Heliyon 9 (2023) e15498

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Research article :.)

Check for

Seed priming with plant growth-promoting bacteria (PGPB) | i’
improves growth and water stress tolerance of Secale montanum

Shiva Rahnama?, Elham Ghehsareh Ardestani "™, Ataollah Ebrahimi?,
Farzaneh Nikookhah ¢

2 Department of Rangeland and Watershed Management, Faculty of Natural Resources and Earth Sciences, Shahrekord University, Shahrekord,
8818634141, Iran

® Central Laboratory, Shahrekord University, Shahrekord, Iran

¢ Department of Fishery Science, Faculty of Natural Resources and Earth Sciences, Shahrekord University, Shahrekord, 8818634141, Iran

ARTICLE INFO ABSTRACT
Keywords: Abiotic and biotic stresses are major global threats to food security in the 21st century. Appli-
Rageland restoration cation of plant growth-promoting bacteria (PGPB) in rangeland plants is the only possible

Biofertilizer
Growth indicator
Growth trait
Nutrient uptake

alternative that supports plant growth and development to combat environmental stress and
successfully restoring rangelands. PGPBs were also found to be a potential substitute for chemical
fertilizers and pesticides. The challenge is to determine which biofertilizers can be used for Secale
montanum in normal and under water stress conditions. We sought to determine the benefits of
PGPB for S. montanum under water stress conditions in terms of seedling growth traits, growth
indicators, and nutrient uptake in the research greenhouse. Therefore, a completely randomized
factorial design was conducted with two treatments of PGPB inoculation, including the control
(no PGPB inoculation), PGPBs Bacillus cereus, Pseudomonas aeruginosa, Azospirillum lipoferm, and
Azotobacter chroococcum, and water stress in the research greenhouse. Overall, the results of the
current study showed that water stress greatly reduced the above-ground fresh weight of above-
ground plant parts and the nitrogen and potassium content of S. montanum. The present study
confirms the positive effects of PGPB on fresh and dry weights of above- and below-ground parts
and seedling, vigor index, quality index, and nitrogen and potassium content of S. montanum,
except for below-ground parts length, compared with the controls, which shows that PGPB
usually improves some indicators of plant growth and development. We suggest that restoration
of S. montanum seed inoculation with PGPB should be supported in degraded rangelands and
marginal drylands in low rainfall years, which may cause water scarcity and consequently water
stress in arid and semi-arid regions.

1. Introduction

The beginning of the 21st century faces the challenge of climate change. Environmental stresses (abiotic and biotic stresses) are a
major threat to future food security worldwide [1]. Rangeland ecosystems are constantly affected by environmental stresses that
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directly impact plant growth and development, soil erosion and fertility and water quality. These ecosystems occupy 50% of the land
area, which are largly located in arid and semi-arid regions [2]. Water stress is one of the most important abiotic stressors associated
with climate change, which also impacts biotic stress, affects plant growth and development, and leads to plant death by having a wide
range of effects on morphology, physiology, biochemistry, and even gene regulation. The significant effects of this stress result in a loss
of soil microbial ecology, rangeland fertility, and competition for nutrient uptake [1,3,4].

The application of mycorrhizal fungi and plant growth-promoting bacteria (PGPB) is just one possible alternative that supports
plant growth and development to combat environmental stresses. This approach can help to restore degraded rangelands. Most of
literatures, demonstrate this approach directly and indirectly has a positive, detrimental, and neutering effect on plant growth and
survival, thereby sustainably increasing and improving rangeland and environmental stability [5-7]. Various genera of Azospirillum,
Azotobacter, Bacillus, Pseudomonas, etc. are referred to as PGPBs, which promote plant growth and development in normal and under
water stress conditions. Most PGPBs are not able to tolerate environmental stress such as water stress. Selecting suitable PGPBs is a
major challenge for the scientists to develop biofertilizers for such limiting conditions [8,9]. Nevertheless, some PGPBs can tolerate
environmental stress and improve plant growth and development. PGPBs promote plant growth and survival through indirect and
direct mechanisms by producing enzymes, antibiotics, and antifungal compounds to combat phytopathogenic bacteria, fix nitrogen,
produce phytohormones, dissolve minerals, alter gene expression through sigma factors under adverse conditions, and support plant
health under environmental stress conditions in the plant life cycle [1,10-12]. PGPBs have been identified as potential substitutes for
chemical fertilizers and pesticides. The use of PGPB contributes to sustainable and eco-friendly farming practices and provides a
sustainable alternative to reduce the negative effects of stress on plant growth and development.

Secale montanum Guss. belongs to the Poaceae family (tribe Triticeae). This plant is believed to be the ancestor of S. céréale L. It is a
perennial, outcrossing wild grass that grows naturally in semi-arid and arid rangelands. This species is widely distributed in Europe,
Africa, and Asia. This species has been grown in various rangelands around the world and can also be selected for rangeland restoration
because it has a high nutritional value of protein, and is most adaptable for rangeland restoration compared to other grass species.
S. montanum is a valuable rangeland grass species with various ecological functions in rangelands. This plant is a species with high
priority in rangelands because it provides high-quality forage (nutrient richness) for livestock, protects water and soil, sequesters
carbon and etc. S. montanum is tall, has good soil tilth, and is frost resistant. This species is suitable for various soil conditions and
prefers moist and well-drained fertile soils. It grows in different pH ranges of the soil [13-15].

S. montanum is commonly cultivated in the southern Caucasia, the eastern Anatolian region of Turkey, Mediterranean countries,
and Iran. The sparse and small leaves and breaking peduncles of this plant reduce its agronomic value as a forage plant. In semi-arid
and arid rangeland areas, lack of water for germination is the most important growth-limiting factor for plants in these regions.
Successful establishment of plants depends on the ability of seeds to germinate, emerge rapidly and uniformly, and developing under
field conditions when water availability is low [14,15]. If water stress can be mitigated during the germination and growth phases, the
chances of successful plant establishment are high.

In Iran, there are few studies dealing with seed priming of rangeland species with PGPB under water stress for rehabilitation of
marginal drylands and degraded rangelands [5,16,17]. The main challenge is which biofertilizers can be used for S. montanum in
normal and under water stress conditions, in Iranian rangelands. In this study, we attempted to identify favorable PGPB for
S. montanum under water stress conditions and to investigate the effects of PGPB (Bacillus cereus, Pseudomonas aeruginosa, Azospirillum
lipoferm, and Azotobacter chroococcum) under water stress (FC: Field Capacity, 0.75 FC, and 0.5 FC) on growth traits, growth indicators,
and nutrient uptake of S. montanum. The effect of PGPB on the germination indices was investigated.

2. Methods
2.1. Study area

This study was conducted in 2021 in the research greenhouse of Shahrekord University, Iran (32° 21’ 08" N, 50° 49’ 39" E, at the
minimum and maximum temperatures of 10-30 °C, respectively). A factorial trial with five replicates in a completely randomized
design was conducted. Many PGPBs have demonstrated their efficiency in promoting plant growth, biological control, and environ-
mental friendly behaviour such as Bacillus, Pseudomonas, Azospirillum, and Azotobacter as B. cereus, P. aeruginosa, A. lipoferm, and
A. chroococcum. They are generally widely distributed in the environment (soil, water, food products, etc.). Most of these PGPBs are
based on Gram-positive strains such as B. cereus, which are free-living and easy to formulate. However Gram-negatives strains,
including P. aeruginosa, A. chroococcum, and A. lipoferum, are free-living and not easily handled [18,19].

At a first factor, the seeds were primed with PGPB in five stages, including the control (no PGPB inoculation), PGPBs B. cereus
PTCC1816, P. aeruginosa ATCC9027, A. lipoferm PTCC12D, and A. chroococcum PTCCOD. The PGPBs were provided by Tehran Green
Biotech Co, Iran. In additional, the second factor was three levels of water stress, including field capacity (FC), 0.75 FC, and 0.5 FC on
S. montanum.

2.2. Preparing pots

The seeds of this plant were provided by PBEC (Pakan Bazr Esfahan Company), Iran. These seeds were disinfected with NaOCl
(Sodium Hypochlorite) 10% for 30 s and then washed rapidly five times in double distilled water. Then, the studied bacteria were
cultured from frozen suspensions of PGPBs on Tryptic Soy Broth (TSB) culture medium for 48 h at 27 °C in an incubator. The bacterial
colony was transferred to the Tryptic Soy Agar (TSA) culture medium, and the culture medium was incubated for 24-48 h at 32 °C;
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thus, the bacteria were reproduced. Then the surface-sterilized seeds were separately soaked in 5 mL inoculums containing a con-
centration of 5 x 108 mL~! bacterial cells (CFU/mL, using a spectrophotometer) at room temperature for 1 h [20,21]. The experiment
was performed with sterilized soil at 120 °C for 15 min in an autoclaving. To culture the seeds of S. montanum, the pots were first
weighted down. We places a thin layer of uniform gravel of similar weight on the bottom of the pots before planting. Then 0.675 kg of
sterilized soil was poured into each pot with a top diameter of 10 cm. The pots were saturated and then watered with distilled water.
Twenty seeds inoculated with PGPB were planted in each pot at a depth of 1 cm. The pots were irrigated daily at FC for a month. To
measure the germination indices (Table 1) before applying water stress, the number of seedlings was recorded daily. After 30 days of
germination, the number of plant stands was reduced to two plant stands in each pot, and water stress was applied for three months. At
the end of the growing period (90 days of growth), the plants were harvested. Plants were washed with distilled water to measure fresh
and dry biomass weight, length, number of leaves, collar diameter, growth indices (Table 1), and amount of nutrients taken up. Dry
biomass weight was estimated after the fresh biomass was oven-dried at 70 °C for 72 h.

2.3. Soil study

Soil treatments were air-dried and then passed through a 2 mm sieve before being analyzed for texture, electrical conductivity (EC),
soil reaction (pH), total nitrogen, available phosphorus and potassium, and organic matter. After the experiment, nitrogen, phos-
phorus, and potassium levels were measured in plant samples with five replicates. Soil texture was determined by the hydrometer
method [24]. Soil pH and EC were estimated using a pH/EC meter. Total nitrogen was determined by the Kjeldahl method. Phosphorus
was measured by the Olsen method [25]. Potassium was determined by flame photometry [26,27]. Soil organic matter (OM) was
estimated using the methods described by Baranian Kabir et al. [28]. These characteristics were carried out in the laboratory of the
Research Center of Agriculture and Natural Resources of Isfahan Province, Isfahan, Iran.

2.4. Statistical analyses

In the current study, the effect of PGPB on the germination indices was investigated using analysis of variance (ANOVA). Moreover,
the statistical analyses were carried out using GLM (General Linear Model) to determine the effectiveness of these treatments (seed
priming with PGPB and water stress) on seedling growth traits, growth indicators and nutrient uptake of S. montanum. The program
IBM SPSS Statistics 25 for Windows was used for statistical analysis of variances between treatments. Then, to evaluate the differences
between the treatments, Duncan’s test was used.

3. Results
3.1. Physicochemical characteristics of soil

The soil of study area had a clay-loamy texture, EC of 0.76 dS/m, pH of 7.5, and organic matter content equal to 1.54%. The main
available nutrients such as total nitrogen, phosphorus and potassium were quantified as 0.02%, 5.53 and 300 mg kg, respectively.

The soil was generally poor in phosphorus and nitrogen, but rich in potassium. The soil had a medium to heavy texture and medium
organic matter. This soil was non-saline and neutral.

3.2. Effect of the PGPB on seed germination indices

It should be noted that the germination indices of the seeds were studied before the application of water stress. Table 2 shows

Table 1
Germination and growth indices were calculated using the following equations [22,23].
Index Abbreviation ~ Equation Description
Germination Germination GP GP = (N/S) x 100 N = the number of germinated seeds, S = total number of seeds
indices percentage
Germination rate GR GR = Y (N; /Dj) Ni = the number of germinated seeds in daily, Di = the number of
days from the beginning of germination
Mean germination MGT MGT = Y N;D;/N Ni = the number of seeds in daily, Di = the number of days counted
time from the beginning of germination, N = the number of germinated
seeds
Mean daily MDG MDG = FGP/D FGP = final germination percentage, D = the number of days to
germination reach the maximum final germination
Coefficient velocity of ~ CVG CVG = f; = the number of seeds newly germination on day i, x; = the
germination (Z:‘Zlﬂ / Z}‘Zl fix;) X 100 number of days from sowing, k = last day of germination
Growth indices Vigor index VI VI = (MRDW + MSDW) x MRDW = mean root dry weight, MSDW = mean shoot dry weight,
GP GP = germination percentage
Quality index QI QI = TDW /(H /RCD + TDW = Total seedling dry weight (gr), H = height (cm), RCD =
SDW /RDW) diameter (mm), SDW = shoot dry weight (gr), RDW = root dry
weigh (gr)
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ANOVA of the data showing that the main effect of PGPB on seed germination indices (germination percentage, germination rate,
mean germination time, mean daily germination, coefficient velocity of germination) had no significant differences. Our data showed
that there was no significant difference between the different PGPB treatments and the control treatments. Therefore, PGPB treatments
did not promote seed germination of S. montanum.

3.3. Effect of PGPB and water stress on plant growth traits

The results showed that the main effect of PGPB application and the different levels of water stress had significant effects on the
growth traits of plants (fresh and dry weights of the above- and below-ground parts and seedling, length, number of leaves, and collar
diameter) compared with the control. The interaction effect of PGPB and water stress had significant effects on fresh weight of above-
ground parts, dry weight of above- and below-ground parts and seedling, length, number of leaves, and collar diameter of seedlings (P
< 0.05, 0.01) (Table 3).

The results of the main effects of PGPB showed that the highest increase in biomass fresh and dry weights (above- and below-
ground parts and seedling) was observed in seeds inoculated with B. cereus, A. chroococcum, P. aeruginosa, and A. lipoferm, respectively.

Plants treated with A. lipoferm had the highest above-ground part and seedling length, with an increase of 1.08 and 1.03 times,
respectively, compared to the control. There was no significant difference in the length of the below-ground part of S. montanum
between the treatments A. lipoferm, B. cereus and the treatment without seed preparation with PGPB. The least above- and below-
ground plant parts and seedling length were observed when P. aeruginosa was used. Above- and below-ground parts and seedling
length were negatively affected by P. aeruginosa compared to the control treatment.

The number of leaves of plants was significantly different from the control treatment in all treatments, except the B. cereus
treatment, which was similar to the control. The highest number of leaves was obtained in the treatment with A. chroococcum, A.
lipoferm, and P. aeruginosa, respectively. The collar diameter was significantly increased by the use of B. cereus, A. chroococcum, and
A. lipoferm compared to control treatment, while no significant difference was observed between the treatment with P. aeruginosa and
the control treatment.

The results of water stress effect showed that the fresh and dry weight of above- and below-ground parts and seedling, length,
number of leaves, and collar diameter are most reduced at 0.5 FC and 0.75 FC, respectively. Despite the fact that there is no significant
difference using 0.5 FC and 0.75 FC water stress levels on the length of below-ground parts and number of leaves.

The interaction of PGPB and water stress showed that the four treatments B. cereus, A. chroococcum, P. aeruginosa, and A. lipoferm,
significantly increased the fresh weight of above-ground parts and dry weight of above and below-ground parts and seedling compared
to the control treatment (no seed priming with PGPB) at the different water stress levels (Fig. 1).

The length of above-ground parts increased with A. lipoferm treatment under the three water stress levels, while P. aeruginosa
treatment at a level of 0.50 FC reduced the length of above-ground parts compared to no seed priming with PGPB treatment (control) at
the same water stress level (Fig. 2).

The length of below-ground parts of P. aeruginosa and A. chroococcum was reduced compared to no seed priming with PGPB (control
treatment) at the different water stress levels. Seedling length was reduced in the treatments A. chroococcum at FC and P. aeruginosa
under three water stress levels compared to no seed priming with PGPB treatment (control) at the same water stress levels. The greatest
number of leaves was observed in the treatments A. chroococcum at the different water stress levels, A. lipoferm at FC, and P. aeruginosa
at 0.75 FC compared to no seed priming with PGPB (control treatment) at the same water stress levels. Treatments with B. cereus and
A. chroococcum at the different water stress levels and with A. lipoferm at FC and 0.75 FC resulted in an increase in collar diameter
compared to no seed priming with PGPB (control treatment) at the same water stress levels (Fig. 2).

Table 2
Analysis of variance (ANOVA) of germination indices at different PGPB treatments (See other abbreviations as in Table 1).
Germination indices df Mean square F Sig.
GP Between Groups 4 317.833 1.105 0.361™
Within Groups 70 287.524
Total 74
GR Between Groups 4 1.143 0.110 0.979™
Within Groups 70 10.438
Total 74
MGT Between Groups 4 0.764 0.754 0.559™
Within Groups 70 1.013
Total 74
CVG Between Groups 4 0.022 0.611 0.656™
Within Groups 70 0.035
Total 74
MDG Between Groups 4 0.721 1.104 0.362™
Within Groups 70 0.653
Total 74

ns., not significant.



Table 3

Effects of PGPB and water stress on growth traits of Secale montanum (B. ce, Bacillus cereus, P. ae, Pseudomonas aeruginosa A. li, Azospirillum lipoferm; A. ch, Azotobacter chroococcum; Cont, Control; WS,

Water-stress; IA, Interaction; AG, Above-ground part; BG, Below-ground part; S, Seedling; NL, Number of leaves; CD, Collar diameter).

Fresh weight Dry weight Length NL CD

PGPB AG BG S AG BG S AG BG S

B. ce 3.727 + 2.477 + 6.206 + 2.590 + 1.000 + 3.590 + 18.706 + 15.606 + 34.310 + 8.133 + 1.06bc 2172 +
0.320a 0.150a 0.462a 0.178a 0.037a 0.187a 0.525¢ 0.711a 1.184b 0.367a

P. ae 2.414 + 1.568 + 3.982 + 1.638 + 0.683 + 2.320 + 17.692 + 9.719 + 2.560c 27.412 + 9.000 + 2.725b 1.354 +
0.281c 0.197¢ 0.471c 0.190c 0.065¢ 0.249¢ 1.869d 4.411d 0.296¢

A. ch 2.879 + 1.789 + 4.668 + 1.926 + 0.719 + 2.646 + 19.578 + 13.372 + 32.950 + 10.600 + 2.066 +
0.347b 0.166b 0.506b 0.237b 0.112b 0.329b 0.514b 0.535b 0.816¢ 0.910a 0.099a

Al 2.171 + 1.344 + 3.516 + 1.417 + 0.520 + 1.936 + 20.866 + 15.560 + 36.427 + 9.066 +1.980b  1.668 +
0.185d 0.190d 0.348d 0.167d 0.089d 0.244d 0.491a 0.860a 1.031a 0.258b

Cont 0.806 + 0.484 + 1.290 + 0.476 + 0.180 + 0.658 + 19.270 + 15.900 + 35.170 + 7.733 £ 0.593c 1.400 +
0.167e 0.073e 0.228¢e 0.051e 0.018e 0.063e 0.433b 0.973a 1.362b 0.084c

WS

FC 2.635 + 1.680 + 4.317 + 1.761 + 0.679 + 2.440 + 19.887 + 14.910 + 34.796 + 9.600 +2.179a  1.877 +
1.036a 0.697a 1.732a 0.761a 0.282a 1.039a 0.854a 2.087a 2.596a 0.513a

0.75 2.412 + 1.557 + 3.968 + 1.630 + 0.606 + 2.236 + 19.265 + 13.820 + 33.084 + 8.600 +£1.290b  1.753 +

FC 1.034b 0.665b 1.698b 0.720b 0.277b 0.992b 0.997b 2.065b 2.566b 0.321b
0.50 2.152 + 1.360 + 3.513 + 1.437 + 0.576 + 2.013 + 18.515 + 13.365 + 31.881 + 8.520 + 1.960b 1.566 +
FC 0.900c 0.633c 1.524c¢ 0.652¢ 0.281c 0.929¢ 1.816¢ 3.524b 5.208¢ 0.336¢

Sig.

PGPB ek ek ok ok ek ok ek ke ok

WS dekk Fekk *

1A ns ns ot o

W Values represent means, and different letters indicate significant difference P < 0.05 level. ns., not significant, * significant at P < 0.1, ** significant at P < 0.05, *** significant at P < 0.01.
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Fig. 1. Effects of PGPB inoculation and water stress on above-ground plant part fresh weight (a), above- and below-ground plant parts and seedling
dry weight (b, ¢ and d, respectively) of S. montanum. The error bars represent the standard deviation of the mean value (B. ce, Bacillus cereus, P. ae,
Pseudomonas aeruginosa A. li, Azospirillum lipoferm; A. ch, Azotobacter chroococcum; Cont, Control).

3.4. The effect of PGPB and water stress on growth indices

The results showed that the main effect of PGPB application, different levels of water stress, and the interaction effect of PGPB and
water stress had significant effects on growth indices (vigor index and seedling quality index) (Table 4).

The results of the main effect of PGPB showed that the best vigor and quality indices were obtained from seeds inoculated with
B. cereus, followed by those inoculated with A. chroococcum, P. aeruginosa, and A. lipoferm, while the vigor index was not significant in
the treatments with A. chroococcum and P. aeruginosa.

The results of the water stress effect showed that the growth indices decreased the most at 0.5 FC and 0.75 FC. The vigor index was
not significant at 0.5 FC and 0.75 FC.

The interaction between PGPB and water stress showed that the four treatments B. cereus, A. chroococcum, P. aeruginosa and
A. lipoferm had maximum vigor indices at different water stress levels compared to no seed priming with PGPB (control treatment) at
the different water stress levels (Fig. 3).

3.5. The effect of PGPB and water stress on plant nutrient uptake

The results showed that the main effect of PGPB application and the different levels of water stress had significant effects on plant
nutrient uptake (plant nitrogen, phosphorus, and potassium levels) (P < 0.01). The interaction effect of PGPB and water stress had
significant effects on nitrogen and potassium levels (Table 4).

The results of the main effects of PGPB showed that the highest nitrogen and potassium levels, respectively, were observed in the
B. cereus, A. chroococcum, P. aeruginosa, and A. lipoferm treatments, while the highest phosphorus level was observed in the B. cereus, A.
chroococcum, A. lipoferm, and P. aeruginosa treatments.

The results of the water stress effect expressed that the nutrient uptake of the plants was most reduced at 0.5 FC and 0.75 FC
(Table 3).

The interaction of PGPB and water stress showed that the four treatments B. cereus, A. chroococcum, P. aeruginosa, and A. lipoferm, at
the different water stress levels, had the highest nitrogen and potassium levels compared to the control treatment at the different water
stress levels, while nitrogen level were not significant in the A. chroococcum and P. aeruginosa treatments at the FC and 0.5 FC levels,
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Fig. 2. Effects of PGPB inoculation and water stress on above- and below-ground plant parts and seedling length (a, b, and c, respectively), number
of leaves (d), and collar diameter (e) of S. montanum (see the error bars and other abbreviations as in Fig. 1).

and potassium levels were not significant in the same treatments at the FC level (Fig. 4).

4. Discussion

Increasing the success rate of rangeland restoration is critical, as these ecosystems continue to be lost in the face of climate change
and environmental stress. Ecological restoration practitioners should aim to maximize plant growth in the shortest time possible under
existing conditions using PGPB, with short-term plant and bacterial coexistence enabling achievement of long-term restoration goals.

Overal, the results of the current study showed that water stress greatly reduced the fresh and dry weights, above-ground part
length, seedling length, collar diameter, quality index, and nutrient uptake of S. montanum, while the below-ground part length,
number of leaves, and vigor index were not significant at 0.5 FC and 0.75 FC, respectively, as noted by Bouremani et al. [29]. All values
are negatively affected by water stress, indicating that S. montanum need to make wise management decisions when faced with water
scarcity, which is common in semi-arid and arid regions. This suggests the restoration of this plant in low rainfall years, as this leads to
water scarcity and consequently water stress in arid and semi-arid regions, as noted by Zandi Esfahani and Azarnivand [30].

Seeds of S. montanum inculated with PGPB grew better and larger than the control treatment (uninoculated seeds) during the
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Table 4

Effects of PGPB and water stress on growth indices, and nutrients uptake of Secale montanum.
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PGPB

Vigor index

Quality index

Nitrogen

Phosphorus

Potassium

B. cereus

P. aeruginosa
A. chroococcum
A. lipoferm
Control
Water stress
FC

0.75 FC
0.50 FC

Sig.

PGPB

Water stress
Interaction

2.594 + 0.428a
1.570 + 0.598b
1.694 + 0.509b
1.271 £ 0.398¢
0.396 + 0.140d

1.775 4+ 0.784a
1.381 + 0.838b
1.360 + 0.841b

0.194 £ 0.030a
0.102 + 0.019¢
0.142 + 0.019b
0.079 + 0.018d
0.023 + 0.003e

0.122 + 0.071a
0.109 + 0.057b
0.093 + 0.051c

*

Kk

6.937 £ 0.424a
4.201 + 0.526¢
4.704 £ 0.434b
3.912 + 0.555d
1.272 + 0.194e

4.612 +1.952a
4.270 + 1.866b
3.734 + 1.766¢

1.164 £+ 0.072a
0.595 + 0.073d
0.840 + 0.076b
0.659 + 0.091c
0.295 + 0.045e

0.780 + 0.306a
0.722 + 0.295b
0.631 + 0.282¢

10.530 + 0.643a
5.691 + 0.713c
6.708 + 0.620b
5.377 £+ 0.762d
1.877 + 0.285e

6.615 + 2.979a
6.128 + 2.855b
5.366 + 2.711c¢

See W as in Table 3.
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Fig. 3. Effects of PGPB inoculation and water stress on growth indices (vigor index: a, quality index: b) of S. montanum (see the error bars and other
abbreviations as in Fig. 1).

OFC ©0.75 FC 00.50 FC

10.00

9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

S5

basis)

=l

&0
‘“:
=
-

e

Plant nitrogen content (%, dry weight

B. ce

o
“aﬂ
P.a

e A

ch A li  Cont

= BFC @0.75FC 00.50 FC
on
2 1400
a
£ 200 | b
< i ©
< 10.00
§ = d
22 800 £ C
g8 f2, g
z 6.00
2
g 4.00 iy
g 200 Dﬂﬂ
=
= 0.00
B.ce P.ae A.ch Al Cont

Fig. 4. Effects of PGPB inoculation and water stress on nutrient uptake (plant nitrogen content: a, plant potassium content: b) of S. montanum (see
the error bars and other abbreviations as in Fig. 1).

greenhouse experiment. The present studyconfirms the positive effects of some PGPBs on growth traits, growth indices, and nutrient
uptake of S. montanum, except for the length of the below-ground part, compared with the uninoculated seeds, which shows that some
PGPBs improve overall plant growth and survival. In agreement with the results, previous reports [5,16,17,31-36] have also shown the
positive influence of biopriming in terms of plant growth traits, growth indices, and nutrient uptake.

Inoculation of S. montanum seeds with B. cereus, A. chroococcum, P. aeruginosa, and A. lipoferm resulted in significant increase in the
fresh weight and dry weights of above- and below-ground parts and seedling, vigor index, quality index, and nitrogen and potassium
content. The increase in the fresh weight and dry weights of above- and below-ground parts and seedling as biomass agents assure us
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that PGPB act directly on species biomass agents as stated by e.g., Ahmad et al. [37]; Jetiyanon and Plianbanchang [38]; Widnyana and
Javandira [39]. They proved regulators extracted from PGPB such as indoleacetic acid (IAA) are one of the approaches to improve
plant growth and quality. The PGPBs can create favorable conditions for plant growth and development through direct and/or indirect
mechanisms [40]. S. montanum inoculated with biofertilizers showed a significant increase in fresh and dry biomass compared to the
control group. The highest increase in the dry weight of above- and below-ground plant parts by 5.44 and 5.55 times, respectively,
compared to the control was observed in plants treated with B. cereus.

PGPB has been reported to increase fresh and dry weight, length, and volume of roots in numerous research studies. These changes
in root morphology and physiology are closely related to IAA and cytokinins (plant hormones) produced by PGPB that cause cell
division and elongation [41-43]. PGPB appears to improve the availability of nutrients and water to plants by promoting root
development and thus the uptake of plant nutrients and water. As a result, plant nutrient uptake may improved growth traits and
indices [16,44].

The significant dry weight of the below-ground parts of PGPB indicates that the water availability of this plant species has been
improved. Many studies have reported that seed priming with PGPB increase plants availability of nutrients and water and conse-
quently increases fresh and dry weight of roots [5,39,45,46]. Therefore, we expect that increasing the weight of the below-ground
plant parts of S. montanum by seed priming with PGPB will ultimately improve the plant’s resistance to water stress through the
growth of below-ground plant parts and further water uptake.

The positive effects of bio-fertilizers from our research are results of agents confirmed in other studies. The increase in growth from
the application of PGPB to plants such as Triticum aestivum [47], Glycine max [48], Beta vulguris [49], Zea mays [50], Onobrychis sativa
[17]1, and Bromus tomentellus [16] is due to the production of phytohormones, nitrogen fixation, and phosphate solubilization. Burd
et al. [51] showed that the increase in plants inoculated with biofertilizers was triggered by a local increase in available nutrients and
increased access to nutrient uptake by biofertilizers. Other studies have documented increases in growth traits and yield of various
plants after seed inoculation with biofertilizers [52-54].

The tallest plants were observed in seeds inoculated with A. lipoferum treatment. Studies in which seeds were inculated with
biofertilizers resulted in greater plant height compared to the control. However, the percent increase in plant height after inoculation
of seeds with diffrerent PGPB indicates that the response to PGPB may vary among plant species.

Inoculation of S. montanum seeds with P. aeruginosa had a significantly negative effect on above- and below-ground parts and
seedling length, in contrast to the control. In addition, inoculation with P. aeruginosa had a significant negative effect on the size of
species. This could be due to the fact that P. aeruginosa significantly increases biomass by increasing cell division; therefore,
P. aeruginosa affects the biomass growth of the plant by increasing the weight of S. montanum. Some PGPB inhabit plant root growth by
producing HCN (hydrogen cyanide) gas [55]. These PGPBs control pathogens and decrease access to iron, resulting in reduced plant
growth and development [56]. Ethylene acetic acid can also inhibit species size and reduce auxin movement [57]. Water stress in-
creases ethylene levels in plant species. The reduced plant height may then show up as damaged photosynthesis due to desiccation and
reduced production of materials for production of growing parts of the species [16]. In contrast to the results of the present study,
Shaukat et al. [58] demonstrated that the presence of Azospirillum and Azotobacter around the wheat root environment (T. aestivum)
had a beneficial effects on plant sprouting. However, Stamenov and Jafari [55] found a negative effect of these biofertilizers on the
sprouting of Allium cepa. Considering these contrasting results, we can conclude that seed priming with PGPB has different effects on
sprouting of other species. Therefore, it is important to test effects of PGPB on different plant species before applying it.

In our study, the highest number of leaves was obtained in seeds treated with Azotobacter, Azospirillum, and Pseudomonas compared
to the control. In many other studies where seeds were inoculated with Pseudomonas, Azospirillum, and Azotobacter species, the results
were similar to our study [33,58,59].

Seed inoculated with PGPB of B. cereus had the highest vigor and quality indices, which were 6.55 and 8.45 times higher than the
control treatment, respectively. The results of Gholami et al. [5] and Govindappa et al. [60] on Carthamus tinctorius and Zea mays
confirmed the similar results of our study. They obtained similar results with Azospirillum and Pseudomonas. The increase in these
indices could be due to better metabolism and production of auxin and cytokinin, hormones that stimulate cell elongation and division
by inoculation with PGPB [61,62].

The results of the current study showed that the use of PGPB had positive effects on nutrient intake compared with the control
treatment. The interaction effect of PGPB and water stress showed that PGPB on FC and/or 0.75 FC improved nutrient uptake, while
the use of PGPB did not reduce the negative effects of water stress on nutrient uptake. Delshadi et al. [16,17], Gashash et al. [63] and
Shah et al. [8] also reported that PGPBs had a positive effect on nutrient uptake by plants. The results of the current study showed
higher production of B. cereus treatment in uptake of materials such as nitrogen and potassium in S. montanum conpared to no PGPB
inoculation.

5. Conclusions

Increasing water stress resulted in reduced growth traits, growth indices, and nutrient uptake. Seed biopriming is one of the ap-
proaches to neutralize the negative effects of abiotic stress. This study showed that seed priming of S. montanum with PGPB strains,
especially Bacillus cereus, improved the fresh weight and dry weights of above- and below-ground parts and seedling, growth indices,
and nutrient uptake compared to unprimed seeds, indicating that PGPB usually improves plant sprouting. However, the biopriming
treatments in this experiment improved growth characteristics. At the end of the experiment, PGPB inoculated plants were heavier
than control plants (uninoculated). Plant response to seed sprouting with PGPB depend on the PGPB species, the genetic constitution of
the plant, and the conditions required for growth.
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Thus, we emphasize the role of PGPBs as a strategy to address the challenges of global food security and climate change to increase
the success rate of rangeland restoration. PGPB is thus a promising approach to increase S. montanum resilience to climate change for
plants. In addition, the application of PGPBs can reduce the use of pesticides and artificial growth regulators, which contribute to
climate change through greenhouse gas emissions, as an eco-friendly alternative to increase crop growth and development.
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