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Biochemical Characterization and Assessment of Polyethylene Glycol (PEG)-Induced Drought Tolerance Potential of Azospirillum Isolates



Abstract
Drought stress is a major constraint to crop productivity and the use of drought-tolerant plant growth-promoting bacteria such as Azospirillum offers a promising strategy for sustainable agriculture. The present study aimed to characterize twenty Azospirillum isolates collected from the Culture Collection Bank of the Department of Agricultural Microbiology and to assess their drought tolerance potential under Polyethylene Glycol (PEG-6000)-induced osmotic stress. The isolates were subjected to a series of biochemical tests, including Gram staining, catalase activity, methyl red, Voges–Proskauer and citrate utilization. All isolates were Gram-negative and catalase-positive, while variability was observed in MR-VP and citrate utilization profiles, indicating metabolic diversity among the isolates. Drought tolerance was evaluated by measuring the growth (OD₆₀₀) of isolates cultured in nitrogen-free Okon’s medium supplemented with increasing PEG concentrations (0%, 10%, 20% and 30%). A progressive decline in bacterial growth was observed with higher PEG levels; however, the magnitude of reduction varied markedly among isolates. Strong osmotic stress tolerance was demonstrated by Azos-CH-48, which continuously showed the highest growth across all PEG concentrations, followed by Azos-RS-177 and Azos-12. Overall, the study revealed significant biochemical and physiological variability among Azospirillum isolates and identified a subset of strains with superior tolerance to PEG-induced water stress. These drought-resilient isolates hold potential as promising bio-inoculants for improving crop performance under moisture-deficit conditions. Further molecular characterization and field validation are recommended to support their application in stress-prone agroecosystems.
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Introduction
            Drought is one of the most devastating environmental stresses that severely limits agricultural productivity worldwide (Farooq et al., 2012). It affects plant growth, development and yield by disrupting physiological processes such as relative water content, chlorophyll stability, photosynthetic efficiency and nutrient uptake (Gupta et al., 2020; Kasim et al., 2021). Drought stress also induces oxidative stress through the overproduction of reactive oxygen species (ROS), which damage cellular components including membranes, proteins and nucleic acids (Sharma and Dubey, 2005; Anjum et al., 2011; Manschadi et al., 2006). With the increasing frequency of droughts under changing climatic conditions, developing effective and sustainable strategies to mitigate its impact has become a major challenge for agriculture (Gupta et al., 2011; Haghpanah et al., 2024). In this context, the role of beneficial microorganisms has become increasingly significant. Among them, bacteria belonging to the genus Azospirillum has been extensively studied for its adaptability to environmental stress and its strong plant-growth-promoting potential (Vurukonda et al., 2016). Azospirillum is a heterotrophic, nitrogen-fixing, microaerophilic bacterium that forms associative symbiosis with plant roots and sometimes with aerial plant parts (Steenhoudt and Vanderleyden, 2000). Its ability to fix atmospheric nitrogen, produce phytohormones and enhance root development makes it an important bio-inoculant for sustainable agriculture (Bashan and de-Bashan, 2010; Zaheer et al., 2022). Improved root systems developed under Azospirillum influence support plants to extract more water and nutrients from deeper soil layers under moisture-limited conditions. Beyond their plant-growth-promoting abilities, Azospirillum species possess remarkable biochemical and physiological mechanisms that enable them to survive and function efficiently under drought stress (Fadiji et al., 2022). One key adaptation is the production of exopolysaccharides (EPS), which form a protective biofilm around the bacterial cells and plant roots. This biofilm minimizes desiccation, enhances root–soil contact and retains moisture in the rhizosphere (Ilyas et al., 2020; Khan and Bano, 2019; Solanki et al., 2020). In addition, Azospirillum synthesizes osmoprotectants such as proline, trehalose, glycine betaine and soluble sugars. These molecules stabilize cellular structures, maintain osmotic balance and protect both bacterial and plant cells from dehydration (Gouffi and Blanco, 2000; Saxena et al., 2012; Goszcz et al., 2025). The bacterium also boosts antioxidant defense enzymes including superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), which neutralize ROS and maintain redox homeostasis within cells (Zandi and Schnug, 2022; Fukami et al., 2018; Kumar et al., 2019). Collectively, these mechanisms enable Azospirillum to persist under drought conditions and enhance the tolerance of their host plants by improving physiological stability, chlorophyll maintenance and water-use efficiency (Barquero et al., 2022; Creus et al., 2004). For simulating drought stress under laboratory conditions, polyethylene glycol (PEG) is widely used as an osmotic agent due to its high molecular weight, non-ionic nature and inability to penetrate cell membranes. PEG, particularly with higher molecular weight (such as PEG 6000), is a water-soluble polymer that reduces the water potential of growth media, simulating drought-like conditions. (Hamayun et al., 2010; Sardar and Kamil, 2017; Ahmad et al., 2020). Therefore PEG-induced assays become a reliable method to identify drought-tolerant microbial isolates capable of maintaining growth and metabolic activity under simulated stress (Mishra et al., 2021). Considering the increasing challenges of drought-induced yield loss and the potential of Azospirillum as a stress-alleviating biofertilizer, the present study was undertaken to evaluate the biochemical characterization and PEG-induced drought tolerance potential of different Azospirillum isolates. This work aims to identify drought-tolerant strains with strong biochemical and adaptive traits that could be utilized in sustainable agriculture to improve crop performance under water-limited conditions.
Materials and Methods
Collection of Azospirillum isolates
A total of 20 Azospirillum isolates used in this study were collected from the Culture Collection Bank of the Department of Agricultural Microbiology, College of Agriculture, Indira Gandhi Krishi Vishwavidyalaya Raipur (Chhattisgarh).
Revival of Azospirillum isolates
The collected Azospirillum isolates were revived aseptically by transferring them into sterilized nitrogen-free bromothymol Blue (Okon’s) medium. For this purpose Azospirillum isolates were streaked in sterilized nitrogen-free bromothymol blue (Okon’s) agar medium. The inoculated agar plates were incubated at 30 ± 2°C for 24 to 48 hours (till colonies developed) in a BOD incubator. To obtain pure culture, individual colony of Azospirillum isolates with distinct shape was selected and inoculated in their respective agar slants and was kept in BOD incubator. The agar slants showing well desired growth were picked and stored at 6-8°C in a refrigerator for further use. The revived cultures were further sub-cultured at a regular interval of 15 days and maintained for subsequent experiments.
Biochemical characterization of Azospirillum isolates
All 20 Azospirillum isolates collected from the Culture Collection Bank were characterized using standard biochemical methods to confirm their identity and functional traits as given in the Bergey’s manual of systematic bacteriology (2001). Standard biochemical tests, including Gram staining, catalase test, methyl red (MR) test, Voges-Proskauer (VP) test and citrate utilization test were performed in triplicate manner. The results of these tests were recorded to assess the physiological and metabolic properties of the selected isolates.
Gram staining
Gram staining was carried out as method described by Gram (1884) and Beveridge (2001) to determine the gram nature of 20 collected Azospirillum isolates. A loopful of fresh culture of Azospirillum was smeared on clean glass slide and was heat fixed. The smear was sequentially stained with crystal violet for one minute, followed by iodine solution for one minute, then decolorized using 95% ethanol for 10-15 seconds and finally counterstained with safranin for 30 seconds. After each step, the slide was rinsed with distilled water. The stained slides were air-dried and observed under compound microscope using immersion oil.
Catalase test
The catalase test was performed as method described by Cappuccino and Sherman (2013). Firstly fresh culture was placed on a clean glass slide and a few drops of 3% hydrogen peroxide (H₂O₂) was added. The reaction was observed for the immediate formation of gas bubbles which indicate a positive result. Isolates producing bubbles were considered catalase-positive while those showing no bubble formation were recorded as catalase-negative.
Methyl red and Voges-proskauer (MR-VP) test
The Methyl Red (MR) and Voges-Proskauer (VP) test was performed as method described by James and Cappuccino (2017) and Forbes et al., (2007), respectively, to assess the fermentation pattern of the Azospirillum isolates. MR-VP broth was prepared in two sets of tube. Fresh bacterial cultures were inoculated into MR-VP broth and incubated at 28°C for 48 hours. After incubation, 5 drops of methyl red indicator was added to first set of the tubes, development of red color indicated a positive MR test. For Voges-Proskauer test, 0.6 ml of α-naphthol (Barritt’s A solution) and 0.2 ml of KOH (Barritt’s B solution) were added to the second set of the tubes. The tube was gently shaken and allowed to stand for 10–20 minutes. Development of red or pink color indicates the positive VP test while no color or a copper color indicates the negative VP test.
Citrate utilization test
The citrate utilization test was performed as method described by Atlas (2004) and Cheesbrough (2005) to determine the ability of Azospirillum isolates to utilize citrate as the sole carbon source. Simmons citrate agar slant was prepared and fresh culture was streaked onto the surface of the Simmons citrate agar slant. Streaked tubes were incubated at 30°C for 48 hours. After incubation, slants were observed for a color change. A color change from green to blue indicated a positive results.
Screening of Azospirillum isolates for drought tolerance using Polyethylene Glycol (PEG-6000) test
To evaluate the drought tolerance potential of the Azospirillum isolates, a Polyethylene Glycol (PEG-6000) tolerance test was assessed by simulating osmatic stress as method describe by Michel and Kaufmann (1973). The isolates were inoculated into a nitrogen-free broth medium (Okon’s media) supplemented with PEG-6000 at different concentrations (0%, 10%, 20% and 30%), creating varying levels of water stress. The cultures were incubated at 30°C for 48 hours under constant shaking incubator to ensure uniform exposure to stress conditions. After incubation, bacterial growth was evaluated by measuring optical density (OD) at 600 nm using a spectrophotometer. Isolates exhibiting higher OD values under increasing PEG-6000 concentrations were considered more tolerant to osmotic stress. This test was used to identifying effective Azospirillum isolates with promising drought tolerance potential.
Results and Discussion
Collection of Azospirillum isolates
A total of 20 Azospirillum isolates (Table 1) were collected from the Culture Collection Bank of the Department of Agricultural Microbiology, Indira Gandhi Krishi Vishwavidyalaya, Raipur, (C.G.). These isolates were originally obtained from various agricultural fields of different districts of Chhattisgarh and had been maintained under standard laboratory conditions in the culture bank.
Table 1. Collection details of Azospirillum isolates obtained from various agricultural fields in different districts of Chhattisgarh
	S/No
	Name of isolates
	S/No
	Name of isolates

	1
	Azos-12
	11
	Azos-CH-22

	2
	Azos-16
	12
	Azos-CH-28

	3
	Azos-19
	13
	Azos-CH-30

	4
	Azos-35
	14
	Azos-CH-33

	5
	Azos-3427 
	15
	Azos-CH-48

	6
	Azos-3461
	16
	Azos-PAC-37

	7
	Azos-3473
	17
	Azos-RS-125

	8
	Azos-3477
	18
	Azos-RS-139

	9
	Azos-3478
	19
	Azos-RS-177

	10
	Azos-3480
	20
	Azos-RS-178



Biochemical Characterization of Azospirillum isolates
Gram staining
Gram staining was performed to determine the cell wall characteristics of the Azospirillum isolates. All 20 Azospirillum isolates were found to be Gram-negative (Table 2). This result was evident by the pink coloration observed under the microscope after staining, which is characteristic of Gram-negative bacteria. The uniform Gram-negative nature of all isolates confirms their identity within the genus Azospirillum, which is known to be composed of Gram-negative bacteria. These findings are in agreement with earlier reports by Tarrand et al., (1978), Okon and Labandera-Gonzalez (1994), Steenhoudt and Vanderleyden (2000), Reis et al., (2015) and Cassán et al., (2015), who also confirmed the Gram-negative nature of Azospirillum species. This characteristic is important for identification and classification purposes and also relates to their structural and functional properties.
Catalase test
The catalase test was performed to evaluate the ability of the Azospirillum isolates to produce the enzyme catalase. All 20 Azospirillum isolates showed positive results for the catalase test (Table 2 and Figure 1). The positive catalase activity in all isolates indicating their effective adaptation to oxygen-rich environments and their potential to mitigate oxidative stress by neutralizing reactive oxygen species such as hydrogen peroxide. These findings are close to findings of earlier studies by Mehnaz and Lazarovits (2006), Ilyas et al., (2012), Di Salvo et al., (2014),  Narayan and Gupta (2018), Sulaiman et al., (2019), Rabara et al., (2023) and Yadav et al., (2024), who also reported catalase-positive reactions in a wide range of Azospirillum strains. These findings support the role of catalase-positive Azospirillum isolates in promoting plant growth through improved stress resilience and metabolic activity.
Methyl red (MR) test
The methyl red test was conducted to assess the ability of isolates to produce stable acid end products from glucose fermentation. Out of 20 Azospirillum isolates tested, 12 isolates showed positive results for the MR test (Table 2 and Figure 2). These isolates are capable of mixed acid fermentation and production of stable acidic compounds. The remaining 8 isolates gave negative results, indicating they either do not produce stable acidic end products or their fermentation products are neutral. The positive reactions observed in these Azospirillum isolates indicate their ability to ferment glucose and produce acidic end products. This metabolic activity indicate that the isolates can effectively utilize glucose as a carbon source under anaerobic or microaerophilic conditions. These findings are consistent with the observations made by Kanimozhi and Panneerselvam (2011), Di Salvo et al., (2014), Sulaiman et al., (2019), Rabara et al., (2023) and Ogunniyi et al., (2024), who also reported positive MR test results in several Azospirillum strains.
Voges-proskauer (VP) test
The Voges-Proskauer test was conducted to evaluate the production of acetoin, a neutral end product of glucose metabolism via the butylene glycol pathway, in Azospirillum isolates. Out of the 20 isolates tested, 13 isolates gave a positive VP reaction, while 7 isolates were negative (Table 2 and Figure 3). These positive reactions indicate their potential ability to produce neutral metabolic products. On the other hand, negative VP reactions suggest variability in their metabolic traits. The differential response observed in the Voges-Proskauer (VP) test among the Azospirillum isolates indicates the biochemical and metabolic diversity within the genus. This diversity is a critical parameter for microbial screening and selection. These findings are in agreement with earlier studies by Azlin et al., (2005), Shubha et al., (2014), Rabara et al., (2023), Ogunniyiet al., (2024) and Yadav et al., (2024), which have documented the heterogeneity among Azospirillum strains, particularly in terms of carbon utilization patterns and fermentation profiles.

Citrate utilization test
Out of 20 Azospirillum isolates tested, 16 isolates showed positive results for citrate utilization (Table 2 and Figure 4). These isolates demonstrated the ability to utilize citrate as a carbon source. The remaining 4 isolates were negative, indicating their inability to metabolize citrate. The positive citrate utilization by Azospirillum isolates reflects their metabolic versatility and adaptability to different environmental conditions. Such isolates are often better adapted to varied environments and can play a significant role in nutrient cycling and plant growth promotion. These results align with findings by Tejera et al., (2005), Tyagi and Singh (2014), Hossain et al., (2015), Reis et al., (2015) and Muthukumar et al., (2021), who also reported citrate utilization in various Azospirillum strains.

Table 2. Biochemical characterization of Azospirillum isolates
	S/N
	Name of isolates
	Gram staining
	Catalase test
	Methyl red (MR) test
	Voges-Proskauer (VP) test
	Citrate utilization test

	1
	Azos-12
	-ve
	+
	-
	+
	+

	2
	Azos-16
	-ve
	+
	-
	-
	+

	3
	Azos-19
	-ve
	+
	-
	-
	+

	4
	Azos-35
	-ve
	+
	+
	+
	-

	5
	Azos-3427 
	-ve
	+
	+
	+
	+

	6
	Azos-3461
	-ve
	+
	-
	-
	+

	7
	Azos-3473
	-ve
	+
	-
	+
	+

	8
	Azos-3477
	-ve
	+
	+
	+
	+

	9
	Azos-3478
	-ve
	+
	+
	-
	+

	10
	Azos-3480
	-ve
	+
	+
	+
	-

	11
	Azos-CH-22
	-ve
	+
	+
	+
	+

	12
	Azos-CH-28
	-ve
	+
	+
	-
	-

	13
	Azos-CH-30
	-ve
	+
	-
	-
	+

	14
	Azos-CH-33
	-ve
	+
	+
	+
	+

	15
	Azos-CH-48
	-ve
	+
	+
	+
	+

	16
	Azos-PAC-37
	-ve
	+
	-
	-
	+

	17
	Azos-RS-125
	-ve
	+
	+
	+
	-

	18
	Azos-RS-139
	-ve
	+
	-
	+
	+

	19
	Azos-RS-177
	-ve
	+
	+
	+
	+

	20
	Azos-RS-178
	-ve
	+
	+
	+
	+


(-) = Negative, (+) = Positive
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Figure 1. Catalase test of Azospirillum isolates using 3% hydrogen peroxide. The immediate formation of gas bubbles indicates a positive catalase reaction.
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Figure 2. Methyl red test of Azospirillum isolates in MR broth. After adding methyl red indicator the development of a red coloration indicates a positive results
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[image: ]Figure 3. Voges-proskauer test of Azospirillum isolates. The development of a pink to red color after adding VP reagents indicates a positive reaction for acetoin production.
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Figure 4. Citrate utilization test of Azospirillum on Simmon’s citrate agar. The development of blue coloration of the medium indicates a positive result
Screening of Azospirillum isolates for drought tolerance using Polyethylene Glycol (PEG-6000)
The data regarding PEG-induced osmotic stress tolerance of all Azospirillum isolates is presented in Table 3 and Figure 5. The isolates were grown in nitrogen-free broth medium (Okon’s media) supplemented with different concentrations of PEG-6000 (0%, 10%, 20% and 30%) and their growth was determined by measuring optical density (OD₆₀₀) after 48 hours of incubation. At 0% of PEG concentration (control), the optical density (OD₆₀₀) values of Azospirillum isolates ranged from 0.266 to 1.264 (Figure 6). The highest growth was recorded in Azos-CH-48 (1.264) followed by Azos-RS-177 (0.823) and Azos-12 (0.696). The lowest OD₆₀₀ was observed in Azos-CH-28 (0.266), indicating comparatively lower growth under non-stress conditions. At 10% of PEG concentration, a moderate reduction in growth was observed for all isolates compared to the 0% of PEG concentration (control). OD₆₀₀ values ranged from 0.233 to 0.721 (Figure 7). Azos-CH-48 continued to exhibit the highest growth (0.721) followed by Azos-12 (0.498) and Azos-RS-177 (0.499). The lowest OD₆₀₀ value was recorded in Azos-CH-28 (0.233). With increased PEG concentration (20%), the growth of Azospirillum isolates declined further with OD₆₀₀ values ranging from 0.131 to 0.612 (Figure 8). Azos-CH-48 again exhibited the highest growth (0.612) followed by Azos-12 (0.464) and Azos-RS-177 (0.480). Azos-CH-28 remained the lowest performer with an OD₆₀₀ value of 0.131. Under high osmotic stress (30% PEG), a sharp decline in growth was observed among all isolates, ranging OD₆₀₀ value from 0.080 to 0.425 (Figure 9). Azos-CH-48 maintained the highest OD₆₀₀ (0.425) followed by Azos-RS-177 (0.372) and Azos-12 (0.349) whereas Azos-CH-28 had the lowest value (0.080). Among all isolates, Azos-CH-48 consistently showed superior tolerance to osmotic stress across all PEG concentrations, followed by Azos-RS-177 and Azos-12 which indicate better survival and stronger osmotic stress adaptation. Azos-CH-28 showed the lowest growth at all PEG levels which indicate least stress tolerance. The differential growth responses of Azospirillum isolates under PEG-induced osmotic stress suggest variability in their drought tolerance capabilities. A gradual decline in optical density (OD₆₀₀) was observed with increasing PEG concentrations in all isolates, reflecting reduced bacterial growth under osmotic stress. Similar trends have been reported by earlier researchers, indicating that PEG-induced water stress impairs bacterial cellular metabolism and proliferation (Sandhya et al., 2009; Fu et al., 2016). The high tolerance even at 30% PEG shown by specific isolates may be attributed to the synthesis of osmoprotectants, exopolysaccharides, phytohormones and enzymes such as ACC deaminase that mitigate stress effects (Teale et al., 2006; Paul et al., 2008; Yang et al., 2009; Fahad et al., 2015; Glick, 2014). Isolates such as Azos-CH-28, Azos-CH-33 and Azos-3461 showed sharp declines in OD₆₀₀, especially at higher PEG concentrations, indicating lowest drought adaptability. This variation may be attributed to differences in physiological or genomic attributes such as exopolysaccharide production, stress-responsive gene expression and antioxidant enzyme activity (Schimel et al., 2007; Ghosh et al., 2019; Lopes et al., 2022). These findings align with the observations of Omar et al., (2017), García et al., (2017), Latif et al., (2022), Mokeev et al., (2022) and Jayasurya and Grover (2023), who reported that growth of Azospirillum and other plant growth promoting rhizobacteria (PGPR) significantly decreased with increasing PEG concentration but able to survive even at higher levels of  PEG concentration.

Table 3. Growth performance of Azospirillum isolates under different concentrations of Polyethylene Glycol (PEG-6000)
	
S/No
	Name of isolates
	Optical density (OD₆₀₀)

	
	
	0% PEG
	10% PEG
	20% PEG
	30% PEG

	1
	Azos-12
	0.696
	0.498
	0.464
	0.349

	2
	Azos-16
	0.555
	0.470
	0.442
	0.322

	3
	Azos-19
	0.387
	0.283
	0.267
	0.168

	4
	Azos-35
	0.545
	0.462
	0.430
	0.291

	5
	Azos-3427 
	0.397
	0.315
	0.276
	0.200

	6
	Azos-3461
	0.294
	0.248
	0.235
	0.122

	7
	Azos-3473
	0.372
	0.255
	0.238
	0.157

	8
	Azos-3477
	0.420
	0.354
	0.328
	0.256

	9
	Azos-3478
	0.410
	0.344
	0.302
	0.228

	10
	Azos-3480
	0.480
	0.395
	0.339
	0.270

	11
	Azos-CH-22
	0.383
	0.282
	0.250
	0.165

	12
	Azos-CH-28
	0.266
	0.233
	0.131
	0.080

	13
	Azos-CH-30
	0.407
	0.318
	0.300
	0.225

	14
	Azos-CH-33
	0.287
	0.235
	0.229
	0.108

	15
	Azos-CH-48
	1.264
	0.721
	0.612
	0.425

	16
	Azos-PAC-37
	0.377
	0.258
	0.241
	0.161

	17
	Azos-RS-125
	0.390
	0.299
	0.275
	0.188

	18
	Azos-RS-139
	0.425
	0.359
	0.335
	0.265

	19
	Azos-RS-177
	0.823
	0.499
	0.480
	0.372

	20
	Azos-RS-178
	0.494
	0.444
	0.376
	0.273












	






Figure 5. Variation in growth performance of Azospirillum isolates under different concentrations (0-30%) of Polyethylene glycol (PEG-6000)
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Figure 6. Screening of Azospirillum isolates based on their growth under 0% (control) polyethylene glycol
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Figure 7. Screening of Azospirillum isolates based on their growth under 10% polyethylene glycol
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Figure 8. Screening of Azospirillum isolates based on their growth under 20% polyethylene glycol
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Figure 9. Screening of Azospirillum isolates based on their growth under 30% polyethylene glycol



Conclusion 
The present study evaluated the biochemical traits and PEG-induced drought tolerance potential of twenty Azospirillum isolates. All isolates exhibited consistent Gram-negative reaction and were catalase-positive which confirm their typical taxonomic identity and their inherent ability to cope with oxidative conditions. Variability in metabolic traits was evident from the MR-VP and citrate utilization tests, indicating biochemical diversity within the isolates, which is important for screening and selecting functionally superior strains. Exposure to increasing concentrations of PEG-6000 revealed clear differences in drought tolerance among the isolates. Although growth declined in all isolates with rising osmotic stress, a few isolates consistently maintained higher optical density values even at 30% PEG. Among these, Azos-CH-48 emerged as the most drought-tolerant strain, followed by Azos-RS-177 and Azos-12, demonstrating stronger resilience and better physiological adaptation under water-limited conditions. Overall, the study highlights the presence of substantial physiological and biochemical variability among Azospirillum isolates and identifies a set of promising strains with high drought tolerance potential. These drought-tolerant isolates could be useful bio-inoculants for enhancing crop performance in conditions of water.
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