceptible to salt stress, which leads to reduction
in growth, grain yield and development [21]. In this
study, we hypothesized that salt stress would affect the
growth and development of the salt-sensitive rice geno-
type (IR29) more adversely compared to the moderately
salt-tolerant cultivar (FL478) due to inherent genotypic
differences. The better tolerance of the moderately salt-
tolerant cultivar (FL478) will be due to the higher accu-
mulation of proline and glycine betaine compared to the
salt-sensitive cultivar (IR29). However, the inoculation
of Brevibacterium linens RS16 will alleviate salt stress
effects and enhance plant growth of both the genotype,
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but the increase in growth and development of the salt-
sensitive genotype (IR29) will be more profound com-
pared to the moderately salt-tolerant genotype. The
increase in growth of plants will be due to the higher
accumulation of proline and glycine betaine after bacte-
rial inoculation. Specifically, this study was conducted
to: (i) evaluate the variation in growth parameters of the
salt-sensitive genotype (IR29) and the moderately salt-
tolerant genotype (FL478) under salt stress conditions,
(ii) assess the time dependent changes in proline and gly-
cine betaine accumulation and enhancement of growth
parameters in both the genotypes after inoculation of B.
linens RS16 under salt stress, and (iii) investigate the cor-
relation between plant biomass and total accumulation of
proline and glycine betaine under salt stress and B. linens
RS16 inoculation between the salt-sensitive (IR29) and
the moderately salt-tolerant (FL478) genotypes.

Materials and methods

Plant materials and growth conditions

Two rice cultivars, namely; IR29, which is salt-sensitive
and FL478, moderately salt-tolerant were used. The
rice cultivars were developed at the International Rice
Research Institute (IRRI, Philippines), and seeds are
maintained at the Rural Development Administration
(RDA), South Korea. The seeds were surface-sterilized
with 1% (v/v) sodium hypochlorite for 20 min fol-
lowed by washing with de-ionized water as previously
described [22]. Prior to rehydration for 1 h at room
temperature in 100 mL autoclaved de-ionized water,
the seeds were rinsed 5-8 times with sterile distilled
water [22]. To check for the efficiency of seed steriliza-
tion, 100 pL of the final rinse was plated onto nutrient
agar plates. The surface sterilized seeds were bacterized
for 4 h with B. linens RS16, which were harvested at
late log phase using the method as previously described
[23]. Briefly, B. linens RS16 was grown in Nutrient Broth
(NB) media (Merck KGaA, 64271 Darmstadt Germany)
at 30 °C for 24 h at 150 rpm. The grown inoculum was
harvested at 8000 rpm for 10 min at 4 °C, and the cell
pellets were washed 3 times and re-suspended in 0.03 M
MgSO, to obtain an optical density of 0.8 at 600 nm (cell
count~ 1.0 x 108 CFU mL™}). The un-inoculated control
seeds were soaked in sterile 0.03 M MgSO,. An equal
amount of surface sterilized seeds (max.~ 30 seeds per
petri dish) was placed on Petri dishes containing two lay-
ers of filter papers that were moistened with de-ionized
water. The seeds placed in Petri dishes were then incu-
bated at 28 °C with 24 h dark condition for 3—4 days to
facilitate germination. Following germination, seedlings
were transferred to plastic pots (9 cmx9 ¢cm X9 cm)
containing 175 g of nursery soil (Doobaena: coco peat
23%, peat moss 9%, vermiculite 30%, sandy loam 15%,
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diatomite 17.5%, bottom ash 5%, fertilizer 0.48%, wetting
agent 0.02%). The plants were watered below water hold-
ing capacity. The bacterized and non-bacterized seed-
lings were transferred to the greenhouse, and grown in a
controlled environment at 25-30 °C with 60—70% relative
humidity and a 15-9 h day/night period [24].

This study used six treatments (0 mM NaCl, 0 mM
NaCl+RS16, 50 mM NaCl, 50 mM NaCl+RS16,
150 mM NaCl, 150 mM NaCl + RS16), two time points (3
and 10 days after salt stress imposition), four individual
plants for each replicate (for each time point, treatment
and cultivar), three replications and two different rice
cultivars. A total of 288 individual plants were used in
this study.

Bacterial inoculation

Bacterial inoculations were carried out at 7 and 14 days
after transplanting the rice seedlings. B linens RS16 was
allowed to grow in NB media until OD, reached 0.8. The
grown culture was centrifuged at 8000 rpm for 10 min
at 4 °C, and cell pellets were re-suspended in 0.03 M
MgSO,. The absorbance was adjusted to an optical den-
sity of 0.8 at 600 nm (cell count~1.0 x 108 CFU mL™}).
Ten mL (10 mL) bacterial suspension was applied near
the root zone [25]. The un-inoculated control plants
were treated with only 0.03 M MgSO, at the time of
inoculation.

Salt stress treatment

Salt stress was applied at two different levels, 50 mM
NaCl and 150 mM NaCl. Briefly, 21 day old rice seedlings
were treated with 10 mL of 50 mM NaCl and 150 mM
NaCl near the root zone and the salt treatment was
applied at once [26]. Plants were harvested after 3 and
10 days of salt stress imposition. The un-inoculated and
bacteria inoculated plants were watered below water
holding capacity throughout the treatment period.

Determination of plant growth parameters

Plant growth parameters were analyzed in terms of shoot
length, root length, total length, total fresh weight and
plant dry weight at 3 and 10 days after salt treatment.
Sample plants were harvested at 3 and 10 days after salt
imposition. Roots were washed carefully in running
water to remove soil and dried them using blotting paper
and subsequently the shoot and root lengths were meas-
ured. The plant dry weight was determined by drying the
shoot and the root of individual plants in hot air oven at
70 °C for 72 h [27].

Determination of proline concentration
The proline concentration in shoots and roots of both rice
cultivars was measured as previously described [28]. Four
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plants were taken and made into a composite sample for
each treatment to measure the proline concentration.
Plant tissues (0.5 g) were taken from the composite sam-
ple and homogenized in 10 mL of 3% sulfosalycylic acid
using mortar and pestle. The samples were then taken in
40 mL centrifuge tubes and centrifuged at 9000 rpm for
10 min at 4 °C. For colorimetric determinations, 2 mL
of supernatant was taken and mixed with ninhydrin and
glacial acetic acid with a ratio of 1:1:1. The mixtures were
incubated at 100 °C for 1 h followed by cooling in an ice
bath. The chromophore was extracted using 4 mL of tolu-
ene and its absorbance at 520 nm was determined by a
spectrophotometer (NEO-D3117 UV-VIS). The concen-
tration of free proline in the solution was determined by
preparing a range of proline standards.

Determination of glycine betaine concentration

The glycine betaine (GB) concentration in shoots and
roots of both cultivars was measured according to the
protocol as previously described [29]. Briefly, dried and
finely ground plant materials (0.5 g) was mechanically
shaken with 20 mL of de-ionized water for 24 h at 25 °C.
The samples were then filtered, and the filtrates were
diluted (1:1) with 2 N H,SO,. Aliquots (0.5 mL) of the fil-
trate were taken into centrifuge tubes, and cooled in ice
water for 1 h. Cold KI-I, (0.2 mL) was added and then the
mixture were gently stirred. The tubes were stored at 4 °C
for 16 h and then centrifuged at 10,000 rpm for 15 min at
0 °C. The supernatant was carefully aspirated with a fine
tipped glass tube. The per-iodide crystals were dissolved
in 9.0 mL of 1, 2-dichloroethane and mixed vigorously.
After 2 h, the absorbance was measured at 365 nm using
a spectrophotometer (NEO-D3117 UV-VIS). Reference
standards of glycine betaine (50-200 pg/mL) were pre-
pared in 1 N H,SO,.

Data analysis

Generalized linear model (GLM) based on maximum
likelihood model fitting was used to analyze the statisti-
cal impact of four-way ANONA and three-way ANOVA
for main and interactive effects of cultivars, salt, bacte-
ria, and time on growth parameters, proline and gly-
cine betaine concentrations. The significant differences
between the means and correlation coefficients were
determined by Tukey’s test at p<0.05, 0.01 and 0.001
using SAS package, Version 9.4.

Results

ANOVA results for the effects of salt stress and B. linens
RS16 inoculation on growth parameters of salt-sensitive
and salt-tolerant rice cultivars

The results of the three-way factorial ANOVAs for
the salt-sensitive cultivar (IR29) and the moderately
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salt-tolerant cultivar (FL478) displaying the effects of dif-
ferent main factors: time (days after salt stress imposi-
tion), B. linens RS16 inoculation and salt stress, as well
as the interactions of these factors on the growth param-
eters and the accumulation of proline and glycine betaine
are presented in Tables 1 and 2. For IR29, the effects of
the main factors: time, bacterial inoculation and salt
stress treatments, were all significant on all the growth
parameters considered in the study. Except for salt stress
effect, other factors had a significant effect on total pro-
line accumulation in IR29 while all the main factors had
a significant effect on total glycine betaine accumulation.
The interactive effect of time and bacteria (Time x Bacte-
ria) had a significant effect on the shoot length, total DW,
total proline and glycine betaine accumulation. The inter-
active effect of time and salt (Time x Salt) on the shoot
length and total proline accumulation were significant.
The interactive effect of bacteria and salt (Bacteria x Salt)
had only a significant effect on total glycine betaine accu-
mulation in IR29 (Table 1). In the case of the moderately
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salt-tolerant cultivar, FL478, the effects of the main fac-
tors were significant except for the effect of time on the
root length and the effects of bacterial inoculation on
root length and shoot length, Bacteria and salt had no
significant effect on total proline accumulation and salt
had no significant effect on total glycine betaine accumu-
lation. Interaction effects between time and bacteria were
significant for total dry weight and time and salt for the
shoot length, total length and total glycine betaine accu-
mulation in FL478 (Table 2).

Effects of salt stress and inoculation of B. linens RS16

on growth parameters in rice cultivars

Plant growth is generally constrained under increasing
levels of soil salinity. Rice cultivars with differing toler-
ance to salinity stress may also behave differently under
salt stress conditions. The inoculation effects of B. linens
RS16 on the salt-sensitive cultivar (IR29) and the mod-
erately salt-tolerant cultivar (FL478) grown under 50 mM
and 150 mM of salt stress were studied in terms of its

Table 1 Results of the three-way ANOVA using the general linear model (glm) for comparing three factors of experiments in the salt-

sensitive cultivar (IR29)

Cultivars Source of variation DF Root Shoot Total Total DW (mg) Total proline Total GB
length length length accumulation (ug/ accumulation
(cm) (cm) (cm) plant) (ng/plant)
IR29 Time 1 * *xx *xx e e *xx
Bacteria 1 *x *xx > *xx *xx >
Salt P *xx *xx *xx *xx NS *xx
Time x bacteria 1 NS ** NS Fex Fex **
Time x salt 2 NS e NS NS o NS
Bacteria x salt 2 NS NS NS NS NS *
Time x bacteriax salt 2 NS NS NS NS NS NS

NS Non-significant
"#%p<0.001, **p<0.01,*p<0.05

Table 2 Results of the three-way ANOVA using the general linear model (glm) for comparing three factors of experiments in the

moderately salt-tolerant cultivar (FL478)

Cultivars Source of variation DF Root Shoot Total Total DW (mg) Total proline Total GB
length length length accumulation (pg/ accumulation
(cm) (cm) (cm) plant) (ng/plant)
FL478 Time 1 NS P P . . P
Bacteria 1 NS NS ** ** NS NS
Salt P %% e P . NS P
Time x bacteria 1 NS NS NS * NS NS
Time x salt 2 NS * ** NS NS **
Bacteria x salt 2 NS NS NS NS NS NS
Time x bacteria x salt 2 NS NS NS NS NS NS

NS Non-significant
"#%p<0.001, **p<0.01, *p<0.05
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ability to enhance various plant growth parameters. The
salt mitigating efficacy of the inoculant was assessed by
recording the percent increase in plant growth param-
eters at 3 and 10 days after imposing salt stress.

The root length of the salt-sensitive cultivar (IR29) had
decreased under 50 mM and 150 mM of salt stress com-
pared to 0 mM at 3 and 10 days after salt stress imposi-
tion. The inoculation of B. linens RS16 had significantly
increased the root length of IR29 by 28% under 50 mM
salt 3 days after stress imposition. However, the inocu-
lation of B. linens RS16 on plants exposed to higher salt
stress of 150 mM did not have any significant effect on
the growth parameters. Similarly, the inoculation of B.
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linens RS16 had no significant effect on the root length of
IR29 exposed to salt stress for 10 days (Table 3). For the
moderately salt-tolerant rice cultivar, FL478, there was no
significant differences in the root length under salt stress
conditions and B. linens RS16 inoculation (Table 4).

The shoot length of IR29 significantly decreased after
imposing 50 mM and 150 mM of salt stress at 3 and
10 days compared to control (Additional file 1: Table S1).
Inoculation of B. linens RS16 increased the shoot length
significantly in both non-stressed and salt stressed IR29
plants. B. linens RS16 inoculation of 3 days salt stressed
plants, showed significant increase in shoot length
by 13% at 50 mM salt stress concentration. Similarly,

Table 3 Effects of inoculation by B. linens RS16 on growth parameters of the salt-sensitive cultivar (IR29)

Variety Day aftersalt Inoculation Salt Root length (cm) Shootlength (cm) Total length (cm) Plant dry weight (mg)
treatment concentration
(mM)
IR29 3 day Mock 136240.86° 281640717 41784102° 85614281°
RS16 175541352 29.17 +£0.09° 46724128 112.3747.02°
Mock 50 13.0341.15° 243840.19° 374141.14° 76144659
RS16 50 16.68£0.27° 27.5040.89° 4418+082° 90.5846.79°
Mock 150 112340197 165841422 27.82 41412 48214493°
RS16 150 12404078 18.86£0.332 31264083 59984 4.13°
10 day Mock 0 16.73£1.10° 30.8540.67° 475841772 108.2440.73°
RS16 0 195242272 35.8040.88° 55324282 144.2840.142
Mock 50 14614175 25354037° 39.9641.94° 8027 +£1.06°
RS16 50 16.94+£1.08° 31.7040.972 48644014 134.344 068
Mock 150 1267 4+1.00° 2145+£0.14° 34124091° 55.08 £ 3.09°
RS16 150 127840307 270841.197 39.86+1.13° 924044112

For each number in a column, values (mean =+ SE, number of replications = 3) represented by the same lower-case letters are not significantly different at p <0.05

Table 4 Effects of inoculation by B. linens RS16 on growth parameters of the moderately salt-tolerant cultivar (FI478)

Variety Day after salt Inoculation Salt Root length (cm) Shootlength (cm) Total length (cm) Total dry weight (mg)
treatment concentration
(mM)
FL478 3 day Mock 0 14.77 £0.83° 30.48+0.29° 4524 £1.12° 125.06 £ 1.45%
RS16 0 15.5641.92° 31.294:0.29° 46.8542.09° 132.7047.05%
Mock 50 16.53+0.27¢ 28.98+0.84° 4551+£1.04° 107.03£6.23%
RS16 50 17.224£1.25° 29.4340.36° 46.65+1.35° 115.5343.39°
Mock 150 12.5941.22° 233841637 3597 4042° 67.78 +8.05°
RS16 150 14.24+0.58° 24.8541.03% 39.094+0.49° 73.884+249°
10 day Mock 0 16.314£0.35° 38.374+1.01° 54.6840.74° 160.06 £ 5.83°
RS16 0 17.54+£0.99° 38.83+0.84° 56.38+0.28° 178.86+0.82°
Mock 50 16.104£0.95° 36.8441.27° 52.944178° 1450549.17°
RS16 50 16.18+0.15° 3843+0.55° 54.62 +0.69° 166.60 % 5.66
Mock 150 15.144+0.78° 34.5841.05% 49.734+043° 101.11 £ 1.48°
RS16 150 15.234+0.53° 36.38 +£1.03° 51.60+1.45° 121.1243.02°

For each number in a column, values (mean =+ SE, number of replications = 3) represented by the same lower-case letters are not significantly different at p <0.05
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bacterial inoculation resulted in significant increases of
25% and 26% in shoot length of plants stressed at 50 mM
and 150 mM for 10 days, respectively (Table 3). However,
the inoculation of B. linens RS16 on FL478 had no sig-
nificant effect on shoot length at 50 mM and 150 mM salt
stress (Table 4).

The total length of IR29) had significantly decreased
under 50 mM and 150 mM salt stress at 10 days com-
pared to 0 mM (Additional file 1: Table S2). However,
after inoculation of B. linens RS16, the total length sig-
nificantly increased under 50 mM salt stress after 3
(18.1%) and 10 (22%) days while a significant increase
was observed at 150 mM salt stress only at 10 days (17%)
(Table 3). For the moderately salt-tolerant rice cultivar,
FL478, a significant increase in total length (9%) was only
observed under 150 mM salt stress at 3 days (Table 4).

Salt stress negatively impacted the total fresh weight
of the rice plants. This was more pronounced in IR29 at
the higher salt stress level. Inoculation of B. linens RS16,
significantly increased the total fresh weight of IR29 at
10 days after salt imposition under 50 mM (49.6%) and
150 mM (52.8%) salt stress. For the moderately salt-tol-
erant rice cultivar, FL478, significant increase (33.6%) in
total fresh weight was only observed under 150 mM salt
stress at 10 days after salt imposition (Fig. 1).

Percent increase in total dry weight by B. linens

RS16 inoculation in salt-sensitive cultivar (IR29)

and the moderately salt-tolerant cultivar (FL478)

The total plant biomass is an important feature to
assess the effect of salinity as well as the efficient role
of an inoculant to alleviate salt stress. The total plant
biomass was measured in terms of total plant dry
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weight and it was observed that the salt stressed plants
generally have lower dry matter compared to the non-
stressed plants. However, the inoculation of B. linens
RS16 has significantly increased the total dry weight of
both the salt-sensitive (IR29) and the moderately salt-
tolerant (FL478) cultivars. Salt stress at 150 mM sig-
nificantly decreased the total dry weight of both rice
cultivars after 3 and 10 days after salt imposition (Addi-
tional file 1: Table S3). The total dry weight of IR29 and
FL478 increased significantly with inoculation with B.
linens RS16.

The inoculation of B. linens RS16 on IR29 enhanced the
total plant dry weight for both control and salt stressed
plants. Inoculation resulted in significant increase in
total dry weight of control plants after 3 and 10 days after
salt imposition by 31.59% and 33.31%, respectively. Fur-
thermore, inoculation of B. linens RS16 had significantly
increased the total dry weight of IR29 under 50 mM of
salt stress after 3 days (19.30%) and 10 days (67.43%) after
salt stress imposition. Similarly, inoculation resulted in
25.40% and 69.54% increase in total dry weight at 3 and
10 days after salt stress imposition, respectively, under
150 mM salt stress (Fig. 2; Table 3).

The inoculation of B. linens RS16 also increased the dry
weight of the moderately salt-tolerant cultivar (FL478) by
8.38% and 11.68% under 50 mM and 150 mM salt stress
at 3 days after salt imposition, respectively. Whereas,
the increase in total dry weight resulted in 15.75% and
19.78% increase in total dry weight under 50 mM and
150 mM salt stress, respectively, at 10 days after salt
stress imposition compared to the un-inoculated plants.
There was no significant difference in the increase of
total dry weight when compared to plants which were
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Fig. 1 Total fresh weight (mg) of the salt-sensitive cultivar (IR29) and the moderately salt-tolerant cultivar (FL478) at 3 and 10 days under 0, 50 and
150 mM salt stress. Different letters indicate significant differences p > 0.05 within the treatments at each salt levels (A, B, C) or among salt levels for
each treatment (a, b) by Tukey’s test. Each values represents the mean of three replicates & Standard error (SE). IR29- and FL478-I denotes IR29 and
FL478 cultivars inoculated with B. linens RS16
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cultivar (FL478) at 3 and 10 days under salt stress. Different letters indicate significant differences at p <0.05 among different salt concentration for
each day (a, b) and among each salt level for different days (A, B)

inoculated with B. linens RS16 but not treated with salt
stress (Fig. 2; Table 4).

Proline accumulation in rice cultivars

The proline accumulation in the whole plant was signifi-
cantly higher in B. linens RS16 inoculated salt-sensitive
cultivar (IR29) after imposing 50 mM and 150 mM salt
stress for 10 days compared to non-inoculated plants. The
moderately salt-tolerant cultivar (FL478) had no signifi-
cant proline accumulation in the whole plant at 10 days

after imposing salt stress. However, the inoculation of B.
linens RS16 on IR29 resulted in no significant effect in the
total proline accumulation under 50 mM (3.7% decrease)
and 150 mM (14.1% increase) of salt stress after 3 days.
On the other hand, 10 days under salt stress resulted in
a significant increase by 35.7% and 37.7% in total proline
accumulation in the whole plant after imposing 50 mM
and 150 mM, respectively (Fig. 3). It was also observed
that the moderately salt-tolerant cultivar (FL478) showed
higher accumulation of total proline in the whole plant
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.
e
g 280 280
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2
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=
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Fig. 3 The total proline accumulation (ug) of the salt-sensitive cultivar (IR29) and the moderately salt-tolerant cultivar (FL478) at 3 and 10 under O,
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after imposing salt stress for 10 days compared to the
salt-sensitive cultivar (IR29). However, the inoculation
of B. linens RS16 on the moderately salt-tolerant cultivar
(FL478) had significantly decreased (24.6%) total proline
under 50 mM salt stress at 3 days and a non-significant
decrease (13.4%) under 150 mM salt stress. There was
no significant change on total proline accumulation in
the moderately salt-tolerant cultivar (FL478) with the
inoculation of B. linens RS16 after imposing salt stress at
10 days (Fig. 3).

The correlation between total dry weight and total
proline accumulation of both cultivars under salt stress
conditions

Pearson’s correlation coefficients were analyzed between
the total dry weight and the total proline accumulation in
salt treated and untreated IR29 and FL478 rice cultivars.
The correlation between the total dry weight and the
total proline accumulation of both the salt-sensitive cul-
tivar (IR29) and moderately salt-tolerant cultivar (FL478)
irrespective of plant variety was observed to be positively
correlated (R*=0.3164) with a significant correlation
coefficient of 0.56 at p<0.001 (Fig. 4A).

The correlation of total dry weight and the whole
plant proline accumulation of salt-sensitive cultivar
(IR29) and moderately salt-tolerant cultivar (FL478)
were positive. The correlation between the two param-
eters for both the cultivars were positive with an R?
values of 0.3751 and 0.3149 for the salt-sensitive cul-
tivar (IR29) and the moderately salt-tolerant cultivar
(FL478), respectively (Additional file 1: Figure S1A and
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B). The correlation coefficients were highly significant
at 0.61 and 0.56 at p<0.001 and p<0.01 for the salt-
sensitive and moderately salt-tolerant cultivars, respec-
tively (Additional file 1: Figure S1A and B).

Glycine betaine accumulation in rice cultivars

The glycine betaine accumulation in the whole plant of
both cultivars was significantly greater after imposing
50 mM and 150 mM salt stress at 3 and 10 days com-
pared to non-stressed inoculated and non-inoculated
plants (Fig. 5). In addition, the glycine betaine accu-
mulation in the whole plant was significantly higher in
B. linens RS16 inoculated IR29after imposing 50 mM
and 150 mM salt stress for 10 days compared to non-
inoculated plants. However, in FL478 there was no sig-
nificant difference in glycine betaine accumulation was
observed after imposing salt stress for 3 and 10 days.
On the other hand, after 10 days with the same treat-
ment resulted in a significant increase in the total gly-
cine betaine accumulation in the whole plant after
imposing 50 mM (38.54%) and 150 (39.55%) mM of
salt stress (Fig. 5). The moderately salt-tolerant culti-
var (FL478) showed a higher accumulation of glycine
betaine in the whole plant after imposing salt stress at
3 and 10 days compared to the salt-sensitive cultivar
(IR29). The inoculation of B. linens RS16 on the mod-
erately salt-tolerant cultivar (FL478) showed no sig-
nificant effect compared to the non-inoculated plant
(Fig. 5).
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Correlation between total dry weight and total glycine
betaine accumulation of both cultivars under salt stress
conditions

Pearson’s correlation coefficients were analyzed between
the total dry weight and the total glycine betaine accu-
mulation in the whole plant of salt treated and untreated
rice cultivars irrespective of the plant variety (IR29 and
FL478). The correlation between the total dry weight and
the total glycine betaine accumulation in the whole plant
has a very weak correlation with an R? value of 0.0013
and a non-significant correlation coefficient of —0.04
(Fig. 4B).

The correlation between the total dry weight and total
glycine betaine accumulation of the salt-sensitive cultivar
(IR29) and the moderately salt-tolerant cultivar (FL478)
are negative and an R? values of 0.0938 and 0.0817, rep-
ectively. The correlation coefficients between the total
dry weight and total glycine betaine accumulation of the
salt-sensitive cultivar (IR29) and the moderately salt-tol-
erant cultivar (FL478) are also non significant with values
of —0.31 and —0.29 since p>0.05 (Additional file 1: Fig-
ure S1C and D).

Discussion

This study was conducted to determine who distinct
motivations, viz., how does different rice cultivars accu-
mulate compatible solutes based on their salt tolerance
capacity, and how does the bacterial inoculation assist
in enhance salt tolerance of rice cultivars through the

accumulation of compatible solutes. The overall data sug-
gests that salt tolerant cultivar (FL478) can accumulate
higher proline and glycine betaine compared to the salt
sensitive cultivar (IR29). Additionally, the inoculation
of B. linens RS16 had significantly increased proline and
glycine betaine accumulation in the salt sensitive rice cul-
tivar (IR29), while no significant effect was observed in
salt tolerant cultivar under salt stress conditions.

Rice plants are relatively susceptible to soil salinity,
and the degree of sensitivity varies within different kinds
of cultivars. Salt stress causes a reduction in soil water
potential due to increasing concentration of salts, espe-
cially Na* and CI™. Both ions result in the decrease of
root osmotic potential compounded by the accumulation
of plant cellular Na*™ and CI~ ions which determines the
physiological difference between the salt-sensitive and
the salt-tolerant cultivars on the basis of their rate of Na™
and Cl™ ion transport to the leaves [5]. Additionally, salt
stress results to physiological and biochemical changes
in plant cell by the modulation of non-toxic low molec-
ular weight solutes such as proline and glycine betaine.
Compatible solutes, mainly proline and glycine betaine,
are synthesized at higher level under salt stress condi-
tion to coordinate transport and biochemical processes
of plants, thus having roles in both osmoprotection and
osmotic adjustment [30]. However, the inoculation of
B. linens RS16 significantly decreased the extent growth
suppression of both the salt-sensitive and the moder-
ately salt-tolerant cultivar and the treated plants showed
greater recovery from salt stress than untreated plants,
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which also corroborates to a previous reported study
[31].

Salinity negatively affects growth parameters

of both salt-sensitive and salt-tolerant rice cultivars

and mitigated by inoculation of B. linens RS16

The overall results obtained from the present study indi-
cate that inoculation of B. linens RS16 leads to a signifi-
cant recovery of both cultivars from salt stress as shown
in Tables 3 and 4. In general, salinity reduces shoot and
root growth by reducing turgor pressure in tissues result-
ing from lowered water potential in the root. Similar
to that, many research had been conducted with com-
parative analyses between the moderately salt-tolerant
cultivar (FL478) and its sensitive counterpart (IR29)
which revealed differences in mechanisms of salt toler-
ance [32]. In agreement to this, our study revealed that
the effect of salinity stress had resulted in a substantial
reduction in plant growth parameters at 3 and 10 days
after imposing 50 mM and 150 mM of salt stress. The
reduction in plant growth parameters may also occur
due to ion toxicity which can result in disruption of cel-
lular ionic homeostasis and subsequently had a negative
impact on physiological growth parameters. Rice plants
have time dependent plant response variations with salt
stress exposure [33]. In our experiment, the elevated lev-
els of salt stress resulted in a significant decrease of root,
shoot and total length, as well as total fresh weight and
dry weight in IR29 compared to FL478 (Tables 3 and 4,
Fig. 1 and 2). This might be due to the greater disruption
of water balance and cellular homeostasis experienced
in IR29 compared to FL478 during salt stress conditions
[27]. In this study, the reduction in root and shoot length
might have been attributed with osmotic imbalance
under salt stress condition which results in reductions in
cell division and eventually decreasing plant biomass in
both cultivars [34]. When both cultivars were exposed to
50 mM of salt stress, FL478 had shown 21% and 9.25%
higher plant biomass after 3 and 10 days compared to
IR29, respectively. Whereas at 150 mM of salt stress con-
dition, FL478 recorded 10.8% higher plant biomass after
3 days and 16.3% higher plant biomass after 10 days com-
pared to the salt-sensitive cultivar (IR29). Similar to our
results, another study [33] reported around 42% higher
plant biomass in the moderately salt-tolerant cultivar
(FL478) than the salt-sensitive cultivar (IR29).

Salt stress exposure causes reduction in water content
in the plant tissues, which results in decrease in total
fresh weight of the plants [6]. In this study, the salt stress
exposure also resulted in decrease of total fresh weight of
both the cultivars (Fig. 1). However, the inoculation of B.
linens RS16 had increased the total fresh weight of both
the cultivars, which can be corroborated to a previous
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study where the fresh weight of Trifolium arvense were
enhanced upon inoculation of Pseudomonas azotofor-
mans ASS1 under salt stress conditions [35]. The increase
in total fresh weight upon inoculation might be due to
the increase in relative water content of the plant tissues
[36].

Time-dependent effects of abiotic stresses have been
observed previously in response to salt stress [37],
drought stress [38], and water stress [39] and have been
associated with the generation of oxidative stress in
severely stressed leaves. It has been reported that debili-
tating effects of salt stress on growth parameters may be
mitigated and improved by the potential action of plant
growth promoting rhizobacteria B. linens RS16 [40]. In
this study, the inoculation of B. linens RS16 significantly
recovered the salt stress effects on plant growth char-
acteristics (Tables 3 and 4) of the salt-sensitive cultivar
(IR29) compared to the moderately salt-tolerant cultivar
(FL478). Several studies have demonstrated the ability of
plant growth promotion by bacteria to alleviate salt stress
and improve the plant growth [16, 27, 41, 42]. The hal-
otolerant B. linens RS16 has been characterized to pos-
sess various plant growth promoting characteristics such
as nitrogen fixation and phosphorus solubilization [19].
Additionally, it has been shown that the inoculation of
B. linens RS16 improved growth of rice and red pepper
plant under salt stress conditions [27, 40]. These results
also corroborate to the present study, where the growth
parameters such as root, shoot, total length as well as
total fresh weight and total dry weight were significantly
increased due to bacterial inoculation under salt stress
conditions. The enhancement of plant growth param-
eters by inoculation of B. linens RS16 can be attributed
to nitrogen fixation and phosphorus solubilization [40].
Furthermore, as B. linens RS16 inoculation enhanced
the ion accumulation [14], photosynthesis capacity, net
assimilation rate and stomatal conductance [27], it helps
rice cultivars to increase dry mass even at 150 mM of salt
treatment. On the other hand, IAA activity can enhance
the flexibility of plant cell wall and increase the release
of saccharides, which helps the microbes to efficiently
colonize the plant roots [43]. B. linens RS16 also possess
these plant growth promoting characteristics and may be
partly responsible for the observed amelioration of salt
stress on the salt-sensitive cultivar (IR29) and the mod-
erately salt-tolerant cultivar (FL478) in this experiment.

Inoculation of B. linens RS16 improves total dry weight

of plants

The effect of salt stress are variable to different plant
species depending upon the level of salt tolerance. The
salt-sensitive cultivars have an adverse effect of salt
stress compared to the salt-tolerant counterpart [33].



Ahmed et al. Appl Biol Chem (2021) 64:68

Inoculation of plant growth promoting bacteria signifi-
cantly improve plant growth and total dry weight under
different levels of salt stress. Numerous studies have
demonstrated the ability of plant growth promoting bac-
teria to stimulate the growth of a variety of crops such as
rice, wheat, red pepper, canola, tomato, and maize [15,
27, 40, 42, 44]. The reduction of total dry weight in the
salt-sensitive cultivar (IR29) and the moderately salt-tol-
erant cultivar (FL478) was recovered by the inoculation
with B. linens RS16 even at longer salt stress exposure
similar to another reported results [27]. In our study,
inoculation of rice plants with B. linens RS16 improved
the salt stress effects on total dry weight in both cultivars.
But the degree of improvement was significantly higher
in the salt-sensitive cultivar (IR29) compared to the mod-
erately salt-tolerant cultivar (FL478). The inoculation of
B. linens RS16 enhanced the total plant dry weight for
both control and salt stressed plants (Fig. 2).

The effect of bacterial inoculation on total proline
accumulation in plants after imposing salt stress and its
correlation with total dry weight of plants

Proline accumulation in the whole plant was also esti-
mated on the basis of total dry weight. Although plant
species can differ considerably in the amount of proline
that accumulates upon salt stress, there is no clear rela-
tionship between the ability to accumulate proline on salt
stress tolerance [32]. It has been reported that high accu-
mulation of proline under salt stress increased higher
green leaf area in rice plant [45]. In addition, an increased
proline accumulation in the whole plant and total soluble
sugar in the PGPR-treated wheat plants significantly con-
tributed to their osmotolerance [46]. Proline accumula-
tion was found to be higher in the roots and leaves of the
salt-tolerant cultivar Giza 182 compared to the salt-sus-
ceptible variety Sakha 105 [8]. In our case, proline accu-
mulation in the whole plant was higher in the moderately
salt-tolerant cultivar (FL478) compared to the salt-sensi-
tive cultivar (IR29) when exposed to 50 mM and 150 mM
of salt stress at 10 days. This finding is in agreement with
the recent results was reported [8].

On the other hand, inoculation of B. linens RS16 signif-
icantly increased the proline accumulation of the whole
plant in the salt-sensitive cultivar (IR29) compared to the
non-inoculated control plants. But, the moderately salt-
tolerant cultivar (FL478) had shown higher accumulation
of proline compared to the salt-sensitive counterpart.
There were no significant changes of proline accumula-
tion in the moderately salt-tolerant cultivar (FL478) with
or without inoculation. These results indicated that bac-
terial inoculation was more effective in the salt-sensitive
cultivar (IR29) than the moderately salt-tolerant culti-
var (FL478). This might be due to the fact that bacterial
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inoculation had significantly increased the total dry
weight of the salt-sensitive cultivar (IR29). Similarly, it
has been reported that, the increase in proline accumu-
lation in maize plants was positively correlated to plant
dry weight [47]. Another study was also reported that
[42], maize plant biomass was negatively correlated
(R?=0.84*** to 0.88***) with Na* accumulation, but posi-
tively correlated (R*=0.59* to 0.58*) with K concen-
tration when plants were inoculated with plant growth
promoting rhizobacteria. These reports also corroborate
with the results in this study with a positive correlation
between proline accumulation and plant biomass. Hence,
the increase in total proline accumulation by the B. linens
RS16 inoculation had resulted in overall increase in plant
growth under salt stress conditions for both the rice cul-
tivars. Further, the correlation between total dry weight
and proline accumulation in the salt-sensitive cultivar
(IR29) and the moderately salt-tolerant cultivar (FL478)
also revealed significant positive correlation, but in the
case of the salt-sensitive cultivar (IR29), it was highly cor-
related (0.61***). These results indicated that inoculation
of B. linens RS16 had increased total dry weight signifi-
cantly with the increased amount of proline accumula-
tion in the salt-sensitive cultivar (IR29) compared to the
moderately salt-tolerant cultivar (FL478) to alleviate salt
stress.

In agreement with these results, increased amount of
proline has been reported in soybean plants grown under
saline conditions upon inoculation with PGPR strains
that alleviated salt stress and improved growth [48]. Root
colonization with PGPRs in the wheat plant [49] with
Azospirillum as a PGPR in plant [50] could also accumu-
late higher amount of proline as an osmoprotectant. Our
results indicated a more effective salt stress mitigation by
B. linens RS16 in the salt-sensitive cultivar (IR29) com-
pared to the moderately salt-tolerant cultivar (FL478) at 3
and 10 days under salt stress conditions.

The effect of bacterial inoculation on total glycine betaine
accumulation in plants after imposing salt stress and its
correlation with total dry weight of plants

Glycine betaine is one of the quaternary ammonium
compounds which is accumulated at high concentrations
in many plant species and therefore, have been proposed
to have roles in tolerance under saline environments [51,
52]. Accumulation of glycine betaine in the whole plant
under stress conditions can be controversial. It has been
reported that [53], under saline condition, rice plant was
observed to increase the amount of glycine betaine in the
tolerant and sensitive plants compared to the controls.
During salt stress they found that glycine betaine accu-
mulation was 1.3 times more in salt-tolerant line com-
pared to the salt-sensitive line, which corroborates to the
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present study. In this study, glycine betaine accumulation
in the whole plant was higher in the moderately salt-tol-
erant cultivar (FL478) compared to the salt-sensitive cul-
tivar (IR29) after imposing 50 mM and 150 mM of salt
stress. It might be a case of pigment stabilization because
the relative water content in the rice plant is generally
reduced due to salinity, which causes water oxidation in
photosynthetic system II [54], and the accumulation of
glycine betaine is helpful for stabilizing photosynthetic
activity [52].

On the other hand, inoculation of B. linens RS16
showed a significantly increased glycine betaine accu-
mulation in the salt-sensitive cultivar (IR29) compared
to non-inoculated control. Still, it was lower than the
moderately salt-tolerant cultivar (FL478). There was no
significant change of glycine betaine accumulation in the
moderately salt-tolerant cultivar (FL478) with or with-
out inoculation. These findings indicated that bacterial
inoculation was more effective in the salt-sensitive cul-
tivar (IR29) than the moderately salt-tolerant cultivar
(FL478). It might be the case of the significant increase of
total dry weight in the salt-sensitive cultivar (IR29). These
results clearly indicate that glycine betaine accumula-
tion varied with the degree of salt tolerance of the differ-
ent rice cultivars. It has been reported that plant growth
promoting rhizobacteria can stimulate glycine betaine
accumulation and increase significantly under salt stress
conditions [55]. They reported that under saline condi-
tion the overall expression of glycine betaine was lower in
rice plant, but PGPRs help in the enhancement of glycine
betaine accumulation in leaves. This increased amount
of glycine betaine may contribute to the increase of the
Na*t flux from the cytoplasm to the vacuole and also
known to modify the membrane potentiality. In addition
to osmoregulation, glycine betaine stabilizes the oxygen-
evolving activity of photosystem-II protein complex
ultimately improve the plant growth parameters by pro-
tecting against dissociation of regulatory extrinsic pro-
teins [55]. Similarly, our result also indicated that plants
inoculated with B. linens RS16 were shown higher plant
biomass even under 150 mM salinity condition with
increased amount of glycine betaine which helps to over-
come the deleterious effects of salt stress in both cultivars
(Figs. 2 and 5). However, the total dry weight and the total
glycine betaine accumulation in both cultivars showed no
significant correlation. Total dry weight decreased with
an increased amount of glycine betaine accumulation in
the whole plant, but there was no significant amount of
reduction. It might be the case of non-significant accu-
mulation of glycine betaine in the moderately salt-toler-
ant cultivar (FL478). Supporting evidence of these results
showed that high level of glycine betaine accumulation
is not necessarily correlated with high degree of salt
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tolerance, but the additional accumulation of chloroplas-
tic glycine betaine is likely to further raise the level stabil-
ity of photosynthetic machinery [56]. Further correlation
between the total dry weight and the glycine betaine
accumulation with individual cultivars showed the same.
Many studies reported that glycine betaine contributed
to mitigate toxic effect rather than improving plants’
growth [57]. They reported that in rice seedlings, toler-
ance to salt stress is enhanced by the accumulation of gly-
cine betaine even if levels of glycine betaine are lower in
the chloroplast [57]. Our results showed that inoculation
of B. linens RS16 did not significantly increase the accu-
mulation of glycine betaine in both cultivars except when
the salt-sensitive cultivar (IR29) was treated with salt
stress for 10 days. This might be due to the negative cor-
relation between the total dry weight and the total gly-
cine betaine accumulation in both cultivars except when
the salt-sensitive cultivar experiences high salinity stress
for long period of time. In agreement to this results, it
was reported that glycine betaine with plant adaptation
to salt imposition has a major role in the salt tolerance of
the halophyte Plantago crassifolia under salt stress condi-
tions rather than improving plants’ growth [58].

In conclusion, salt stress had a significant effect on both
proline and glycine betaine accumulation in rice. The
salt-tolerant cultivar (FL478) had recorded significantly
higher accumulation of these osmolytes compared to the
salt-sensitive cultivar (IR29). The bacterial inoculation
resulted in a significant increase in accumulation of pro-
line and glycine betaine in the salt-sensitive cultivar only
after 10 days of salt stress exposure. On the other hand,
the inoculation did not have any significant effect on the
proline and glycine betaine accumulation to the salt-tol-
erant cultivar. Hence, the accumulation of proline and
glycine betaine in plants depend on salt concentrations,
exposure time to salt stress as well as genotypic varia-
tions. The variation in the accumulation of these compat-
ible solutes in different cultivars in response to salt stress
is closely related to bacterial inoculation.
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Additional file 1: Table S1. Results of statistical analysis on the shoot
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cultivar (FL478) under 0, 50 and 150 mM salt stress. Different letters (A, B,
Q) indicated significant differences among the treatments at each salt lev-
els. Table S2. Results of statistical analysis on the total length in the salt-
sensitive cultivar (IR29) and the moderately salt-tolerant cultivar (FL478)
under 0, 50 and 150 mM salt stress. Different letters (A, B, C) indicated
significant differences among the treatments at each salt levels. Table S3.
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and 150 mM salt stress. Different letters (A, B, C) indicated significant differ-
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between total dry weight and total proline accumulation of (A) salt-
sensitive cultivar (IR29), (B) moderately salt-tolerant cultivar (FL478), and
correlation between total dry weight and total glycine betaine accumula-
tion of (C) salt-sensitive cultivar (IR29) and (D) moderately salt-tolerant
cultivar (FL478) under salt stress conditions. A total of 36 observation data
(bacteria inoculated and non-inoculated) of each cultivar at 3 and 10 days
after salt stress was considered for analysis. *** signifies correlation that is
significant at p<0.001 and ** at p<0.01
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