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Abstract

Salinity stress is a serious abiotic stress that affects crop quality and production. Rhizospheric microbes have immense
potential in synthesizing and releasing various compounds that regulate plant growth and soil physicochemical
properties. The aim of the present study was to evaluate the efficacy of indole-3-acetic acid (IAA)-producing rhizobac-
teria as biofertilizers under salt stress. Among the isolated strains from various soil samples, Bacillus megaterium strain
PN89 with multifarious plant growth-promoting traits was selected and used as a monoculture and co-culture with
two other standard strains. The plant promoting activity was evaluated using the paper towel method and pot test
to observe the effects on the early stage and vegetative growth of wheat (Triticum aestivum L.). The treatment using
PGPR strain presented noticeable but varying effects on plant growth under salt stress, that is, PGPR treatment often
displayed a significant increase in germination percentage, root and shoot length, and other growth parameters of
wheat compared to those in the non-inoculated control. Thus, these results suggest that B. megaterium PN89 can be
applied as a bio-fertilizer to alleviate salt stress in T. aestivum.
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Introduction

Soil salinization, one of the most prevalent soil degra-
dation processes, threatens soil fertility [1, 2], and the
increase in soil salinity because of less irrigation and
drainage can result in poor crop productivity [3]. This
is because salinity stress caused by the presence of high
levels of salt ions is considered a major abiotic stress to
crops [4]. One method to reduce soil salinity-related
environmental stress in plants is to use beneficial micro-
organisms as bio-fertilizers instead of chemical fertilizers
or pesticides [5, 6]. The soil area in immediate contact
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with the root hair is called the rhizosphere, wherein an
ingenious trade-off occurs between the plant roots and
soil organisms [7]. Because of their extremely low mobil-
ity and relatively large size, plant roots obtain a limited
amount of nutrients from the soil. However, roots can
employ various biological allies to overcome this hurdle.
One of the most probable allies is plant growth-promot-
ing rhizobacteria (PGPR), which inhabit the plant rhizos-
phere or adhere to plant roots [8].

PGPR colonization profoundly alters development and
hormone homeostasis in host plants. Plant hormones
include auxin, ethylene, cytokinin, gibberellin, abscisic
acid, jasmonic acid, and salicylic acid [9], which act as
messengers to coordinate the regulation of plant cellular
processes, including abiotic stress responses and plant—
pathogen interactions [9, 10]. Indole-3-acetic acid (IAA)
is a common plant hormone of the auxin class, which is

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0001-9899-2850
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13765-021-00663-w&domain=pdf

Lee et al. Applied Biological Chemistry (2021) 64:89

also synthesized by PGPR [11]. Auxins are involved in
leaf induction, root growth and differentiation. In addi-
tion, auxins play an important role in establishing and
maintaining the beneficial plant—-PGPR interactions [12,
13]. PGPR affects the amount and localization of auxin,
in addition to the direction of their movement in plants
[14]. Furthermore, PGPR strains positively affect several
useful functions such as soil improvement and pest con-
trol and promote nutrient absorption and crop growth
[15]. In the present study, PGPR strains were isolated and
characterized to examine the alleviation of abiotic salt
stress in wheat (Triticum aestivum L.).

Material and methods

Soil sampling and isolation of bacteria

Soil samples were collected from 72 rhizosphere regions
in Korea in April 2017, and were immediately placed in
an icebox for transport, and a portion of each sample was
stored at 4 °C. Microbes were isolated from soil samples
using the streak plate method [16]. Approximately 1 g
of rhizospheric soil samples that were tightly adhered to
plant roots were transferred into a 15 mL conical tube
containing 9 mL deionized water. After vortexing for
10 min, 100 pL of this suspension was transferred into a
microtube containing 900 pL of nutrient broth (NB) to
obtain a 107! dilution. After additional serial dilutions
(1073, 107%, and 107°), the diluents were plated on nutri-
ent agar and incubated at 37 °C for 24 h. Nutrient Broth
No. 2 (Oxoid, United Kingdom) was used in this study.

Measurement of IAA production

The IAA produced was measured by inoculating the
rhizobacterial isolates in 3 mL Luria—Bertani broth (LB;
DB Difco, NJ, USA) supplemented with L-tryptophan
(100 pg/mL). Bacterial cultures were grown for 72 h with
shaking (120 rpm) at 28 °C, and 1 mL of this broth was
transferred into a microtube and centrifuged at 9,500 x g
for 2 min. The supernatant (100 puL) was transferred into
96-well microplate and mixed with Salkowski’s reagent
(1 mL of 0.5 M FeCl; in 49 mL of 35% HCIO,) in a 1:2
ratio. After incubating in dark for 30 min at room tem-
perature, the color intensity was measured at 530 nm
using a microplate reader [17].

Detection of siderophore production

Siderophore production was determined using the uni-
versal chrome azurol S (CAS) method [18]. Single colo-
nies of bacterial isolates were inoculated into 3 mL LB
broth and incubated overnight with shaking (200 rpm) at
37 °C, and 40 pL of this broth was dropped at the center
of CAS agar plate containing the blue indicator dye,
hexadecyltrimethylammonium (HDTMA). The sidero-
phore developed by the formation of a ternary complex
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CAS/Fe(Ill)/HDTMA was indicated by orange halos
around the bacterial colonies. After incubating for 5 days
at 28 °C, the formation of the orange zone surrounding
the colonies was considered positive for siderophore
production.

Detection of phosphate solubilization

Single colonies of bacterial isolates were inoculated into
3 mL NB broth and incubated overnight with shaking
(200 rpm) at 37 °C. For each strain, 40 pL of this culture
was dropped at the center of the Pikovskaya agar plate
[19]. After incubating for 5 days at 28 °C, the develop-
ment of clear zones around the colonies was regarded as
positive for phosphate solubilization.

Detection of hydrogen cyanide production

Bacteria were streaked on a modified agar plate, wherein
NB was amended with 4.4 g glycine/L. Whatman filter
paper no. 1, which was soaked in a solution containing
2% sodium carbonate in 0.5% picric acid, was placed on
top of the plate. Plates were sealed air-tight with parafilm
and incubated at 28 °C for 4 days. A color change in the
filter paper from orange to reddish-brown color was con-
sidered positive for hydrogen cyanide (HCN) production
[20].

Detection of ammonia production

Isolates were grown in 10 mL peptone broth at 30 °C
for 48 h. After centrifugation, the bacterial supernatant
was mixed with Nessler’s reagent [21]. The change in
color from brown to yellow was indicative of ammonia
production.

Detection of cellulase activity

The cellulase activity was screened by spot inoculation of
bacterial isolates on carboxymethylcellulose (CMC) agar
medium [22]. The plates were incubated at 30 °C for 48 h.
Congo red solution was poured onto the CMC plates to
observe the clear zones around the bacterial colonies.
Isolates showing clear zones were considered positive for
cellulase activity.

Detection of protease activity

Extracellular protease production was screened using 1%
skim milk agar. The bacterial isolates were spotted onto
the surface of skim milk agar plates. Protease production
was determined by the formation of a clear zone sur-
rounding the bacterial isolates due to the breakdown of
the protein. That is, colonies surrounded by clear zones
were considered positive for protease activity [23].
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Phylogenetic analysis

Genomic DNA of the bacterial isolate was extracted
using the GeneAll Exgene DNA extraction kit (Seoul,
Korea) according to the manufacturer’s instructions.
Genomic DNA was PCR-amplified using the 16S uni-
versal primer pairs 27F (5-AGAGTTTGATCCTGGCTC
AG-3) and 1492R (5-GGTTACCTTGTTACGACTT-3).
The obtained PCR products were purified and sequenced
by Macrogen (Seoul, Korea). To obtain 16S rDNA
sequences, the sequences were aligned using the BioEdit
program (http://labtools.us) and analyzed using the Basic
Local Alignment Search Tool (BLAST; http://blast.ncbi.
nlm.nih.gov/Blast.cgi).

Seed inoculation

Seeds were surface-sterilized with sodium hypochlorite
for 20 min and then rinsed five times with autoclaved dis-
tilled water. Wheat seeds were pre-soaked in autoclaved
distilled water and stored at 4 °C for 3 days. Monocul-
ture and co-culture of Paenibacillus pabuli strain P7S
(PP7S; GenBank: KF010780.1), Pseudomonas nitroredu-
cens strain IHB B 13,561 (PnIHB; GenBank: KJ767371.1;
accession number KCCM1133P by the Korean Culture
Center of Microorganisms), and isolated strain (Bacillus
megaterium strain PN89; PN89 hereafter) in the present
study were grown in LB broth with shaking (200 rpm) at
37 °C for 18 h. For the co-culture experiment, the bacte-
rial suspension was adjusted to 1 x 10’ CFU/mL using a
UV spectrophotometer (optical density at 600 nm). The
inoculum levels were calibrated using a turbidity of 0.4
McFarland Standard (approximately 5x 10 7 CFU/mL)
(https://en.wikipedia.org/wiki/McFarland_standards).
Then, the seeds were mixed with bacterial suspension at
140 rpm in a 50 mL flask for 2 h at room temperature.

Germination tests

The seeds were separated from the bacterial suspen-
sion using sterile sieves and placed on a double layer of
sterile filter paper (Whatman no. 1) within a Petri dish
(90 mm x 15 mm) at a density of 15 seeds. The sterile
filter paper was moistened with 10 mL sterile distilled
water. Then, the plate with seeds was placed within a
plant growth chamber at 23 °C in dark. Germinated seeds
were counted every 24 h for 5 days, and seeds with a radi-
cle of a minimum of 2 mm were considered germinated.
Germination percentage (GP) and germination rate
index (GRI) were obtained after 120 h, and the GP was
calculated using the following formula: GP = (total num-
ber of germinated seeds/total number of seeds) x 100.
The GRI is the percentage of germination per day and
was calculated using the following formula: GRI=(total
number of seeds/total number of days) [24]. The final
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seedling lengths and weights were measured and com-
pared. The vigor index was calculated using the following
formula: Vigor index=(mean root length 4+ mean shoot
length) x % germination [25]. The plants were dried to
a constant weight at 60 °C for 48 h in an incubator (BI-
600 M; Jeio Tech, Daejeon, Korea). Germination tests
were performed according to the regulations of the Inter-
national Seed Testing Association (ISTA; http://www.
seedtest.org/en/home.html) [26].

Salt stress on seed germination

Plant seeds were surface-disinfected by immersing in
70% ethanol for 1 min, and then washed thrice with ster-
ile distilled water. Thereafter, 15 seeds were placed in
each Petri dish lined with two layers of filter paper wet-
ted with 5 mL of 0, 50, 100, 150, 200, 250, and 300 mM
sterile NaCl solution. All Petri dishes treated with NaCl
solutions of varying concentrations were incubated in a
plant growth chamber at 23 °C in dark. Germination was
monitored for 96 h. The number of germinated seeds was
recorded every 24 h.

Pot tests

Seeds of T aestivum were sterilized with sodium
hypochlorite for 20 min and then rinsed five times with
sterile distilled water. After 3 days of storage in sterile
distilled water at 4 °C, the seeds were cultured on MS
(Murashige and Skoog) agar plates containing 2% sucrose
in a growth chamber at 25+ 2°C under a 16 h photoper-
iod using cool white fluorescent tube lights, while humid-
ity was maintained at>60%. After 3 days of cultivation,
uniform seedlings were selected and randomly divided
into seven sets of four replicates. One set was used as the
untreated control, and the remaining six sets were used
for treatment; all seven sets were transferred to a pot.
Culture broth (1 mL, 1 x 10 8 CFU) was spread on and
around each seed for monoculture and co-culture treat-
ments. Three seedlings (one replicate) were sown in pots
filled with sterile Sunshine® Mix #4 (Sun Gro Horticul-
ture, MA, USA). Seedlings were watered with 50 mL of
sterile distilled water or 200 mM NacCl solution every two
days. Each growth parameter was measured after 20 days.

Data analysis

SPSS 20 software package (IBM, IL, USA) was used to
analyze the data. The standard error (SE) of all experi-
ments was performed in triplicate and represented in
the table (value+SE) and figures (error bar). Statistical
significance was determined using analysis of variance
(ANOVA) and Duncan’s test using means comparison
with a probability level of 0.05.
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Results and discussion

Among the identified rhizobacterial isolates, six were
selected according to their plant growth-promoting
(PGP) characteristics. The seven PGP characteristics
shown in Additional file 1: Table S1 were suggested as
beneficial characteristics of PGPR strains [8]. Six PGPR
isolates produced a relatively high level of IAA in the
range of 32.25-91.26 pg/mL. The other six PGP char-
acteristics were siderophore production, phosphate
solubilization, protease production, HCN production,
ammonia production, and cellulase production (Addi-
tional file 1: Table S1). Siderophore-producing PGPR
increased Fe (III) ion supply to plants in the rhizosphere
and is, therefore, known to enhance plant growth and
crop productivity. Furthermore, Fe (III) ions are che-
lated to form Fe (III)-siderophore complexes, inhibiting
the activity of competitive microbes [7]. In the present
study, the selected isolates differed in their siderophore
production abilities; PN89 exhibited the highest sidero-
phore-producing ability among the isolates (Additional
file 1: Table S1, Fig. 1). Phosphorous is the second most
important nutrient required for plant growth [27]. Phos-
phate-solubilizing bacteria convert insoluble phosphate
to soluble monobasic and dibasic phosphate ions, which
are available for plant uptake through the roots [28]. The
ability to produce a clear zone around the bacterial col-
ony implies that the bacteria can solubilize mineral phos-
phorus in the rhizosphere. All the selected rhizobacterial
strains exhibited similar phosphate solubilization activity
(Additional file 1: Table S1, Fig. 1). Proteases are mainly
involved in the hydrolysis of peptide bonds [23]. All the
selected bacterial isolates presented a similar extent of
protease production (Additional file 1: Table S1, Fig. 1).
HCN produced by rhizobacteria plays a critical role in
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the biological control of pathogens [29]. In the present
study, all the selected rhizobacterial strains displayed
similar extent of cyanogenic activity, indicating that the
selected bacterial strains facilitated plant antibiosis to
a certain extent (Additional file 1: Table S1). A similar
extent of ammonia production was observed in the six
selected bacterial isolates (Additional file 1: Table S1).
Cellulase activity causes pathogen suppression through
degradation of the cellulosic cell walls of plant pathogens
[30]. Similar extent of cellulase activity was evident in the
six selected bacterial isolates (Additional file 1: Table S1).

Numerous genera, including Pseudomonas, Azospiril-
lum, Azotobacter, Bacillus, Enterobacter, and Rhizobium,
have been found in the plant rhizosphere [31]. The six
selected strains were identified by phylogenetic analysis
of the 16S rRNA gene sequencing data. This sequence
was used for a BLAST search performed on the NCBI
database. The five isolated strains PN89, PN92, PN94,
PN95, and PN99 were identified as Bacillus strains with
99% similarity (Additional file 1: Table S2). In contrast,
the PN32 strain was identified as a Lysinibacillus sp. with
99% similarity. Bacillus sp. represents a significant frac-
tion of soil microbial communities and is widely used in
agriculture to promote plant growth and protect against
plant pathogens. In particular, Bacillus megaterium and
Bacillus aryabhattai are the representative rhizobacteria
that solubilize soil phosphorus, enhance nitrogen fixa-
tion, and produce siderophores [32, 33].

Seed germination tests of T. aestivum were performed
with the six selected strains using the paper towel method
(Fig. 2). Seeds of T. aestivum treated with the PN89 strain
displayed a higher average shoot length than that of the
other strains (Fig. 2A). The shoot dry weight of PN89
was the highest among all the tested strains (Fig. 2B). No

Control PN32 PN89 PN92
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solubility
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Fig. 1 Photographs of selected bacterial strains exhibiting various plant growth-promoting (PGP) properties. Tests for protease, cellulase,
siderophore production, and phosphate solubility were performed. For relative comparison of each property, refer to the Additional file 1: Table S1
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vigor index of PN89 was the highest among the tested
strains (Fig. 2D). Overall, PN89 presented the maximum
beneficial effect on T. aestivum seed germination. There-
fore, B. megaterium strain PN89 was selected to examine
early seed germination and for pot trials under salt stress.

The extent to which plant seeds withstand germina-
tion under salinity could be affected by the existence of
rhizobacterial strains [34]. Thus, rhizobacterial strains
were selected to observe the beneficial effects of different
degrees of salinity on seed germination. The germination
extent of T. aestivum seeds was examined at a salinity
range of 0-300 mM. The GP decreased with increasing
NaCl concentration (Fig. 3). The GPs were 93%, 86%,
60%, 36%, and 16% for 0, 50, 100, 150, and 200 mM,
respectively. However, no germination was observed at
NaCl concentrations of 250 and 300 mM. These results
showed that the seed GP was affected by the salt concen-
tration. Therefore, salt concentrations of 0, 100, 150, and
200 mM were selected for subsequent experiments.

Two additional strains, PP7S and PnIHB, were
included for comparison because they are known to
enhance plant growth through different mechanisms;
PP7S contributes to anthocyanin accumulation, and
the PnIHB strain enhances nitrate uptake [35, 36]. Seed
GP and other growth parameters of 1. aestivum were
also observed by treating with co-cultures of PN89,
PP7S, and PnIHB. Thus, a total of eight different treat-
ments were considered for this experiment: control
(uninoculated), PN89, PnIHB, PP7S, M1 (co-cultures
of PN89+ PnIHB), M2 (co-cultures of PnIHB+ PP7S),
M3 (co-cultures of PP7S+PN89), and Mix (co-cultures
of PN89+ PnIHB+ PP7S). The usefulness of co-cul-
ture inoculants over monoculture inoculants has been
reported previously, wherein use of co-culture inoculants
enhances plant productivity through diverse mechanisms
[37].

Germination and early seedling growth responses of
wheat under salinity conditions were assessed using a
paper towel method. The GP was considerably affected
by each treatment (Fig. 4A). The GP at 0 mM was simi-
lar among control, PN89, and PP7S but lower for PnIHB.
For control and PM89, GP at 100 and 150 mM was in the
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range of 53—62%, and the GP was similar for the same salt
concentration. In contrast, the GPs at 100 and 150 mM
were approximately 20 and 71%, respectively, for PnIHB.
GPs at 100 and 150 mM for PP7S were approximately 31
and 47%, respectively. Furthermore, GP was expected
to decrease with increasing salt concentration, but GPs
were higher at 150 mM NacCl than at 100 mM Nacl for
PnIHB and PP7S. The overall GP at 0 mM was lower for
co-culture treatment than for monoculture treatment,
decreasing in the order of M1>M3>M2>Mix. In par-
ticular, M1 at 0 mM had 85% GP, which was similar to
that at 0 mM NaCl of control. Mix treatment at 0 mM
exhibited 37% GP, which was the lowest among all treat-
ments with 0 mM NaCl. For the co-culture treatment, the
average GP gradually decreased with increasing concen-
trations of NaCl. The GP at 200 mM was in the range of
9-22% (Fig. 4A).

The GRI is the percentage of germination per day dur-
ing the germination period. Higher GRI values indicate
higher and faster germination rates [24]. The GRI was
considerably affected by each treatment (Fig. 4B). GRI at
0 mM was similar among control, PN89, and PP7S but
substantially lower for PnIHB. GRI at 100 and 150 mM
was in range of 7.27-9.21 for control, PM89, and PnIHB.
GRI at 100 and 150 mM was in the range of 5.46-6.96
for PP7S, a value slightly lower than that of the aforemen-
tioned three treatments. The overall GRI at 0, 100, 150,
and 200 mM for co-culture treatment decreased with
increasing NaCl concentration (Fig. 4B). In particular,
GRI values at 0 mM for M1 and M3 were similar to that
of control.

The shoot length at 0 mM was similar among con-
trol, PN89, PnIHB, and PP7S and in the range of

[ 150mM NaCl
200mM NaCl

Germination Rate Index
s

Control PN89 PnlHB PP7S Ml M2 M3  Mix

Bacterial strains
Fig.4 A Germination percentage and B germination rate
index of T. aestivum seedlings upon treatment with various
rhizobacterial inoculants under salt stress. Control had no bacterial
treatment. M1, co-cultures of PN89 + PnIHB; M2, co-cultures of
PnIHB + PP7S; M3, co-culturing of PP7S 4+ PN89; Mix, co-cultures of
PN89+ PnIHB 4 PP7S. Error bars represent standard deviation (n=3).
Different superscripted letters for each NaCl concentration indicate
significant difference among various bacterial cultures according to
Duncan’s test (p =0.05)

8.7-10.1 cm/seedling. The shoot length at 100 mM was
slightly higher for control and PN89 than for PnIHB and
PP7S. The shoot length at 150 mM was considerably
higher for PN89 and PnIHB than for control and PP7S
(Fig. 5A). The shoot lengths of M1, M2, M3, and Mix
were similar or slightly lower than that of the control.
For the co-culture treatment, shoot length decreased
with increasing NaCl concentrations. Shoot lengths at
100 and 150 mM were slightly or substantially lower for
co-culture than for monoculture treatment. For co-cul-
ture treatment, the overall shoot length at 200 mM was
relatively lower than that for monoculture treatment
(Fig. 5A). For control, root length was not significantly
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A Fig. 5 A Shoot length, B root length, C shoot dry weight, D root
( )14 ) dry weight of T. aestivum seedlings upon treatment with various
W, 0:nM NaCl rhizobacterial inoculants under salt stress. Control had no bacterial
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treatment. M1, co-cultures of PN89 4 PnIHB; M2, co-cultures of
PnIHB + PP7S; M3, co-cultures of PP7S 4 PN89: Mix, co-cultures of
PN89 + PnIHB 4 PP7S. Error bars represent standard deviation (n=3).
Different superscripted letters for each NaCl concentration indicate
significant difference among various bacterial cultures according to
Duncan’s test (p =0.05)

different between 100 and 150 mM NaCl and was in the
range of 6.3-6.8 cm/seedling (Fig. 5B). For PP7S, the
root length gradually decreased with increasing NaCl
concentrations. The average root lengths at 150 mM
were higher with PN89 and PnIHB than with control
and PP7S and in the range of 7.3-9.7 cm/seedling. The
root lengths for M1, M2, and M3 were similar to those
for PP7S. The average root lengths of Mix were slightly
lower than those for M1, M2, and M3, but the differ-
ence was not significant (Fig. 5B). Shoot dry weight
shared a similar trend with shoot length for the control
and three monoculture treatments. Shoot dry weights
of M1, M2, and Mix were in the range of 4.5-6.6 mg/
seedling. The average shoot dry weights of 100 mM for
the control and M3 were slightly higher than those for
M1, M2, and Mix (Fig. 5C). The overall trend of root
dry weight was similar to that of shoot dry weight
(Fig. 5D). In particular, root dry weights for PN89 and
PnIHB were higher at 150 mM than for the other mon-
oculture treatments. All these results suggest that, with
a few exceptions, salinity adversely affected germina-
tion and initial growth of T. gestivum in monoculture
and co-culture treatments (Figs. 4 and 5).

Without salt treatment, the effect of the selected
PGPR strains on actual plants was determined by con-
ducting an in vivo pot test. T. aestivum seeds were
grown in sterile soil for 20 days, and the growth param-
eters were measured (Fig. 6). The results showed that
inoculating the selected PGPR endowed a positive
effect on T. aestivum growth compared to the con-
trols treated with only distilled water. The fresh weight
of stem was in the range of 0.35-0.58 g/plant, among
which M1 (co-cultures of PN89 + PnIHB) presented the
highest value of 0.58 g/plant. Fresh weight of root was
in the range of 0.25-0.35 g/plant, among which M3 (co-
cultures of PP7S + PN89) displayed the highest value of
0.35 g/plant (Fig. 6A). The dry weight of the stem was
in the range of 0.040-0.062 g/plant, among which M1
and M2 had the highest average value of 0.062 g/plant.
Average dry weights among co-culture treatments were
in the order M1 ~ M2>M3. The dry weight of roots
was in the range of 0.011-0.021 g/plant and no specific
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trend was found within all treatments (Fig. 6B). No spe-
cific trend was found for stem length, but M1 had the
highest average stem length. The average stem length
was in the range of 27.1-41.0 ¢cm, among which M1
had the highest value of 41.0 cm. No specific trend was
observed for root length. (Fig. 6C).

Under salt stress conditions, at 200 mM NaCl, both
the control and PGPR-treated seedlings exhibited an
overall lower fresh weight, dry weight, and length of
stem and root when compared with those without salt
treatment (Fig. 7). The fresh weights of control under
salt treatment were 0.80 g and 0.60 g for stem and root,
respectively. Upon treatment with PGPR, the fresh
weight of the stem was in the range of 1.2-1.5 g, which
was higher than that of the control. The average root
weights were greater for PN89, PP7S, and M1 than
for the control (Fig. 7A). The average dry weights of
stems were in the range of 0.018-0.030 g and consid-
erably greater for PN89, PT16, M1, and M3 than that
for the control. The average root lengths were greater
for PN89, M1, and M3 than that of control (Fig. 7B).
The average lengths of the PGPR-treated plants were
greater than those for the control plants. However, the
stem and root lengths were not significantly different
from those of the control, except for the stem of PN89
and root of M1 (Fig. 7C). All results in Fig. 7 showed
that PGPR treatment considerably affected the growth
under salt stress conditions. The newly isolated strain
PN89, as a bio-fertilizer, considerably protected T. aes-
tivum during the initial growth compared to those pre-
viously reported PT16 and PP7S [35, 36]. In particular,
mixture of two strains, including M1, often enhanced
the weight and length of stems and roots of T. aestivum.

The present experiments were performed under
sterile conditions. In addition, PGPR in the field coex-
ists with many other soil microbes. To make further
approach to in situ condition with isolated strains, the
future study need to be performed under sterile or non-
sterile condition with concomitant application of sev-
eral isolated strains while excluding standard strains
such as PnIHB and PP7S. The present experiments sug-
gest that the selected PGPR strain without and with
standard strains (i.e., symbiosis) can supply a tool or
method under salt stress for field application in the
growth of T. aestivum with further development. Con-
sidering the scenarios of serious environmental damage
and food security, uncovering different unknown PGPR
could be an effective approach to produce high crop
yields in the future.
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