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Background: Inorganic fertilizers help to prevent yield and quality losses in agricultural production; how-
ever, adversely affect soil quality and human health. The rising public awareness is switching the produc-
tion focus from conventional to organic farming. Therefore, obtaining higher yields under organic farming
conditions is inevitable. Different bacterial consortia have been found helpful in improving crop yields
under stressful and benign environments. Therefore, current study tested the impact of two bacterial
consortia on yield and physiological attributes of durum wheat (Triticum durum Desf.) grown under
organic farming conditions with two different irrigation levels.
Methods: Two bacteria consortiums [(consortium 1 = Bacillus megaterium RCK-869 + Pantoea agglomerans
RK-120 + Paenibacillus polymyxa RCK-540 + Bacillus subtilis RCK-561), (consortium 2 = Azospirillum,
Rhizobium, Azotobacter and Acetobacter) and two irrigation levels, i.e., 50 and 100% of the required mois-
ture were included in the study. Data on chlorophyll index, flag leaf area, soluble sugar content, plant
height, protein ratio, and grain yield were drecorded.
Results: The GY in bacteria-free treatment was 3512.0 kg ha�1, which increased to 4868.3 kg ha�1 with
the application of bacteria consortium 1. The application of 50% irrigation significantly reduced the yield
and related traits, whereas the application of bacteria consortium 1 significantly improved these traits
under normal and 50% irrigation. Overall, higher values of the studied traits were recorded during 1st
year than 2nd year. The decrease in total precipitation and relative humidity, and the increase in temper-
ature in the second year caused a decrease in grain yield, agronomic and physiological parameters.
Conclusion: Bacteria consortium consisting of Bacillus bacteria significantly improved the yield and
related traits of durum wheat under deficit and normal irrigation. Therefore, bacterial consortium con-
sisting of B. megaterium + P. agglomerans + P. polymyxa + B. subtilis could be used to improve durumwheat
production under organic farming conditions and deficit irrigation.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wheat is one of the most widely produced cereals in the world
and in Turkey. Approximately 25% of the 790 million tons of wheat
produced in the world is durum wheat (FAO, 2022). In Turkey,
approximately 25% of total wheat production consists of durum
wheat (TÜ_IK, 2022)). Southeastern Anatolia region of Turkey is
the homeland of durum wheat, and rich in genetic resources. This
region is a special area where quality durum wheat with high pro-
tein content is produced. High temperatures during the grain filling
period increases protein ratio; thus, helps to obtain uniform and
high-quality wheat grains. The world population is expected to
reach approximately 9.5 billion in 2050 (Grim et al., 2015); there-
fore, crop production per unit area must be increased to meet the
needs of the increasing population. Environmentally friendly
practices should be adopted to conserve soil and ecosystem while
increasing crop yields. Many toxic and hazardous chemicals are
used in conventional agriculture, which contaminate food, soil,
underground and surface waters. Organic agriculture, integrated
management and good agricultural practices are the alternative
solutions to increase the quality and yield in agricultural
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production. The use of plant growth promoting rhizobacteria
(PGPR) has been introduced to protect plants against from patho-
gen infestation and promote plant growth with lesser use of inor-
ganic chemicals (Mehboob et al., 2022, 2021; Sagar et al., 2021).
The use of bacteria has been proposed as an effective and
environment-friendly alternative to chemical fertilizers in crop
production (Smith et al., 2016).

The PGPRs improve biological nitrogen fixation, synthesis of
plant growth hormones (IAA, gibberellic acid, cytokinin, and ethy-
lene), production of siderophores, increase availability of nutrients
such as zinc, potassium and phosphorus (Egamberdieva et al.,
2015; Hu et al., 2017; Verma et al., 2015), and promote uptake of
macro- and micronutrients in the soil by increasing root fringing
(Emami et al., 2019, 2018). Previous studies reported that bacteria
improve soil aggregation, facilitate infiltration and storage of
water, increase plant resistance to low temperature, drought, and
soil salinity (Mehboob et al., 2021; Ullah et al., 2020). Shah et al.
(2021) reported that bacterial applications increased wheat grain
yield by improving plant height by 30%, spike length by 20%, leaf
area by 44% and number of grains per spike by 25% compared to
the bacteria-free treatment. Similarly, Sheirdil et al. (2019) stated
that bacterial applications increased tillering by 25%, and improved
IAA synthesis and nitrogen and phosphorus use without any
decrease in yield and yield components. In addition, free nitrogen
binding bacteria caused 11% increase in wheat yield due to inocu-
lant properties.

Soil bacteria with different genes including Pseudomonas, Bacil-
lus, Azospirillum, Azotobacter, Burkholderia, Enterobacter and Rhi-
zobium help plants to produce siderophore and absorb iron in soils,
and improve uptake of micronutrients such as iron and zinc; thus,
increase plant growth and yield (Gouda et al., 2018). The studies
showed that bacterial applications increased the availability of
phosphorus by dissolving insoluble phosphorus in soils through
the production of organic acids and acid phosphates, lowering soil
pH, dissolution of mineral phosphate, all of which increase the
availability of phosphorus (Emami et al., 2019, 2018). Co-
application of organic fertilizer and bacteria increased wheat grain
yield by 20%, the number of grains per ear by 35% and the plant
height by 9% (Mahato and Kafle, 2018). In addition, the bacterial
applications caused 40% increase in root growth, 12% increase in
stem development and 16% increase in grain yield of wheat
(Naiman et al., 2009).

Over the last two decades, researchers have studied the effects
of co-inoculation with two or more PGPRs on a single plant
(Mpanga et al., 2019). When comparing inoculation of single bac-
terium, the use of bacterial consortia has increased in the produc-
tion and development of different crops (Molina-Romero et al.,
2021). Different abiotic stresses, i.e., moisture deficiency
(Gamalero and Glick, 2022), salinity (Ahmad et al., 2013), and
heavy metals have been mitigated by inoculation of PGPR consortia
(Hassan et al., 2014). Plants injected with a bacterial consortium
needed lesser chemical fertilizers to produce high yields
(Shahzad et al., 2013) However, these consortia have been rarely
tested to improve durum wheat production under moisture defi-
ciency and in organic farming conditions.

Moisture deficiency in wheat significantly reduce yield and
physiological attributes (Farooq et al., 2015, 2017). The application
of bacteria in wheat reduces drought stress (Ilyas et al., 2020) due
to physiological, enzymatic, and biochemical changes in the plants.
The bacterial applications in water shortage cause synthesis of
siderosphore, phytohormones and enzymes in wheat plants, and
especially bacillus bacteria increase tolerance of plants to abiotic
stress by regulating the ethylene level (Lastochkina et al., 2019).
Additional irrigations in wheat increase nitrogen availability in
soils, improve grain yield and yield components, however, yield
and yield components are decreased under limited irrigation (Liu
2

et al., 2022; Yu et al., 2020). Similarly, Ilyas et al. (2020) indicated
that sufficient irrigation and bacteria application increase grain
yield and yield components.

Although there are reports indicating the yield improvement in
wheat under different abiotic stresses, the use of bacterial consor-
tia to improve durum wheat production under organic farming is
rarely tested. Furthermore, the interactive effect of deficit and suf-
ficient irrigation and bacterial consortium on durum wheat pro-
duction under organic farming conditions in southeastern
Anatolia region has never been explored. Therefore, this study
investigated the physiological and agronomic changes in durum
wheat plants grown in a semi-arid region with different bacterial
consortia and irrigation levels. It was hypothesized that deficit irri-
gation will reduce yield and related traits, whereas the use of bac-
terial consortia will reverse the impacts of deficient irrigation.
2. Materials and methods

2.1. Climate and characteristics of plant material

The ‘Cesare’ durum wheat variety widely cultivated in Mediter-
ranean countries and the world, was used as plant material. Field
experiment was conducted during 2018–19 and 2019–20 durum
wheat growing seasons in organic farming experimental fields at
Akcakale Vocational School, Harran University, Sanliurfa Turkey.
The study area is situated between 36� 438 1000 N, 38 � 568 4800 E lat-
itudes and 362 m altitude.

The relative humidity and total precipitation in the first year
were higher than second year, while the temperature values were
lower (Table 1). The total precipitation and relative humidity in
second year decreased and temperature increased in March, April,
and May. The amount of precipitation during the experiment was
lower than long-term and temperature was higher. The weather
data of the study area during growing seasons are given in Table 1.
2.2. Characteristics of soil, bacteria, and farmyard manure

The physical and chemical properties of the soil in the experi-
mental field are given in Table 2. Mean electrical conductivity
(EC) value indicated no salinity problem. The soil was clayey and
organic matter content was 1.24%. Soil was rich in potassium,
while poor in zinc (Table 2).

The chemical properties of the farmyard manure used in the
experiment are given in Table 3. Fermented manure was rich in
organic matter, pH was suitable for plant growth, and macro-
and micronutrient contents were sufficient. In addition, two differ-
ent liquid solutions consisting of bacterial consortia were applied
during the stem elongation period.
2.3. Characterization of bacteria consortium

Bacteria consortium 1 consisted of Bacillus megaterium RCK-
869, Pantoea agglomerans RK-120, Paenibacillus polymyxa RCK-540
and Bacillus subtilis RCK-561. Total number of living microorgan-
isms was 1 � 107 cfu ml�1. Application dose of the consortia was
1000 ml per hectare. Bacterial isolates were mixed in 20 L water
to contain 100 ml of living bacteria, sugar was added, and kept in
a closed environment for 24 h. The mixture was applied with a
backpack sprayer during the stem elongation period.

Bacteria consortium 2 consisted of Azospirillum, Rhizobium,
Azotobacter and Acetobacter. Total number of living microorgan-
isms was 1 � 106 cfu ml�1. Application dose of the consortia was
3000 ml per hectare. Bacterial isolates were mixed in 10 L water
to contain 100 ml of living bacteria, sugar was added, and kept in



Table 1
The long term and season data of the experimental site.

November December January February March April May June

Total precipitation (mm) 2018–19 177.6 125.4 75.6 79.6 115.6 104.8 10.2 0.8
2019–20 2.6 126.2 25.2 3.0 83.6 18.4 0.2 0.0
Long-term 49.9 76.8 78.0 67.9 63.5 44.4 26.8 5.4

The highest temperature (�C) 2018–19 28.0 18.1 17.5 17.9 21.3 26.7 40.0 44.2
2019–20 28.1 19.6 14.2 20.6 26.9 29.2 38.8 41.6
Long-term 29.2 26.0 20.5 25.5 29.5 36.4 40.3 44.1

The lowest temperature (�C) 2018–19 3.3 �1.2 �3.8 0.4 0.5 4.5 9.5 17.4
2019–20 0.5 0.7 �2.0 �7.8 1.9 4.2 10.1 13.2
Long-term �2.7 �6.4 �6.8 �9.3 �7.3 �0.7 7.4 12.3

Mean temperature (�C) 2018–19 18.1 12.8 11.6 14.0 16.4 20.6 32.2 37.9
2019–20 22.6 13.5 11.8 12.5 19.8 24.2 31.0 36.5
Long-term 12.9 7.7 5.9 7.3 11.4 16.6 22.5 28.5

Mean relative humidity (%) 2018–19 81.0 89.4 79.3 79.3 75.5 73.1 42.3 34.4
2019–20 47.2 85.1 76.8 71.5 70.5 64.1 45.9 33.9
Long-term 61.1 70.3 70.6 66.4 60.5 61.0 56.1 46.0

Table 2
Physical and chemical characteristics of experimental soil.

Soil properties 2018/19 2019/20

EC (dS m�1) 0.73 0.98
pH 8.37 8.12
Organic matter (%) 1.14 1.34
Lime (%) 36.66 34.84
Sand (%) 13.95 13.43
Clay (%) 67.12 68.22
Silt (%) 19.57 18.35
P2O5 (kg ha�1) 66.22 62.34
K2O (kg ha�1) 1896 2235
Cu (mg kg�1) 1.52 1.41
Mn (mg kg�1) 4.35 4.65
Fe (mg kg�1) 4.73 4.87
Zn (mg kg�1) 0.85 0.97

Table 3
Chemical characteristics of farmyard manure used in the experiment.

Characteristic Value

Organic matter content (%) 40.2
Total nitrogen (%) 2.1
Organic nitrogen (%) 2.2
pH 6.5–8.5
Humic and Fulvic Acid (%) 28.2
Potassium (%) 2.1
Phosphorus (%) 2.3
Magnesium (%) 1.1
Iron (%) 0.2
Zinc (mg kg�1) 129.5
Manganese (mg kg�1) 90.6
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a closed environment for 24 h. The mixture was applied with a
backpack sprayer during the stem elongation period.

2.4. Experimental setup

The experiment was laid out split-plot randomized blocks with
3 replications. The irrigation treatments (50% deficit irrigation,
100% full irrigation) were placed in the main plots, and bacteria
treatments (without bacteria (control), and consortia) were ran-
domized in the sub-plots. Before sowing, 20 t ha�1 farmyard man-
ure was applied homogeneously to the experimental field.

2.5. Cultural practices

Sowing was done on 15 November 2019 and 20 November 2020
during 1st and 2nd year, respectively. The seeds were manually
3

sown on the opened incisors. Each plot had 6 rows with 5 m length
and 20 cm interrow spacing (5 m � 1.2 m = 6 m2). Sowing depth
was 4–6 cm and the number of seed per unit area was 475 m�2.
An isolation distance of 1 m was maintained between plots and
3 m between blocks. Chemicals were not used in the experimental
field. Fermented manure was applied at a rate of 20 t ha�1 to the
whole experimental field before sowing in both years, and the
manure was distributed homogeneously with a rake and mixed
into the soil. Irrigation treatments composed of full irrigation
(100%) and deficit irrigation (50%). The irrigation method was drip
irrigation. Plants were irrigated from sowing to the physiological
maturity period (in all growth stages of the wheat plants).

2.6. Irrigation process

The irrigation water was applied to bring moisture content of
soil to the field capacity. The experimental field was irrigated with
the sprinkler irrigation system to ensure homogeneous germina-
tion before the drip system was installed. The irrigation was car-
ried out at 7-day intervals considering the moisture content at
0–60 cm soil depth. In deficit irrigation, 50% of the water calculated
for full irrigation was applied.

Soil samples were collected from 0 to 30 and 30–60 cm soil
depths of the middle-replicated plots before each irrigation, and
the soil moisture content was determined. The amount of irriga-
tion water to bring the moisture content to the field capacity
was applied using a water meter. Plant water consumption was
calculated by the moisture depletion method based on the water
balance equation. The water budget equation (Eq. (1)) was used
to calculate the plant water consumption.

ET ¼ I þ P þ K � D� R� DS ð1Þ
In the equation, I is irrigation water (mm), P is precipitation

(mm), K is capillary rise (mm), D is infiltration (mm), R is runoff
(mm), DS is moisture loss in soil profile (mm), and ET stands for
plant water consumption (mm).

The value of I was calculated using the following equation (Eq.
(2)).

I ¼ Qfc � Qc ð2Þ
In the equation, Qc is the current moisture content before irri-

gation (mm), Qfc stands for the field capacity moisture content
(mm).

The volume of water to be given for each plot was calculated by
multiplying the total water amount, the plot size, the deficit ratio
(1 and 0.50) and the cover percentage (Eq. (3)).
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V ¼ dT � A � Uo � P ð3Þ
In the equation, V is the volume of water to be applied for each

plot (L), dT is total amount of water for effective root depth, A is
plot area (m2), Uo is the deficit ratio (%) and P is the cover percent-
age. The coverage percentage was considered 1.0 in all treatments.

Harvest time was carefully determined to prevent grain loss.
The wheat was harvested on 13th and 9th June in the first and sec-
ond year of the experiment, respectively.

2.7. Data collection

The grain yield of each plot was determined at harvest. The
whole plots were harvested, and plot yields were converted to
kg ha�1. The distance from the crown to the tip of flag leaf was
measured to determine plant height before harvest. The chloro-
phyll index of three leaves in each plant was measured during
the flowering period after bacterial consortia applications using a
SPAD meter (Model 502, Spectrum Technologies, Plainfield, IL,
USA).

Leaf samples were collected during the flowering period to
determine the soluble sugar content. Fresh leaf samples (0.1 g)
were mixed with 80% methanol (3 ml), and the solution was
heated in a water bath at 70 �C for 30 min. An equal volume of
5% phenol and 0.5 ml extract was mixed with 1.5 ml of concen-
trated sulfuric acid and incubated in the dark for 30 min. The
absorbance of solutions at 490 nm was determined using a spec-
trophotometer. Standard curve for glucose solution was prepared
to determine the sugar content and expressed in mg g�1 FW
(Ilyas et al., 2020).

Flag leaf area (FLA) was determined in samples collected during
flowering period. The FLA was determined as an average of ten
leaves using the Eq. (4).

FLA ¼ FLL � width at center � 0:95 ð4Þ
In the equation FLL is flag leaf length.
Protein ratio (PR) of grains were determined using ICC standard

method (AACC Method 46–30). Two-hundred gram of grain sam-
ples were taken the harvested plots, and straw and stones were
removed. The PR of samples was determined using the FOSS NIRS
6500 spectrophotometer calibrated by Celdhl NIT (near infrared
transmittance) technique.

2.8. Data analysis

The effects of treatments on yield and yield components were
determined using variance analysis (ANOVA). The differences
among bacterial consortia and irrigation treatment were tested
using a least-significance difference test (LSD) at 95% probability
level, where ANOVA indicated significant differences. All statistical
analysis of the data were analyzed using JUMP 13.2.0 statistical
software. The differences among years were significant; therefore,
data of the years were analyzed separately. Similarly, two-way
interaction of irrigation levels and bacterial consortia were signif-
icant for all parameters; therefore, only interactions were pre-
sented and interpreted.

3. Results

Grain yield (GY), protein ratio (PR), leaf area (LA), chlorophyll
index (CI) and soluble sugar content (SSC) significantly differed
among years at p � 0.01 level, while plant height (PH) differed at
p � 0.05 level. The effect of bacteria consortium and irrigation
treatments on PH was significant at p � 0.01 and p � 0.05, respec-
tively. The interaction of irrigation and bacteria consortium had a
significant effect (p � 0.01) on GY, PH, PR, LA and SSC parameters,
4

while interactive effect on CI was significant at p � 0.05 level
(Table 4).

The values of GY, PH and PR were significantly different among
years, bacteria applications and irrigation treatments (Table 5). The
GY in the first year of the experiment was 4401.39 kg ha�1, while
decreased to 4229.66 kg ha�1 in the second year. The highest GY
(4868.33 kg ha�1) throughout the experiment was obtained with
the application of consortium 1, followed by consortium 2
(4566.25 kg ha�1) and bacteria free (3512.00 kg ha�1) application.
The grain yield loss in bacteria-free treatment at 50% water deficit
was 13.13% compared to full irrigation, while the grain yield loss in
consortium-1 and consortium-2 treatments was 3.70 and 4.20%,
respectively. The least grain yield loss in water
deficit � consortium-1 interaction indicates that consortium-1
improved the tolerance of wheat plants to water stress.

Plant height in 2019 and 2020 was 91.55 and 88.29 cm, respec-
tively. The plants were shorter in deficit irrigation compared to full
irrigation. Deficit irrigation compared to full irrigation caused a
11.79, 0 and 0.70% decrease in plant heights in the bacteria-free,
consortium-1 and consortium-2 applications. The difference in
plant heights between full irrigation � consortium-1 and deficit
irrigation � consortium-1interactions was not statistically
significant.

Abruptly suppressing temperature and drought during the grain
filling period promoted protein accumulation in wheat. The high-
est protein content (14.70%) was obtained in the second year of
the experiment with consortium 1 treatment, while the lowest
protein content (11.37%) was obtained in bacteria-free treatment
in the first year. The protein ratios were slightly increased in the
deficit irrigation compared to the full irrigation. The bacteria con-
sortium treatments yielded similar results that the increase in pro-
tein content under water deficit conditions.

The effect of year and irrigation and bacterial consortium treat-
ments on FLA, CC and SSC values were statistically significant
(Table 6). The highest FLA (35.42 cm2) in bacterial consortium
treatments was measured in the consortium-1 application, while
the FLA value decreased by 3.39 and 16.74% in the consortium-2
and bacteria-free treatments, respectively.

The CI decreased in deficit irrigation compared to full irrigation.
Bacterial treatments helped wheat plants to tolerate the adverse
effects of deficit irrigation, and this tolerance was at the highest
level in consortium-1 treatment.

The SSC is one of the important quality parameters of wheat.
The SSC values in the deficit irrigation increased by 11.24, 18.83
and 21.92% in the bacteria-free, consortium-1 and consortium-2
treatments, respectively compared to the full irrigation. The results
showed that drought stress promoted SSC.

The lowest grain yield was obtained in bacteria free � deficit
irrigation and bacteria free � full irrigation treatments, while the
highest grain yield was obtained in the bacteria 1 � full irrigation
treatment (Table 4). However, grain yield in the deficit
irrigation � consortium 1 treatment was very close to the full
irrigation � consortium 1 application.
4. Discussion

A certain level of irrigation was carried out in addition to the
precipitation occurred in both years of the experiment. However,
the sudden suppression of temperatures and low humidity, espe-
cially in the post-spiking period, caused an increase in the protein
content of the grain, a decrease in the starch ratio, and thus a
decrease in grain yield. The result clearly showed that drought,
which is one of the most important abiotic stress factors, reduces
the plant growth and quality. The bacteria application increases
the phosphorus content of wheat from 41.2 to 96.4% by increasing



Table 4
Analysis of variance (mean squares) for yield and yield components of durum wheat grown under organic farming conditions with different irrigation levels and bacteria
consortium.

Source DF GY
(kg ha�1)

PH
(cm)

PR
(%)

LA
(cm2)

CI
(SPAD)

SSC
(mg g�1 FW)

Year (Y) 1 265397** 95.09* 0.75** 37.86** 43.56** 1.32**
Irrigation levels (I) 1 761256** 116.89* 0.35** 4.97** 15.21** 106.44**
Y � I 1 2584.03 ns 0.198 ns 0.02 ns 0.060 ns 0.01 ns 0.0064 ns
Bacteria consortium (BA) 2 6084675** 798.40** 14.67** 117.93** 1149.98** 65.69**
Y � BA 2 1287 ns 1.70 ns 0.126* 0.091 ns 0.22 ns 0.01 ns
I � BA 2 92381** 95.60** 2.98** 0.37** 1.75* 4.80**
Y � I � BA 2 71.5278 ns 0.49 ns 0.007 ns 0.03 ns 0.003 ns 0.02 ns
Error 16 2501 9.66 0.031 0.03 0.40 0.04

Here, DF = degree of freedom, GY = grain yield, PH = plant height, PR = protein ratio, CI = chlorophyll index, SSC = soluble sugar content, * =significant at 95% probability,
** = significant at 99% probability, ns = non-significant, DF = degrees of freedom.

Table 5
The influence of different irrigation levels and bacteria consortium on grain yield, plant height, and protein ratio of durum wheat grown under organic farming conditions.

2018–2019 2019–2020

50% 100% 50% 100%

Grain yield (kg ha�1)
Bacteria free 3356.66f 3835.00e 3174.00f 3682.33e
Bacteria-1 4860.00b 5030.00a 4693.33b 4890.00a
Bacteria-2 4576.66d 4750.00c 4360.00d 4578.33c
LSD 0.05 99.31 88.15

Plant height (cm)
Bacteria free 77.56c 87.96b 73.73c 83.56b
Bacteria-1 97.83 a 97.36 a 94.53a 95.10a
Bacteria-2 94.06 ab 94.50 ab 91.00a 91.86a
LSD 0.05 6.53 5.03

Protein ratio (%)
Bacteria free 11.37d 12.42c 11.83e 12.69d
Bacteria-1 14.59a 13.90b 14.70 a 13.91b
Bacteria-2 13.58b 12.78c 14.03b 13.23c
LSD 0.05 0.36 0.25

Here, 50% = water deficit, 100% = full irrigation, the means indicated with the same letter in the same column and row are non-significant at 95% probability.

Table 6
The influence of different irrigation levels and bacteria consortium on flag leaf area, chlorophyll index and soluble sugar content of durum wheat grown under organic conditions.

2018–2019 2019–2020

50% 100% 50% 100%

Flag leaf Area (cm�2)
Bacteria free 30.50d 30.71d 28.09 28.67
Bacteria-1 36.13b 36.76 a 33.99 34.80
Bacteria-2 34.60c 35.73b 32.75 33.83
LSD 0.05 0.41 NS

Chlorophyll index (SPAD)
Bacteria free 42.43e 44.63d 40.40e 42.53d
Bacteria-1 61.10ab 61.90a 58.66ab 59.30a
Bacteria-2 59.03c 60.06bc 57.03c 58.03b
LSD 0.05 1.54 0.66

Soluble sugar content (mg g�1 FW)
Bacteria free 17.36c 15.43 d 17.86c 15.83d
Bacteria-1 22.63a 18.23b 22.83a 18.66b
Bacteria-2 18.30b 14.23e 18.66b 14.63e
LSD 0.05 0.54 0.39

Here, 50% = water deficit, 100% = full irrigation, the means indicated with the same letter in the same column and row are non-significant at 95% probability, NS = non-
significant.
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the available water and nutrient contents in soils (Wang et al.,
2020). In addition, the application of bacteria increased the grain
yield by 59% by increasing availability of phosphorus to plants
(Sheirdil et al., 2019). Khan et al. (2020) reported that nitrogen is
one of the most important nutrients, and the bacteria containing
Bacillus species have a high ability to fix atmospheric nitrogen,
which encourages plant growth. The studies revealed that Bacillus
bacteria species produce high concentrations of IAA (Khan et al.,
5

2020). The IAA promotes plant growth by increasing tillering by
about 25% and reduces fertilizer use in wheat. Therefore, several
studies reported that the bacteria application increases spike
length, plant height, number of tillering, thousand grain weight
and grain yield (Shah et al., 2021; Sheirdil et al., 2019).

Plant height is one of the most studied characteristics that affect
yield and yield elements in wheat. The bacteria contribute to plant
growth by increasing availability of nitrogen, phosphorus and
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potassium in soils and cause IAA synthesis. The IAA improves cell
division, root growth and stem elongation by increasing the sur-
face area of the roots so that plants can obtain water and nutrients
(Wang et al., 2020). In addition, the bacteria application also pro-
motes nitrogen content and vegetative growth in the plant, which
in turn increases the plant height (Mpanga et al., 2019). The com-
parison of bacteria free and bacteria added treatments revealed
that the use of bacteria increased plant height even in water deficit
conditions (Mehboob et al., 2022, 2021).

The CI and FLA values are directly proportional to each other.
The decrease in CI decreases in FLA values. The decrease in leaf area
caused a decrease in the amount of photosynthesis and thus a
decrease in the CC of wheat leaves (Farooq et al., 2015, 2017).
The plant, exposed to water stress due to drought, closes its stom-
ata, minimizing the level of transpiration. Therefore, photosynthe-
sis is decreased, and carbon dioxide uptake is reduced under water
stress, and plant growth is adversely affected (Onen et al., 2017). In
addition, drought stress causes an increase in ethylene production,
which disrupts the integrity of cell membrane by disruption of oil
molecules due to the direct contact with chloroplast, which acti-
vates the chlorophyllase gene. The activation of the chlorophyllase
gene causes a severe reduction of chlorophyll production in plants.
The decrease in chlorophyll production constrains the root growth
and stem elongation.

Wheat plants reduce chlorophyll content to tolerate drought
stress. The bacteria application in arid regions improves root
growth, nitrogen, and phosphorus uptake, and increases photosyn-
thesis and chlorophyll content. In addition, the use of bacteria
increases IAA production (Emami et al., 2019) and chlorophyll syn-
thesis through increasing the water and osmotic potential in plants
(Ilyas et al., 2020).

Sugar concentration in the leaves was significantly altered in
bacteria-treated plants. The sugar concentration in water-deficit
plants was higher than in plants grown under full irrigation. Previ-
ous studies indicated that the application of bacteria helps plants
in regulating osmotic pressure by increasing the sugar concentra-
tion, especially in arid conditions (Ullah et al., 2020). Osmolyte
accumulation in a plant is an indicator of drought tolerance of
the plant, because osmolyte prevents water loss and regulates
osmosis. Soluble sugar accumulation caused by the bacteria
improves drought tolerance in plants.

The bacterial applications have been reported reducing oxida-
tive stress by increasing the antioxidant activities. In addition,
foliar application caused a significant increase in sugar concentra-
tion in the leaves. Consistent with our findings, Ilyas et al. (2020)
also reported increasing soluble sugar contents under drought
stress conditions.

The results obtained in this study suggested that the decrease in
photosynthesis under drought stress was occurred due to the clo-
sure of the stomata and the deterioration in metabolic processes,
while the closure of the stomata caused a decrease in the transpi-
ration rate, CO2 entry and nutrients, and deterioration of metabolic
activities such as photosynthesis (Jha et al., 2014). Leaf area
decreased in plants exposed to drought conditions in both experi-
mental years, on the contrary, leaf area increased with the use of
bacteria even under deficit water treatments. Leaf area is very
important for in wheat plants to tolerate water stress under
drought conditions. The drought tolerance of plants is closely asso-
ciated with the size of leaf area (Hussain et al., 2018). The studies
revealed that leaf area increased with the use of bacteria compared
to the control (Shah et al., 2021).

The IAA is a hormone that increases the rooting area by increas-
ing the root growth and root length, thus increasing the leaf area
by providing more nutrients; thus, directly promote plant growth
(Shah et al., 2021). The results of our study revealed that the bac-
teria used increased the production of IAA even in the water deficit
6

treatment, helped the plant to perform more photosynthesis and
increased the leaf area of the plant.

The main criterion that determines the quality of durum wheat
are the hardness and vitreousness of the grains. The higher the
glassiness of the grain, the higher the protein ratio. The protein
content of the grain was higher in the driest year of the experi-
ment. The protein content of grains is affected by the changes in
climatic conditions, especially the temperature and precipitation
during the grain filling period, and the cultural practices such as
top fertilizer and other cultural practices. Although drought stress
significantly reduces protein production in grain, protein content
of grains under bacterial application increased due to the stimulat-
ing effect of bacteria. The plants treated with bacteria consortium
probably synthesized higher protein than control plants and lead-
ing to the expression of new proteins that confer drought tolerance
on plants. In addition, bacteria can promote the synthesis of heat
shock proteins that bind to other proteins under stress conditions.
The heat shock proteins help rapid protein synthesis under drought
stress conditions due to containing high ribosomes contents (Tas
and Mutlu, 2021).

5. Conclusion

Water is an absolute necessary natural resource for biochemical
activities. Plant growth, development and productivity depend on
the availability of sufficient water in soils and the appropriate
osmotic balance. The wheat plants were grown under deficit and
full irrigation, and two living bacteria consortia were applied to
the leaves during the stem elongation period. The results revealed
that applications of bacterial consortium consisting of Bacillus bac-
teria significantly improved durum wheat yield under full and def-
icit irrigation conditions. The foliar application of bacteria
consortium improved the nutrient use of plants even under the
deficit water conditions. The results revealed that bacteria consor-
tium consisting of Bacillus bacteria species could be used to allevi-
ate the effect of drought stress. The results obtained provide
valuable contributions to the literature on alleviating the effects
of drought stress and adapting wheat farming to arid and semi-
arid areas.
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