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ABSTRACT 
Plant Growth Promoting Rhizobacteria (PGPR) are beneficial bacteria that inhabit plant roots and promote plant growth through a diverse array of mechanisms. These include direct and indirect methods such as phosphate solubilization, siderophore production, ammonia production, phytohormone production and various enzymatic activities. A total of 17 rhizospheric bacteria were isolated from a rhizosphere region of green gram field and they were screened for various growth promoting activities. It revealed 52.9% isolated bacteria were positive for siderophore production and phosphate solubilization, 47.05% were positive for cellulase production and 100% were positive for catalase production. Two bacterial isolates (Rgb4 and Rgb5) were selected for evaluation of finger millet seed germination on the basis of their prominent growth promoting activities. The percentage of finger millet seed germination is more in the seeds treated with Rgb4 (90%) as compared to treated with Rgb5 (70%) and control with (30%). Thus, this piece of work may be the milestone in near future for the productivity of millets by the application of some potential rhizobial isolates.
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1. INTRODUCTION
[bookmark: _Hlk222577970]Rhizosphere soil is a complex and dynamic biological system and it is difficult to determine the composition of microbial communities in soil and seems to be characterized by their functions and relationship between microbial diversity and decomposition of organic matter (Nannipieri et al., 2003). Yadav and Singh (2023), screened rhizobacteria from the rhizosphere zone of Raphanus sativus and characterized by biochemical and molecular characterization methods. The isolated PGPRs was Bacillus subtilis which was showed phosphate solubilization activity and they were enhanced 30% more green gram seed germination. Shreshtha et al. (2025) they focused on characterize PGPR strains from the Opuntia Ficus-indica plant’s rhizosphere, cultivated in the semi-arid Shankargarh district of Uttar Pradesh, India on the basis of generation of indole acetic acid (IAA), phosphate solubilization, ammonia, carboxymethyl cellulase and protease activity. 246 bacterial strains were isolated from the rhizospheric zone, and only 16.6 % showed drought resistance and various plant growth-promoting traits.
Beneficial free-living bacteria referred to as PGPR are found in the rhizosphere of the roots of many different plants (Kloepper et al., 1989). The effect of PGPRs on agricultural crops has been investigated and published by various authors in the last two decades with recent applications on trees (Bashan and Holguin, 1998 and Enebak et al., 1998). Kloepper (1997) stated that bacteria associated with plants can be harmful and beneficial. 
Glick et al. (1999) worked on the direct mechanisms of plant growth promotion may involve the synthesis of substances by the bacterium or facilitation of the uptake of nutrients from the environment by synthesizing siderophores that can solubilize and sequester iron from the soil and supply it to the plants. Barraquio et al. (2000) stated that rhizosphere bacterial communities however have efficient systems for uptake and catabolism of organic compounds present in root exudates. Several bacteria have the ability to attach to the root surfaces (rhizoplane) allowing these to derive maximum benefit from root exudates. Some of these are more specialized, as they possess the ability to penetrate inside the root tissues (endophytes) and have direct access to organic compounds present in the apoplast. 
Joseph et al. (2007) reported that PGPRs were known to influence plant growth by various direct or indirect mechanisms. In search of efficient PGPR strains with multiple activities, a total of 150 bacterial isolates belonging to Bacillus, Pseudomonas, Azotobacter and Rhizobium were isolated from different rhizospheric soil of chick pea in the vicinity of Allahabad. These test isolates were biochemical characterized and screened in vitro for their plant growth promoting traits like production of indole acetic acid (IAA), ammonia (NH3), siderophore and catalase. All the isolates of Bacillus, Pseudomonas and Azotobacter produced IAA, whereas only 85.7% of Rhizobium was able to produce IAA. Production of ammonia was commonly detected in the isolates of Bacillus (95.0%) followed by Pseudomonas (94.2%), Rhizobium (74.2%) and Azotobacter (45.0%). 
Gholami et al. (2009) worked on the effect of plant growth promoting rhizobacteria on seed germination, seedling growth and yield of field grown maize. In these experiments six bacterial strains viz. Pseudomonas putida strain R-168, P. fluorescens strain R-93, P. fluorescens DSM 50090, P. putida DSM291, Azospirillum lipoferum DSM 1691, A. brasilense DSM 1690 were used. In the first study seed inoculation significantly enhanced seed germination and seedling vigor of maize. In second experiment, leaf and shoot dry weight and also leaf surface area significantly were increased by bacterial inoculation in both sterile and non-sterile soil. In the third experiment, Inoculation of maize seeds with all bacterial strains significantly increased plant height, 100 seed weight, and number of seed per pod. 
Lugtenberg and Kamilova, (2009) reported that several microbes promote plant growth and many microbial products that stimulate plant growth. They were described the conditions under which bacteria live in the rhizosphere. To exert their beneficial effects, bacteria usually must colonize the root surface efficiently. They also described several mechanisms by which microbes can act beneficially on plant growth are described viz. biofertilization, stimulation of root growth, rhizoremediation and plant stress control. 
A field experiment was carried out by Yildirim et al. (2010) to determine the effects of PGPR [Bacillus cereus, (N2-fixing), Brevibacillus reuszeri (phosphate solubilizing), and Rhizobium rubi (N2-fixing and phosphate solubilizing)] on growth, chlorophyll content, yield and ionic composition of leaves of broccoli. Inoculation of broccoli plant roots and rhizosphere with PGPR strains also improved significantly uptake of mineral elements. They suggested that Bacillus cereus, Brevibacillus reuszeri and Rhizobium rubi have the potential to increase the yield, growth and nutrition of broccoli plant under organic growing conditions.
Yadegari and Asadi Rahmani, (2010) worked on co-inoculation of PGPR and Rhizobium on yield and yield components of common bean (Phaseolus vulgaris L.) cultivars under field condition. PGPR strains Pseudomonas fluorescens P-93 and Azospirillum lipoferum S-21 as well as two highly effective Rhizobium strains were used in this study. Common bean seeds of three cultivars were inoculated with Rhizobium singly or in a combination with PGPR to evaluate their effect on growth characters. Treatment with PGPR significantly increased pod plant-1, number of seeds pod-1, weight of seeds plant-1, weight of pods plant-1, total dry matter and seed yield. 
The direct mechanisms involve nitrogen fixation, phosphate solubilization, phytohormone production, siderophore production, and enzymatic activities. While, indirect mechanisms involve biocontrol of pathogens, induced systematic resistance, reduced stress tolerance etc. (Vessey, 2003; Glick, 2012).
The present study aimed to evaluate the effect of potential rhizospheric isolates on the productivity of finger millet under laboratory conditions.
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2. MATERIALS AND METHODS:
[bookmark: _Hlk222580311]2.1. Sample collection: The sample was collected from green gram fields of Morigaon district of Assam, and its geographical coordinates between 26.26000N latitude and 92.26300E longitude. The roots and adherent topsoil were put in sterile sample collecting bags and delivered to the laboratory for isolation. The soil temperature of the study area was recorded as 22-280C, relative soil moisture 9.84-10.85% and pH 5.46-5.72 (Kalita and Kayang, 2026).
2.2. Isolation of rhizospheric bacteria:
Serial dilution plate method (Jhonson and Curl, 1972) was followed for the isolation of bacteria using Nutrient Agar medium (Martin, 1950). 1g of soil sample was taken in a 250ml conical flask containing 100ml sterilized distilled water to make 1:100 dilution. The flask was swirled for the 15 minutes to make homogeneous mixture. Then 10ml of this mixture was transferred aseptically by sterilized10ml pipette to another 250 ml conical flask containing 90ml of sterilized distilled water to get a suspension of 1: 1000 dilution. 10ml of this suspension was again transferred to another 250ml conical flask containing 90ml sterilized distilled water to get 1:10,000 dilution.
[bookmark: _Hlk222578139]For the isolation of bacteria, 1:1000 dilution factor was used. 1ml of the soil suspension (1:1000) was transferred to a petri dish containing sterilized nutrient agar medium. The plate was then rotated gently to disperse the suspension uniformly over the surface of the medium. Three replicates were maintained for each sample. The isolation was carried out in a sterilized “Laminar Flow Chamber” throughout the investigation. The inoculated petri dishes were then incubated upside down at 25±1ºC for 5 days in a Biological Oxygen Demand (BOD) incubator. The number of bacteria colonies was counted and the bacteria population per gram dry soil was calculated by taking into consideration of the moisture content and dilution factor.
2.2. Morphological characteristics of isolated bacteria:
Morphological characteristics such as shape, color and surface along with gram’s staining of all isolated bacteria were observed by using light microscope. 
Qualitative Screening: 
The qualitative screening of isolated bacterial strain was tested for phosphate solubilization (Pikovskaya, 1948), siderophore production (Hu et al., 2011), catalase activity (Iwase et al., 2013) and cellulase activity (Cattlelan et al., 1999).
Phosphate Solubilization:
Bacterial isolates were tested for phosphate solubilization by using the protocols given by Pikovskaya (1948). The bacterial isolates were inoculated with the help of inoculating loop on pikovskaya agar media containing bromo cresol blue as pH indicator and incubated for 2-5 days at 30ºC. Isolates growing and exhibiting large and clear zones determines positive results for phosphate solubilization.
Siderophore Production: 
The isolated bacterial strains were screened for siderophore production by using the method given by Hu et al., (2011). 180 ml of nutrient agar was prepared and kept for the autoclave. To that 20ml of CAS (Chrone Azurel’s) reagent was added and then pour into the petri plates. After spot inoculation, kept the culture plates in the incubator for 5-7days.The orange zone indicates positive result.
Catalase activity:
A small amount of culture from isolated bacterial colony was taken on the microscopic slide. One drop of 3% H2O2 was added. Immediately the slide was observed for bubble formation. Positive reaction was evident by immediate effervescence (bubble formation).
Cellulase activity:
Confirmation of cellulose-degrading ability of bacterial isolates was performed using the protocol as per Cattelan et al., 1999, by streaking on the media consist of carboxymethylcellulose (CMC), nutrient agar and then incubated for 48-72 hours at 37ºC. The cellulolytic bacteria were detected by flooding the media with 0.1% Congo-Red solution for 15 minutes and washed with 1M NaCl solution for 15 minutes. Colonies showing halo zone were taken as positive cellulose-degrading bacterial isolates.
2.3.  Efficacy of the isolates on seed germination and seedling growth of millets:
Pot experiment:
[bookmark: _Hlk222578252]The pot experiment method was followed by using Abbas and Okon (1993) protocol to study the effect of selected bacterial isolates on seed germination and seedling growth of millets at Microbial Ecological Laboratory, Department of Botany, North-Eastern Hill University (NEHU), Shillong, Meghalaya. Roots and any other debris were removed from the soil before autoclave. The soil was put into polythene bags and autoclaved at 15 lbs pressure for 1hour. The soil was allowed to cool down at room temperature after autoclave. The plastic pots were filled with 1.5 kg of sterilized soil which were used for the inoculation and sowing of millets seeds.
Seed Inoculation:
Finger millet (Eleusine coracana L.) seeds were used for the experiment. The seeds were surface sterilized with 70% ethanol for 2-3 minutes and washed in sterile distill water. The seeds were bacterized by soaking in the bacterial solution for 12 hours and air-dried. The inoculated seeds were planted in each pot. After sowing each pot was given additional 10 ml of bacterial inoculants. A control was also kept for the same seeds. The plastic pots were kept in the laboratory and watered them regularly.
Harvest and Analysis:
The seedling with emerged out of soil level was considered for compulsion and germination percentage. Germination % and germination index (Abdul-Baki and Anderson, 1973) were calculated by using the following formula:
					No. of seeds germinated
		Germination (%) = ------------------------------------  × 100
					Total No. of seeds sown
Germinated Index (G. I.) = n/d
Where, n= no. of seedling emerging per day
	d= days after planting
The plants were harvested and the root system was cleaned and washed in running tap water. The root and shoot lengths were measured. Vigor index (Abdul Baki and Anderson, 1973) was calculated using the following formula:
Vigor index = root length + shoot length × seed germination %

3. RESULTS AND DISCUSSION
[bookmark: _Hlk222680657]3.1. Morphological characteristics of rhizospheric bacteria:
The bacterial load (CFU) was recorded of the collected soil samples during February-March, 2025 and the value was found to be maximum in February (2.2 × 105 g-1 dry soil).
Table 1 revealed that the colony characteristics of bacterial isolates in respect of shape, color and surface which differed were markedly. The shape of the colonies grown on medium was round and irregular. The color of all the isolates was varied from off-white, cream, white, translucent and transparent. The surface of all the isolates smooth except Rgb8, Rgb13 and Rgb14 where it was rough and matte. 

	Table 1. Morphological characteristics of the bacterial isolates.
	Sl. No.
	Bacterial isolates
	Shape
	Color
	Surface

	1
	Rgb1
	Round
	Off-white
	Smooth

	2
	Rgb2
	Round
	Cream
	Smooth

	3
	Rgb3
	Round
	White
	Smooth

	4
	Rgb4
	Round
	White
	Smooth

	5
	Rgb5
	Irregular
	Cream
	Smooth

	6
	Rgb6
	Round
	Transparent
	Smooth

	7
	Rgb7
	Round
	White
	Smooth

	8
	Rgb8
	Irregular
	Off-white
	Rough

	9
	Rgb9
	Round
	White
	Smooth

	10
	Rgb10
	Round
	Off-white
	Smooth

	11
	Rgb11
	Round
	White
	Smooth

	12
	Rgb12
	Round
	Translucent
	Smooth

	13
	Rgb13
	Irregular
	Cream
	Matte

	14
	Rgb14
	Irregular
	Off-white
	Rough

	15
	Rgb15
	Round
	Cream
	Smooth

	16
	Rgb16
	Round
	Transparent
	Smooth

	17
	Rgb17
	Round
	Off-white
	Smooth


	Rgb = Rhizospheric growth bacteria
3.2. Screening of the bacterial isolates:
[bookmark: _Hlk222578615]Among all isolated rhizobacteria, only 9 showed positive to siderophore production and phosphate solubilization showing 52.9% each. Catalase activity showing 100% while 8 isolates showed positive for cellulase activity, showing 47.05%. Bacillus, Pseudomonas, Rhizobium, Enterobacter and Burkholderia have been confirmed as phosphate solubilizers (Malboobi et al., 2009; Wang et al., 2022). Siderophore production is one of the main PGP traits of rhizospheric bacteria as they help in the transport of environmental iron and restricted its availability to other microorganisms. Hence making the siderophore-producing microorganisms superior to the non-producing counterparts by helping in the iron chelation process (Arora and Verma, 2017).

 Table 2. Showing the potentiality of the bacterial isolates in different biochemical testes.
	Sl. No.
	Bacterial isolates
	Gram
staining
	Siderophore production
	Phosphate solubilization
	Catalase
activity
	Celulase activity

	1
	Rgb1
	+
	+
	-
	++
	-

	2
	Rgb2
	+
	-
	+
	+
	-

	3
	Rgb3
	+
	-
	-
	+
	-

	4
	Rgb4
	-
	+++
	+++
	+++
	++

	5
	Rgb5
	-
	++
	++
	++
	+++

	6
	Rgb6
	-
	+
	+
	+
	-

	7
	Rgb7
	+
	-
	+
	+
	-

	8
	Rgb8
	+
	+
	-
	+
	+

	9
	Rgb9
	+
	-
	+
	+
	+

	10
	Rgb10
	-
	+
	+
	+
	-

	11
	Rgb11
	+
	-
	-
	+
	+

	12
	Rgb12
	+
	+
	-
	++
	+

	13
	Rgb13
	+
	-
	+
	+
	-

	14
	Rgb14
	+
	-
	+
	++
	+

	15
	Rgb15
	-
	+
	-
	+
	+

	16
	Rgb16
	-
	-
	-
	+
	-

	17
	Rgb17
	+
	++
	-
	+
	-


“+” = Positive, “++” = Moderately positive, “+++” = Highly positive 
Plate 1: Some photo graphs of biochemical tests of the bacterial isolates. 
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3.3.  Seed germination and growth:
The results of seed germination in finger millet (Eleusine coracana L.) treated with two selected rhizospheric bacteria (Rgb4 and Rgb5) present in table 4. It showed highest percentage of seed germination (90%) seeds treated with Rgb4 as compared to Rgb5 which is 70% and control has 30%. Tilak et al. (2005) worked on some bacteria support plant growth indirectly, by improving growth restricting conditions either via production of antagonistic substances or by inducing resistance against plant pathogens. Since associative interactions of plants and microorganisms must have come into existence as a result of co-evolution, the use of latter group as bioinoculants must be pre-adapted, so that it fits into a long-term sustainable agricultural system. 

Table 3. Showing the efficacy of selected bacterial isolates on seed germination.
	Bacteria
treated
	Total no. of seeds sown
	No. of days after
sowing the seeds
	Total no. of seeds
germinated
	Germination (%)
	Germination Index (G.I.)

	Rgb4
	10
	04
	03
	30%
	0.75

	
	
	08
	09
	90%
	1.13

	Rgb5
	10
	04
	02
	20%
	0.50

	
	
	08
	08
	70%
	1.00

	Control
	10
	04
	01
	10%
	0.25

	
	
	08
	03
	30%
	0.38



Bacterial isolate Rgb4 showed highest vigor index i.e. 3300 compared to Rgb5 and control in table 5 and in figure 1 has shown positive correlation between seedling vigor index and percentage of seed germination. Such experiment was also conducted by Vinothini et al. (2023) to enhance the seed quality viz. germination, speed of germination and seedling vigor in black gram by treating some growth promoting bacteria. 
Table 4. Treatment of isolates on plant growth parameters of millets under greenhouse condition.
	Bacterial
Isolates
	Shoot height
 (cm)*
	Root height 
(cm)*
	Total height 
(cm)*
	Seedling
Vigor index

	Rgb4
	39.50±1.50
	15.50±0.50
	55.00±2.00
	3300

	Rgb5
	30.50±0.50
	12.75±0.25
	43.25±0.75
	2162

	Control
	23.00±3.00
	11.00±1.00
	34.00±4.00
	680


	*Values are mean of 3 replicates with SE

[bookmark: _Hlk222680851]Figure 1. Correlation between % of seed germination and seedling growth (seedling vigor index).

Figure 2. Showing positive plant growth (vigor index) against Rgb4 corresponding to height of millet plant other than Rgb5 and control.
4. CONCLUSION
[bookmark: _Hlk222579393]From the above study it is revealed that isolated bacteria have shown positive response to siderophore production, phosphate solubilization, cellulase production and catalase production. During the experiment it was observed that the inoculation of bacterial isolate Rgb4 had shown prominent seed germination and seedling vigor in finger millet in laboratory conditions. 
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Showing positive vigor index against Rgb4 corresponding to height of millet plant

Rgb4	(cm)*	Vigor index	Total height 	Seedling	55	3300	Rgb5	(cm)*	Vigor index	Total height 	Seedling	43.25	2162	Control	(cm)*	Vigor index	Total height 	Seedling	34	680	Total height (cm)


Vigor Index




Correlation between seedling vigor index and seed germination 
Seedling	Vigor index	0.9	0.7	0.3	3300	2162	680	Seed Germination %

Seedling Vigor Index
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