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Abstract: In this study, 22 halophilic bacteria were isolated from plants collected together with rhizosphere soil from habitats with high
salt content in and around Erzurum. Various plant growth-promoting (PGP) properties of these isolates (nitrogen fixing, phosphate
solubilizing, ACC deaminase, and IAA and siderephore production) were determined. Bacteria positive for PGP properties and various
combinations with these bacteria were subjected to pot experiments in saline medium (greenhouse conditions) and their effects on
growth parameters (root and stem length, fresh and dry weight, protein, and chlorophyll and carotenoid content) of wheat plants
were determined. As a result of the research, the isolates were evaluated as successful isolates 5%-41% yield increase in root length,
3.82%-54.97% in stem length, 7.14%-60.71% in wet weight, 5%-32.5% in dry weight, 13.78%-29.68% in dissolved protein content,
83.40%-120.22% in total chlorophyll content, and 45.79%-120.22% in total carotenoid content. 16S rRNA analysis showed that these
22 halophilic bacterial strains belonged to 11 different bacterial species (Bacillus pumilus, Bacillus endophyticus, Paenobacillus lautus,
Planococcus citreus, Staphylococcus sciuri, Staphylococcus saprophyticus, Leucobacter iarius, Sphingomonas echinoides, Bacillus simplex,
Bacillus cereus, Pantoea aggloremans). All isolates obtained in this study are new and original isolates. Inoculations with the isolates
found in our study were much more effective and provided significant yield increases on wheat plants under saline irrigation compared
to previous studies.

These results conclude that the obtained isolates promote plant growth under saline conditions and have biofertilizer potential for wheat

plants under saline conditions.

Key words: Plant growth-promoting bacteria, salt stress, halophilic/halotolerant bacteria, wheat

1. Introduction

Since beginning of the 21st century, increasing soil and
water salinity, environmental pollution, and scarcity of
water resources have received more attention globally.
Soil salinity is one of the most important destructive
environmental stresses leading to reduced crop yield and
quality in cultivated areas (Yamaguchi and Blumwald,
2005; Shahbaz and Ashraf, 2013). Salinity is a key factor
that inhibits crop yield and production and plays a vital
role in plant growth and production. Salinity-affected
soils have been a major limiting factor for important
crops worldwide (Shannon and Grieve, 1999; Bacilio
et al., 2004). The growing human population and the
decrease in available land for agriculture pose a threat to
sustainable agriculture (Shahbaz and Ashraf, 2013). One
of the most important measures to be taken to prevent
these problems is the establishment of the necessary
agricultural strategies (Glick, 2014). By 2050, a significant

* Correspondence: f_asci@aku.edu.tr

increase (estimated at 50%) in grain yields of important
crops such as rice (Oryza sativa L.), wheat (Triticum
aestivum L.), and maize (Zea mays L.) is required to meet
the food needs of the projected population (Godfray et
al., 2010). Losses in wheat-cultivated areas are mainly
due to drought and high soil salinity, and the area of land
affected by salinity is increasing day by day. Adaptations
and mitigation strategies are widely needed to cope with
a wide range of such impacts. However, such strategies
are long, inconclusive, and costly, and there is a need to
develop simple and low-cost biological methods for salt
stress management that can be used in the short term.
Research under these conditions requires an appropriate
biotechnological effort, not only to increase crop yields
but also to improve soil health through the interaction
of soil microorganisms and plant roots (Lugtenberg et
al., 2002). Soils under salt stress are known to suppress
plant growth (Paul, 2012). It is well known that soil biota
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has beneficial effects on salt-exposed plants. Isolating
microorganisms present in the rhizosphere of saline plants
can be an effective way to achieve this goal, and recently,
plant growth-promoting rhizobacteria (PGPR) have
been used for this purpose (Dimkpa et al., 2009). Unless
their intrinsic characteristics such as tolerance to saline
conditions, genetic diversity, synthesis of compatible
solutes, production of plant growth-promoting hormones,
biocontrol potential, and interactions with cultivated plants
are exploited, halotolerant PGPRs could play an important
role in improving wheat crop productivity in this context.
Previous studies show that the use of PGPRs is a promising
alternative to alleviate salinity-induced plant stress (Yao et
al,, 2010). Therefore, the role of microorganisms in the
management of biotic and abiotic stresses is becoming
very important. This study will be helpful to explore
the potential of native salt tolerant strains of PGPR and
further their utilization as biofertilizers for wheat crop to
minimize yield losses due to salt stress. In the future, this
could lead to developing an effective bioformulation for
such problematic soils.

2. Materials and methods

2.1. Soil sampling and plants isolation of halotolerant
bacteria

The area where plant and rhizospheric soil samples are
collected is a rock salt area on the mountain called Sagir
Tepe, consideringthatthe chancesofobtaininghalotolerant,
halophilic, or moderate halophilic bacteria would be
high. The collected plants belonged to Boraginaceae,
Asteraceae, Poaceae, Lamiaceae, Plantaginaceae, Fabaceae,
Equisetaceae, and Ranunculaceae, and our effective
isolates were isolated from these plant rhizospheres. Since
these plants were not in the flowering period, they could
only be identified at the family level. This mountain is
located within the boundaries of Esendurak neighborhood
(formerly named Sagir Village), 15 km north of Tortum
District in Erzurum. It is 1950 m high. The samples were
collected from the rhizosphere of various wild halophile
plants at a depth of 0-5 cm. They were placed in sterile
airtight bottles, labeled with the date of collection, and
transported to the laboratory for further investigation. Soil
samples taken from the rizospheric region of previously
planted plants and brought to the laboratory after the
plant roots were thoroughly mixed and homogenized,
series dilutions of 107! to 10-° were prepared from each.
From each of these samples, 15 g/L bacto peptone, 5 g/L
trptone, 2.5 g/L dextrose, 15 g/L agar, and NaCl and 1 L
pure water (pure water device: Niive NS 112) were used for
the isolation of bacteria from the previously prepared agar
medium containing 1 M NaCl. After incubation at room
temperature for 2-4 days, the bacteria were inoculated in
three different molarity media modified with 1.75 M, 2 M,
and 2.5 M NaCl. At the end of 2-4 days, isolates growing
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on these media were identified. Each of the purified
isolates was given a code number and stored in glycerin
medium at -80 °C.

2.2. Screening of plant growth promotion abilities

2.2.1. Qualitative and quantitative biological nitrogen
fixation (BNF)

Each bacterium growing on medium containing three
different NaCl (1 M, 1.75 M, 2 M) concentrations was
inoculated by line seeding method on Petri dishes
containing solid Burks N-free medium (Wilson and
Knight, 1952; Park et al., 2005). Each bacterium was
inoculated in plates, one of which was incubated at 30
°C for 3-5 days. Petri dishes were checked daily. Petrays
with bacterial growth from the second day onwards were
coded as +++ and those with bacterial growth from the
third day onwards were coded as -++ and their nitrogen
fixing potential was graded. After 3-4 days at 30 °C in
Burk’s N-free medium, pure bacteria were inoculated into
test tubes containing 5 mL of semisolid JNFb medium
prepared according to (Baldani et al., 2014) and their
nitrogen fixation properties were tested for the second
time.

2.1.2. Phosphate solubilization

Qualitative and quantitative methods were used for the
determination of phosphate solubilization potential of
the isolates. Firstly, liquid NBRIP-BPB medium was used
for qualitative determination. Absorbance values at 600
nm were read and recorded (Mehta and Nautiyal, 2001;
Aydogan and Algur, 2014). The experiments were carried
out in triplicate, and arithmetic averages of the results
were taken. Bacteria that were determined to be effective
in dissolving inorganic phosphate were also tested
quantitatively separately. In the quantitative determination,
the amount of dissolved phosphate in the medium was
determined using the Vanadomolibdo phosphoric acid
method (Jackson, 1973). Based on the previously prepared
standard graph, the phosphate amounts of samples
recorded by reading the absorbance values at 600 nm in the
UVmini-1240 brand spectrophotometer were calculated
as milligram per liter.

2.1.3. Indole-3-acetic acid (IAA) production

Using the method described by Sarwar and Kremer (1995),
the bacteria were incubated on a shaker for 3 days. After
incubation, the bacterial cultures were centrifuged. One
milliliter of the supernatant was reserved and 1 mL was
mixed with 3 mL of Salkowski’s reagent, and the mixture
was kept for 1 h at 30 °C in the dark. Three replicates
were made from each sample. In addition, each sample
was measured spectrophotometrically at 530 nm after
the waiting period (Sarwar and Kremer, 1995; Patten and
Glick, 2002). IAA production was calculated in milligram
per liter using standard graph values corresponding to the
spectrophotometer values.
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2.1.4. Siderophores production

This assay was carried out based on the competition for iron
between the ferric complexes of an indicator dye, chrome
azurol S (CAS), and the siderophores produced by bacteria
which apparently have a higher affinity for chelating Fe** of
CAS. Siderophore production by rhizobacterial isolates was
detected as described by Schwyn and Neilands (1987) with
several modifications. The assay was performed by using
CAS agar medium which contains the ternary complex
CAS/Fe**/hexadecyltrimethyl-ammonium bromide as an
indicator. Autoclaved CAS agar medium was poured in
each Petri dish. Pure bacteria were inoculated into the
wells of CAS Blue agar plates and incubated in an oven
at 30 °C for 7 days. After 7 days of incubation, the yellow-
orange discoloration of the medium and the diameter
of the zone formed by the bacteria were measured to
determine whether these bacteria produced siderophore.
2.1.5. ACC(1-aminocyclopropane-1carboxylic acid)
deaminase activity

The ACC deaminase activity of bacteria was determined by
estimating the amount of a ketobutyrate (a-KB) generated
by the enzymatic hydrolysis of ACC, following the method
described by Honma and Shimomura (1978). Activity of
ACC deaminase in isolated PGPB was assayed according
to the method described by Shrivastava and Kumar
(2013) by measuring the amount of a-KB produced when
the enzyme ACC deaminase cleaves ACC, which was
determined by comparing the absorbance at 540 nm of a
sample to a standard curve of a-kb ranging between 0.05
and 1.0 umol. To measure specific activity of the cultures,
protein estimation was carried out according to Honma
and Shimomura (1978). Protein content was estimated by
reference to a standard. The activity of ACC deaminase
was expressed in nmol a-K /g™ biomass h™".

2.2. Diagnosis and assessment of effective isolates

As a result of our studies, some classical, biochemical, and
molecular methods (MIS and 16S rRNA analysis) were
used for the definitive diagnosis and characterization of
the bacterial isolates that were determined to be halophilic/
halotolerant PGPR and used in pot trials. The fatty acid
profiles of the isolates in our study were analyzed one by
one by running the MIS device (MID], Inc., Newark, USA)
as specified in the system manual and the diagnostic results
were printed out from the computer (MIS, 2005). The 22
bacterial isolates, selected as the most effective isolates as
a result of the experiments, were analyzed for 16S rRNA
gene by Refgen company.

2.3. Inoculum preparation

In order to prepare the inoculum to be inoculated into the
seeds of cultivated plants, pure bacteria were incubated in
tryptic soy broth (TSB) at 30 °C and 180 rpm for 48 h on
a shaker. At the end of the incubation, surface-sterilized

wheat seeds were thrown into the inoculum cultures, and
4% sugar solution prepared to ensure better adhesion of
the inoculum material to the seeds was added (Isler and
Coskan, 2009). The seeds were kept in the culture liquid
overnight to allow the seeds to absorb water. In this way,
wheat seeds were made ready for pot planting.

2.4. Pot experiments under greenhouse conditions

The pots (153 x 116 mm and capacity to hold 1liter
of soil) to be used for sowing the seeds and growing
the plants were disinfected with cotton soaked in 95%
alcohol and filled with 1/3 of sand, soil, and peat. Three
pots were prepared for each bacterium and the pots were
labeled with bacterial code numbers and made ready for
planting. The research was conducted using a variety
of wheat (Triticum aestivum cv. Kirik) derived from the
Atatiirk University Agricultural Faculty Field Crops
Department, in the form of a pot experiment with a triple
replication test under greenhouse conditions, following
the experimental design outlined below. No solution was
used for plant nutrition. The experiment was organized as
control group containing uninoculated wheat seeds (TSB
medium without inoculation + wheat seeds) and groups
containing inoculated wheat seeds (TSB medium prepared
by inoculating each bacterium separately + wheat seeds).
Seeds were sown at a rate of 15 per pot and grown for 16
days under greenhouse conditions. During the 16-day
period, initially irrigated with regular water on the first
day. Subsequently, saline irrigation was introduced, with
tap water containing 50 mM, 100 mM, and 200 mM NaCl
applied for 5 days each in three separate periods. At the end
of the 16 days, both experimental groups were harvested.
At this stage, the plants were removed together with their
roots and washed in tap water. Subsequently, root and
stem lengths and wet and dry weights were measured.
In addition, protein, chlorophyll, and carotenoids were
determined in the leaf samples.

2.4.1. Root and stem lengths of plants

Root and height lengths of the plants removed from each
pot were measured with a ruler and calculated by taking
the average.

2.4.2. Wet and dry weights of plants

An equal number of wheat plants were removed from each
pot, weighed on a precision balance (Denver GERMANY,
TP - 214), and the wet weight per plant was calculated by
taking the average. Dry weight was determined by placing
the plants, whose wet weight was measured, in aluminum
foil and allowing them to dry in an oven at 70 °C for 48
h. When the last two weighings of a plant were equal, it
was removed from the oven and weighed on a precision
balance. The average of the two weights was calculated, and
the dry weight per plant was determined (Kagar, 1972).
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2.4.3. Determination of soluble protein in plant leaf
tissue

Protein determination was carried out in leaf samples
of wheat plant using the method proposed by Bradford
(1976). Absorbance values at 595 nm were measured, and
protein content was determined spectrophotometrically.
Utilizing a standard graph, the results were calculated as
protein per gram of tissue for each sample, with absorbance
values estimated by measuring the optical density at
595 nm (OD,,.) using a spectrophotometer (Shimadzu,
JAPAN, UVmini-1240).

2.4.4. Determination of chlorophyll and carotenoids in

The experiments were conducted in triplicate and the values
obtained were analyzed with LSD multiple comparison
test using SPSS 12.0 statistical program (Yildiz and Bircan,
1991).

Twenty-two bacterial isolates, selected as the most
effective isolate as a result of the experiments, have been
sent to the Refgen company for analysis of the 16S rRNA
gene. The National Center for Biotechnology Information
GenBank accession numbers for the sequences of
halotolerant bacterial strains are from MN086818 through
MNO086870.

3. Results

plant leaf tissue

After harvesting from the wheat plant, 0.5 grams of grain
was mixed. The examined samples were placed in a mortar,
and the extract was crushed with 5 mL of preprepared
cold 80% acetone (80 mL of acetone was supplemented
with pure water and prepared in 100 mL). The molecule
was centrifuged at 3500 x g (6000) rpm for 15 min at the
centrifugal tube. After centrifugation, the supernatant
was completed with 10 mL of acetone. Subsequently, the
absorptions were measured on the spectrophometer, at
645 and 663 nm separately. The zero adjustment of the
spectrophotometer was done with 80% acetone. For the
determination of carotenoids, the same samples were also
read at 450 nm (Strain and Svec 1966).

2.5. Statistical analysis of the results

3.1. Characteristics of the selected halotolerant PGP
Isolates obtained from various plant rhizosphere soil
samples collected from areas with high salt content showed
growth in media containing 1.75 M, 2 M, and 2.5 M salt
concentrations (Table 1). The plant growth promoting
properties of the potentially effective isolates growing at high
salt concentrations were also tested. For this purpose, the
growth of these 22 isolates was observed on the 2nd, 3rd, and
4th day in nitrogen-free medium at a temperature of 30 °C,
and the results are presented (Table 1). Some of the isolates
(ASD9, ASD14, ASD22, ASD25, ASD31, ASD54, ASD55,
ASDS58, ASD59) exhibited optimal growth at 30 °C (Figure
1). To confirm the nitrogen fixation of these isolates, their
growth on semisolid medium was also observed (Figure 2).
When the inorganic phosphate solubilizing potential

Table 1. Growth potential of the isolates on medium containing various concentrations of NaCl (1.75 M, 2 M, and 2.5 M NaCl), on
nitrogen-free medium and findings obtained from PGP properties.

1.75M|2M | 2.5M Grov.vth in NF Inorganic P| Inorganic P IAA . ACC prOfiuctlon Siderophore
Isolate no. NaCl |NaCl | NaCl medium (600 nm) | (mg/L) production (a-KB/ g roduction (cm)
(30°C) 8 (mg/L) biomass h™') P
ASD1 + + - -++ 0.729 60 59.8 1224.490 1.2
ASDS8 + + + +++ 0.411 97.06 78.8 2342.86 1.2
ASD9 + + + +++ 0.263 70.06 48 437.788 1.1
ASD14 + + - +++ 0.9 113.8 8 1136.930 0.9
ASD18 + + - -++ 0.104 103.03 20.1 5997.310 0.9
ASD19 + + - +++ 0.403 136.8 50.6 154.668 1
ASD22 + + + +++ 0.337 104.13 78.8 229.053 0.6
ASD23 + + + +++ 0.132 140.6 64.2 454.439 0.9
ASD25 + - - +++ 0.123 116.7 111.7 2788.22 1.2
ASD31 + + + -++ 0.6 99.5 50 1201.01 0.8
ASD36 + + + +++ 0.529 98.06 33.7 109.495 1.1
ASD38 + + + +++ 0.755 104.7 7.2 147.696 1
ASD44 + + + +++ 0.851 99.6 42.7 93.292 1.1
ASD48 + + + +++ 0.588 100.2 103.8 159.691 1.0
ASD54 + + - +++ 0.1 57.2 60.7 114.999 0.5
ASD55 + + - +++ 0.947 82 61 696.668 0.7
ASD58 + + - +++ 0.14 70.5 79.7 110.47 0.7
ASD59 + + + +++ 1.2 59.26 51.8 126.16 1
ASD64 + + + -++ 0.74 65 117 750.394 1
ASD65 + - - +++ 0.93 91.8 60 990.704 1.0
ASD68 + + - +++ 0.437 103.8 55.7 118.2 0.7
ASD69 + + +++ 0.235 97.33 33.8 591.84 1
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Figure 2. The blue color of some isolates on semisolid NF
medium and the layer formed near the surface.

of the isolates were analyzed by comparing the qualitative
and quantitative results (Table 1), the isolates with the best
phosphate solubilizing properties were ASD8, ASD14,
ASD18, ASD19, ASD22, ASD23, ASD25, ASD31, ASD36,
ASD38, ASD48, ASD68, and ASD69, respectively. The
most effective isolates in terms of [A A production potential
are ASDS8, ASD22, ASD25, ASD48, ASD48, ASD5S8,
and ASD64, respectively. The color changes of some
isolates corresponded to their potential to produce TAA.
1-aminocyclopropane-1-carboxylate (ACC) deaminase
activity of the isolates was determined (Table 1). ASDI,
ASDS, ASD14, ASD18, ASD18, ASD25, ASD31, ASD55,
ASD64, and ASD65 were the most effective isolates in
terms of ACC deaminase potential. The ability of the
isolates to produce siderophore and the orange colored
zones they formed in the medium. ASD1, ASDS8, ASD25,
ASD9, ASD36, and ASD44 isolates produced significant
levels of siderophores and formed yellow-orange zones in
the medium.

3.2. Identification and characterization of effective
isolates
Gram, endospore, and catalase tests were performed on 22
isolates used in pot experiments. According to these tests,

ASD1, ASD8, ASD9, ASDI18, ASD19, ASD22, ASD25,
ASD31, ASD55, ASD59, ASD68, and ASD69 isolates had
positive gram, endospore and catalase tests. Gram and
catalase tests of ASD14, ASD23, ASD36, ASD38, ASD44,
ASD48, and ASD58 isolates were positive, while endospore
tests were negative. Only catalase tests of ASD54, ASD58, and
ASD64 isolates were positive. 16S rRNA results of isolates
ASD1, ASD8, ASD25, ASD31, ASD55, ASD68, and ASD69;
Bacillus pumilus, isolate ASD36; Staphylococcus sciuri,
isolates ASD38 and ASD44; Staphylococcus saprophyticus,
isolates ASD19, ASD59; Bacillus cereus, isolates ASD9
and ASD22; Bacillus endophyticus, isolate ASD18; Bacillus
licheniformis, isolates ASD14 and ASD23 Cellulosimicrobium
cellulans, isolate ASDA48; Leucobacter iarius, isolate
ASD54; Sphingomonas echinoides, isolate ASD65; Bacillus
atrophaeus, isolate ASD58; Stenotrophomonas maltophilia,
isolate ASD64; Pantoea agglomerans.

3.3. Effect of inoculation on growth traits of wheat in pot
trials

A pot experiment was conducted by inoculating the
isolates to wheat seeds. According to the results of the
experiment, ASD55 isolate showed the best effect on plant
growth (Figure 3).
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Figure 3. Images of wheat plants inoculated with the control
group and ASD55 isolate on the 15th day.

3.3.1. Effect of saline irrigation on growth traits of wheat

3.3.1.a. Root and stem length of wheat

The analysis of the values obtained from root and stem
length measurements is summarized in Table 2. In the
light of these data, the positive contributions of ASDS,
ASD55, ASD69, and ASD55 isolates to the increase
in root length compared to the control group without
bacterial inoculation were statistically significant (p <
0.05). Only isolate ASD1 (10.53 | %) had a negative effect
on root length compared to the control group and caused
a decrease in root length. On the other hand, the other
isolates had a positive effect on root length by showing a
significant increase compared to the control group (Figure
4).

The effect of ASD9, ASD55, ASD65, ASD22, ASDA48,
and ASD54 isolates on stem length was statistically
significant (p < 0.05). None of the isolates had a negative
effect on stem length. Inoculation with different isolates
had a positive effect on root and stem length of wheat
plants compared to the control group and generally
increased (Table 2).

3.3.1.b. Wet and dry weight

The analysis of the findings obtained from wet and dry
weight measurements is summarized in Table 2. As seen
in this table, ASD69 and ASD58 isolates led to statistically
significant (p < 0.05) increases in wet weight, while
ASD19, ASD36, ASD69, ASD58, ASD54, ASD59, ASD55,
and ASD64 isolates on dry weight compared to the control
group without bacterial inoculation.

ASD1 (3.57|%), ASD25 (10.71 | %), and ASD68 (7.14
1%) isolates had a negative effect on wet weight and caused
a decrease in wet weight per plant. However, all other
isolates except these three isolates had a positive effect on
wet weight and caused an increase.

It was determined that SD36, ASD69, ASD58, ASD19,
ASD54, ASD55, ASD59, and ASD64 isolates led to
statistically significant (p < 0.05) increases in dry weight

84

compared to the control without bacterial inoculation.
In addition, while ASD1 isolate was in the same group
with the control, ASD14 (7.5% |), ASD25 (15% |), and
ASDG68 (17.5% |) isolates caused a decrease in plant dry
weight compared to the control. In general, the isolates
mostly caused an increase in plant dry weight. Bacterial
inoculation had a positive effect on wet and dry weight
of wheat plants and caused an increase compared to the
control group (Figure 5).

3.3.1.c. Effects of inoculation treatments on dissolved
protein content in plants

Statistical analysis of the values obtained from
measurements of the dissolved protein content (Figure
6). As shown by the figure, ASD54, ASD69, and ASD-
8-9 isolates provided the maximum positive effect on
protein content compared to the control group without
bacterial inoculation, followed by ASD38 and ASDI1
isolates, respectively. Apart from these isolates, ASDS,
ASD9, ASD14, ASD18, ASD22, ASD31, ASD36, ASD44,
ASD48, ASD55, ASD58, ASD64, ASD65, ASD65, and
ASDG68 isolates caused a decrease in protein content in
wheat plants compared to the control group. The effects of
inoculation with different isolates on plant protein content
in wheat plants are presented in Table 3.

3.3.1.d. Effects of inoculation with isolates on plant
chlorophyll and carotenoid content

The effects of inoculation with different isolates and saline
irrigation on chlorophyll a, chlorophyll b, total chlorophyll,
and total carotenoid content of wheat plants are presented
in Table 3. In the light of the statistical analysis of the
results obtained from the chlorophyll a measurements,
ASD54 isolate had the highest positive effect compared
to the control group and this isolate was followed by
ASD18, ASD69, ASD65, and ASDI19 isolates. ASD44
and ASD58 isolates had a negative effect on chlorophyll
a content in wheat plants compared to the control group
(Figure 7). ASD54, ASD18, ASD19, ASD19, ASD69, and



SEZEN et al. / Turk ] Bot

Table 2. Root, stem length; wet and dry weight findings of inoculation with isolates statistical analysis and percentage increase (1),
decrease (), and stable («») amount.

Isolate no ﬁ: :;tth (cm) Z: nI;:l(:t (Sctfnl;l length ;’fnsgttehm Wet weight (g) :/:e‘il\;;tt Dry weight (g) % Dry weight
Control |15.00+0.58 19.10+1.10% 0.28+0.02¢ 3.57] 0.040+0.002°¢

ASD1 13.42+0.57' 10.53] 19.83+0.55% 3.821 0.27+0.05% 39.291 |0.040£0.0049" |
ASDS8 21.15+0.63< 4117 23.75+1.02%fMi | 311 0.39+0.04%< 139.291 |0.046+0.0057° | 151
ASD9 18.72+£0.47°%" |24.87 26.70+0.75®¢ |39.791 0.39+0.034<d | 7.141 0.046+0.011%¢ 151
ASD14 [16.50+1.17"k 101 21+0.57% 9.957 0.30£0.058>4 |32.141 [0.037+0.0058% |7.5]
ASD18 | 15.75+0.51% 57 21.6:£0.82f¢hi 13.091 0.37£0.069%% | 42.861 |0.045+0.017%*«¢ |12.57
ASD19 [16.20+0.91%* 81 24.6+0.80°<fh | 28.801 0.40£0.058<% | 28.571 |0.049+0.0017* |22.57
ASD22 [18.00£0.96¢" |20 27.16£0.95%< 42.207 0.36£0.023%<% | 28,571 |0.042+0.0018%< |51
ASD23  [16.05+0.85% 71 22.65+0.77¢f | 18.591 0.36£0.057%% | 10.71] |0.043+0.002*«¢ | 7.57
ASD25 [ 16.06+0.55% 7.061 20.2940.71' 6.237 0.25+0.069¢ 28.571 |0.034£0.003¢ 15}
ASD31 |18.50+0.80%" |23.331 24:+(,57¢defeht 25.657 0.36£0.051%% | 42.861 |0.045+0.0011%< | 12.57
ASD36 |17.61+0.22M 17.47 21.60+1.68% | 13.091 0.40+0.028%% | 39.291 | 0.054+0.0012° 357
ASD38 [19.00+0.63" |26.661 21.1442.22M 10.6817 0.39+0.011%<d | 7.141 0.043+0.0058*<¢ | 7.51
ASD44 | 17.2940.57Mi 14.661 21.50+0.86¢M | 12.571 0.30£0.034bc¢ | 3.57| 0.042+0.017%¢ |57
ASD48 [18.90+1.21¢%" | 261 26.80+1.27%¢  |40.311 0.35£0.014%<d | 251 0.044+0.0051%<¢ | 10.57
ASD54  [19.00+0.89" |26.21 26.50+0.86%% | 38.741 0.45£0.021* |60.717 [0.052+0.0018® | 301
ASD55 [ 20.40+0.66°¢ | 361 29.60+1.09* 54.971 0.44+0.023%¢ | 57.141 |0.049+0.011%* 22.57
ASD58 [19.86+1.02%f |32.41 25.50+0.86°<4 | 33.511 0.4310.06™¢ | 53.571 |0.052+0.023* 307
ASD59 | 18.79+0.42¢%" [25.261 24.30+1.55¢fM | 27231 0.41£0.057%% | 46.431 |0.050+0.0045% | 251
ASD64 | 18.25+0.61¢" | 21.661 25.93+1.48%< | 35761 0.41£0.057%% | 46.431 |0.049+0.0057 |22.57
ASD65 | 20.50+0.97° | 36.661 28.65+1.06% 507 0.39+0.023%<% | 39.291  |0.045+0.0023%<¢ |12.57
ASD68 | 15.75+0.21% 57 16.60+1.68% 13.09] 0.26+0.034¢ 7.14| 0.033+0.0058¢ 17.5]
ASD69 | 20.25+0.57<4 | 351 24.30+1.55¢fM | 27231 0.43+0.057%¢ | 53.571 |0.053+0.017* 32.51
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Figure 4. The effects of salt irrigation in different concentrations on the root and stem length of the wheat plant.
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Figure 5. The effects of salt irrigation in different concentrations
on wet and dry weight of wheat plants.
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Figure 6. The effects of salt irrigation in different concentrations
on protein content in wheat plants.

Table 3. Statistical analyses of protein, chlorophyll (chl.) a, chlorophyll b, total chlorophyll, and carotenoid amounts on wheat plants and
their percentage increases (1) and decreases (]).

Isolate no. Protein mg of chl. a per | mg of chl. b per | mg of tot'al chl. 2/(1,1;1:) (i'totl)hyll 2‘3(;2:::;35 perg % Total '
amount (pug) g of tissue g of tissue per g of tissue content of tissue carotenoids

Control |210.02+0.58% 8.89+0.27" 3.89+0.04" 12.71£0.35Y 1.49+0.10°f

ASD1 223.80+0.11° 13.81+0.39%4% | 5.96+0.07° 19.65+0.53bd<fh | 54 601 2.45+0.14%<4 64.431
ASD8 181.44+0.81# 14.04+0.40%¢" | 5.64+0.15% 19.53+0.63%%s | 53.661 3.04+0.16% 104.037
ASD9 141.0743.02! 15.38+1.44bcde 7.02+0.99< 22.30+1.49bcdef 75.457 2.58+0.93%cd 73.157
ASD14 |165.75+1.18" 15.92+1.555 6.76+0.61°¢ 22.56+1.220e 77.501 2.63+0.594 76.511
ASD18 |161.38+0.70" 16.98+0.72% 7.52+0.28%® 24.36+1.06™ 91.667 2.73+0.27%¢ 83.221
ASD19 |215.18+0.49 16.03+1.08> 7.18+0.33%®¢ 23.09+1.090<de 81.6717 2.83+0.42%¢ 89.931
ASD22 |168.39+0.22" 13.40+0.68<%h | 5.89+0.2]cdf 19.18+0.95%<% | 50,607 2.35+0.23¢bcde 57.721
ASD23 [210.88+1.07% 12.99+1.31%6 | 580+0.47¢" 17.25+0.98¢M 35.721 2.16+0.49bcde 44.971
ASD25 | 186.72+0.93 10.22+1.37™ 4.46+0.908" 14.63£1.31" 15.117 1.78+0.900<f 19.461
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ASD31 |123.28+0.35 12.43+0.11¢f" 5.32+0.02°% 17.54+0.28f¢M 38.007 1.99+0.04bcde 33.567
ASD36 |146.13+0.51 10.38+0.46%™ 4.57+0.14¢ 14.86+0.65™1 16.921 1.73+0.17b<def 16.117
ASD38 [228.14+1.18" 11.10+0.39f&™ 4.75+0.11g" 15.76+0.488"% 23.991 1.90+0.14bcf 27.527
ASD44 [196.19+2.55 8.81+0.48' 3.38+0.21" 12.62+0.63" 0.07] 1.56+0.16°% 4.707
ASD48 [167.79+1.72" 13.83+0.66"¢% | 6.03+0.16 19.75+0.95%¢f | 55391 2.27+0.25%c 52.351
ASD54 | 244.78+0.10* 19.83+0.72* 8.33+0.36° 27.994+0.98* 120.227 3.28+0.29° 120.137
ASD55 | 151.98+0.77" 12.97+0.71%f" | 570+0.2¢% 18.54+1.014f | 45871 2.05+0.24bcde 37.581
ASD58 |207.83+1.63° 8.21+0.63' 3.84+0.75" 12.16+0.87 0.87] 1.36+0.24%f 8.72]
ASD59 [211.74+1.40% 12.90+1.01%f8" | 560+0.214% 18.38+1.08¢f 44.511 2.16+0.75%cde 44.971
ASD64 | 159.37+1.06™ 14.40£0.69"4 | 6.22+0.36° 20.50+0.97"¢% | 61.291 2.24+0.26%% 50.341
ASD65 | 144.25+0.65' 16.37+1.07°¢ 7.02+0.14% 23.48+1.01" 84.741 2.58+0.40%¢ 73.151
ASD68 [169.01+1.03" 13.1240.54<4<fh | 5.52+(0.434f 18.53+0.75%f 45791 2.01£0.20°0< 34.907
ASD69 |239.70+0.88* 16.37+0.76"¢ 7.06+0.16> 23.31+1.01%¢ 83.401 2.54+0.29%4 70.471
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Figure 7. Chlorophyll a, chlorophyll b, total chlorophyll, and total carotenoid content
in wheat plants irrigated with NaCl at different concentrations of treatments.

ASDG65 isolates had a positive effect on the increase in
chlorophyll b content. ASD44 and ASD58 isolates had a
negative effect on chlorophyll b content compared to the
control group. These isolates and combinations, which
had negative effects on chlorophyll a and chlorophyll b
content, also had negative effects on total chlorophyll
content. ASD54, ASD18, ASD65, and ASD69 isolates had
a positive effect on total chlorophyll content. According to
the effects of the isolates on the total carotenoid content in
wheat plants, ASD54, ASD8, ASD18, and ASD19 isolates
showed positive effects. According to the percentage
increase and decrease rates of inoculation with isolates on
total chlorophyll content in wheat plants, ASD54, ASD18,
ASDG65, and ASD69 isolates showed maximum positive
effect compared to the control group and provided a
significant increase in total chlorophyll content. Isolates
ASD44 and ASD58 caused a decrease in total chlorophyll

content compared to the control group. According to the
percentage increase and decrease ratios of inoculation
with isolates on total chlorophyll content in wheat plants,
ASD54, ASD8, ASD19 and ASD18 isolates had a positive
effect on total carotenoid content compared to the control
group. Only ASD58 isolate had a negative effect and caused
a decrease in total carotenoid content.

4. Discussion

In this study, we aimed to isolate new halophilic PGPRs
based on salt stress-PGPR applications, which are the focus
of current PGPR studies, and to determine the usability
of the new isolates for wheat cultivation in saline soils.
For this purpose, various levels of salt-tolerant bacteria
were isolated from different habitats containing high
levels of salt. These bacteria were then tested for various
PGP properties (nitrogen fixation, solubilizing insoluble
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phosphate, IAA production, ACC deaminase production,
and siderophore production) and according to their
activities, the isolates (22) to be used in pot experiments
were decided. Finally, these isolates were taken into pot
experiments to be irrigated with water containing various
ratios of salt and the results were discussed in the light of
the literature. According to Kushner (1978, 1993), our 22
bacterial isolates can be classified as intermediate halophiles.
Qur isolates ASD8, ASD9, ASD22, ASD23, ASD31, ASD36,
ASD38, ASD44, ASD48, ASD59, and ASD64 also grew on
media containing2.5 M NaCland can be classified as extreme
halophiles according to Margesin and Schinner (2001).
It was determined that 80.66% of these halophilic isolates
were gram-positive and 13.63% were gram-negative. All of
our total halophilic isolates were found to exhibit significant
positive traits including nitrogen fixation, IAA production,
siderephore production, phosphate solubilizer, and ACC
deaminase production. These PGP properties of our isolates
were compared with the phosphate solvent and siderephore
producing, ACC deaminase and IAA producing properties
of various PGPR bacteria in the literature. When the
literature was examined, it was found that ASD23, ASD19,
ASD14, and ASD25 isolates had phosphate solubilizing
properties; ASD8, ASD9, ASD14, ASD19, ASD23, ASD25,
and ASD45 isolates had siderophore production properties;
ASD18, ASD25, ASD14, ASD8, and ASDé64 isolates in terms
of ACC deaminase production; ASD25 and ASD64 isolates
in terms of IAA production have much higher potential
than the isolates determined in the literature.

Among our isolates whose PGP properties were
determined, the ones that were good in terms of 4-5
parameters measured were selected instead of the ones
that were good in terms of a single parameter and these
isolates were used in pot experiments. These parameters
are the most frequently used in both physiological research
and PGPR research (Egamberdieva and Kucharova 2009;
Ramadoss et al., 2013; Singh et al., 2016).

Our pot experiment results are summarized (Tabless
2 and Table 3). According to these results, when each of
our results were compared with the control group; ASDS,
ASD65, and ASD69 isolates were found to be the most
successful isolates in plant root length and they provided
a yield increase of 5%-41%. In plant stem length, ASD9,
ASD22, ASD48, ASD54, ASD55, ASD55, and ASD65
isolates were found to be the most successful isolates and in
yield increases between 3.82% and 54.97% were achieved.
On wet weight, ASD54 and ASD55 isolates were found to
be the most successful isolates and yield increases between
7.14% and 60.71% were achieved. ASD1, ASD25, and
ASDG68 isolates caused decreases in yield on stem length.
ASD19, ASD36, ASD54, ASD54, ASD55, ASD58, ASD59,
ASD64, and ASD69 isolates were found to be the most
successful isolates on dry weight and they provided a yield
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increase of 5%-32.5%. ASD1, ASD14, ASD25, and ASD68
isolates caused decreases in yield on stem length. ASD1,
ASD38, ASD54, ASD69, ASD54, and ASD69 isolates
were found to be the most successful isolates on dissolved
protein content and yield increases of 13.78%-29.68% were
achieved. All isolates except from ASD1, ASD38, ASD54
and ASDG69 isolates caused decreases in yield on protein
amount compared to the control. ASD18, ASD54, ASD65
and ASD69 isolates were found to be the most successful
isolates on total chlorophyll content and they provided
yield increases between 83.40% and 120.22%. ASD44,
ASD58 isolates decreases in yield on total chlorophyll
content. ASD8, ASD18, ASD19, ASD19, and ASD54
isolates were found to be the most successful isolates on
total carotenoid amount and they provided yield increases
between 45.79% and 120.22%. Our ASD58 isolate caused
decreases in yield on total carotenoid amount. In all these
results, we should not overlook that all of our isolates were
significantly effective both in terms of PGP characteristics
and in pot experiments. According to the results of our pot
experiment, our bacteria, which were generally found to be
successful and 16S rRNA analyzed, were species that were
previously used in PGPR studies and found to be more or
less successful. Sphingomonas echinoides and Leucobacter
iarius, which were found to be successful in our research,
are the species whose PGPR success was determined
for the first time in this study. Most of the inoculants
and combinations we used in our study, for example;
ASD55 and ASD65 isolates inoculants were much more
successful than the inoculants used in previous studies.
Inoculations made with both the isolates in our study and
our combinations were much more effective and provided
significant yield increases on wheat plants irrigated with
saline irrigation compared to previous studies. In this
context, we can say that the isolates and combinations we
obtained stimulate plant growth under saline conditions
and have biofertilizer potential for wheat plants under
saline conditions.

In our study, our isolates coded ASD8, ASD9, ASD19,
ASD31, ASD38, ASD48, ASD54, ASD55, ASD58, ASD59,
ASD64, ASD65, and ASD69 demonstrated success in
saline conditions. Further investigations into biofertilizer
production should involve conducting field trials to
identify suitable inoculants and carrier materials that
perform well in field conditions, potentially contributing to
new projects. In this context, other isolates with good PGP
properties and binary and triple combinations should be
evaluated in further studies. Sphingomonas echinoides and
Leucobacter iarius, which were found to be successful in
this study and diagnosed through 16S rRNA analysis, were
previously unknown species according to our literature
research. This finding is a first and adds originality to our
research.
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5. Conclusion

This study was conducted to explore the beneficial effects of
isolated halotolerant PGPR based on salt stress applications
on the growth of wheat plant under greenhouse conditions.
Under saline conditions, halo-tolerant PGPR, play a vital
role in the amelioration of physiological abnormalities
induced by salts in plants. Halotolerant PGPR are involved
in inducing the salt tolerance in various plants to help
them survive under saline conditions and followed by
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