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Abstract
Goa is bestowed with agro-climatic conditions that are best suited for tropical vegetables and therefore solanaceous crops are being widely cultivated widely. However Crop disease remains a major problem to global food production. It is a well known fact that Chilli is one of the commercial crop of Goa but its cultivation is hampered by severe incidence of bacterial wilt. Excess use of pesticides through chemical disease control measures is a serious problem for sustainable agriculture as we struggle for higher crop productivity. There is well established evidence that the use of plant growth promoting rhizobacteria (PGPR) would overcome these problems and in turn improve plant growth and crop yield. It is possible to identify and develop PGPR that both suppress plant disease and more directly stimulate plant growth, bringing dual benefit. A number of PGPR have been registered for commercial use under greenhouse and field conditions and a large number of strains have been identified and proved as effective biocontrol agents (BCAs) under environmentally controlled conditions. In this research study a total of 17 bacterial strains were isolated from the rhizosphere region of leguminous plants and were tested for their ability to produce siderophore, HCN, indole acetic acid, nitrogen fixation and potassium solubilization. Based on the results of biochemical characterization four bacteria were selected namely A1, T1, T2 and Pb1 for invivo plant studies.The result of this study revealed that 2 bacteria amongst  the 4 showed striking results of plant growth promotion and was further sent for sequencing.
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I. INTRODUCTION
The term “plant growth promoting bacteria” refers to bacteria that colonize the roots of plants (rhizosphere) that enhance plant growth. The term PGPR was proposed by Kloepper et al., 1980 and has been used for a long time, especially for fluorescent Pseudomonas involved in the pathogens biological control and enhancing plant growth. Later, Kapulnik et al. (1981) extended this term to the rhizobacteria capable to directly promote plant growth. Today, the term of PGPR is used to refer to all bacteria living in the rhizosphere and improve plant growth through one or more mechanisms. Agriculture is essential for the food security of humans and animals that live on the planet. It has been predicted that by 2050, the human population could reach 8 billion, which will present a significant challenge for agricultural systems to produce enough food to feed this global population, especially given the fact that there are a wide range of biotic and abiotic factors that have a significant negative impact on agricultural productivity. Among the limiting biotic factors, there are a multiplicity of pathogens such as bacteria, fungi, viruses, insects and nematodes. The successful management of these pests is essential to avoid losses during production. PGPR has the ability to increase the availability of nutrient concentration in the rhizosphere by fixing nutrients, thus preventing them from leaching out. As an example, nitrogen, which is needed for the synthesis of amino acids and proteins, is the most limiting nutrient for plants. Therefore, understanding rhizosphere colonization mechanisms by PGPR is essential for generating inoculants able to compete and efficiently colonize the rhizosphere of plant crops, and having a great impact on crop production and more consistent results.
Goa, located on the western coast of India, has a tropical climate that is suitable for growing chili plants. Chili plants require warm temperatures, plenty of sunlight, and well-draining soil to grow well. Some popular chill varieties that can be grown in Goa include Bhavnagar, Guntur, Wala and Kashmiri chilies. These varieties are used in a variety of Indian dishes and are known for their unique flavours and heat levels. In Goa, chili plants are often used in local cuisine, and you can find them in dishes such as a spicy meat curry, and xacuti, a curry made with coconut and spices. They are an integral part of the state's identity and contribute significantly to its livelihoods and economic growth. 
The growth rate of chili plants in Goa can vary depending on various factors such as the variety of chill climate sail fertility, and farming practices. However, on average chili plants in Goa can take anywhere from 70 to 120 days to reach maturity depending on the variety and growing conditions. It's worth noting that the growth rate of chili plants can also be affected by pests and diseases. Common pests that affect chili plants in Goa include aphids, whiteflies, and thrips, while common diseases include powdery mildew and bacterial wilt. Farmers need to take proper measures to control these pests and diseases to ensure optimal growth and yield of their chilli plants. If not managed properly, the cultivation of chilli plants can deplete the soil of its nutrients, leading to soil erosion and decreased fertility. However, proper management practices such as crop rotation intercropping and the use of organic fertilizers can help maintain soil health. 
Therefore, a study of PGPR bacteria is based on the rationale that these bacteria have the ability to help the plant significantly in increasing germination, seedling growth and yield in different agricultural crops. An array of microbes including Pseudomonas, Azospirillum, Azotobacter, Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, Bacillus, and Serratia enhance plant growth as per literature thereby reducing the need for chemical fertilizers that are harmful to the environment. The use of PGPR bacteria can therefore benefit both farmers and the environment by promoting sustainable agriculture practice. 
II. MATERIALS AND METHODS
A. Sample selection: The plant growth promoting rhizobacteria were isolated from the rhizosphere of following plants from different regions of Tiswadi, Bicholim and Ponda taluka of Goa in August & September 2022. 
(a) Senna obtusifolia (Sicklepod) 
(b) Vigna unguicuata (Cowpea)  
(c) Terminalia catappa (Sea almond) 
(d) Artocarpus heterophyllus (Jackfruit) 
(e) Tamarindus indica (Tamarind). 
(f) Ocimum tenuiflorum (Tulsi) 
(g) Carica papaya (papaya) 

B. Collection of rhizospheric soil: Soil samples were collected from rhizospheric region of plants and were brought to the laboratory for isolation of bacteria. Loosely attached soil was removed from the roots. The roots were shaken gently to remove extra soil and the soil adhering firmly to the root of each plant was collected in the tube containing sterile saline to carry out serial dilution (Khalid et al., 2004; Kumar et al., 2012).  

Serial Dilution Method: The plant was taken from different locations as shown in map (Fig.1). The plant was pulled out by gently twisting it and stored in a plastic bag and the soil was used to carry out serial dilutions. Soil adhering to the root was taken and mixed with 4.5 mL saline in the test tube of 100 and was allowed to stand still so that the soil settles down. 0.5mL was transferred from test tube 100 to 101, from 101 to 102 and so on till 106.  0.1mL of suspension was spread plated from last 3 dilutions on CRYEMA agar and incubated at room temperature for 24 – 48 h. From the isolated colonies obtained on CRYEMA plate, 17 colonies were selected. The selected colonies were then sub-cultured and stored to carry out characterization tests. 
C. Subculturing and maintainence of the bacterial culture: The selected bacterial colonies were re-streaked on CRYEMA media and sub-cultured on Nutrient Agar Media. Petriplates were incubated at room temperature for 24 h. 
D. Physical characterization of bacterial isolates: Colony characteristics of each isolate were studied and their Gram character and motility was determined.  The colony characters like size, shape, margin, colour, surface texture, consistency, motility, pigmentation, Gram character etc. were studied.  
E. Biochemical characterization of bacterial isolates: Following tests were performed according to Himedia Manual (1998).  

1) Fermentation of sugars - Ability of bacteria to form organic compounds by metabolizing sugars such as glucose, sucrose, fructose and lactose was used to detect acid and gas production with the help of inverted Durham’s tube immersed in the test tube containing sugar and indicator dye.  
2) Catalase test- For this a drop of 3% hydrogen peroxide was placed on a clean glass slide. Isolated colony was picked up with sterile nichrome loop and slowly immersed into the drop of hydrogen peroxide (Taylor and Achanzar, 1972). Rapid bubbling indicated positive result.
3) Citrate test - The test organism is cultured on Simmon’s Citrate agar medium which contains sodium citrate, an ammonium salt and the indicator bromothymol blue. After 24 h of incubation growth in the medium is shown by a change in colour of the indicator from light green to blue. 
4) PGPR tests 
i. Siderophore Production: Siderophore production was estimated qualitatively using Chrome Azurol S (CAS) Agar medium (Schwyn and Neilands, 1987). For the detection of siderophores, each isolate was grown in synthetic medium containing 0.5 μM of iron and culture supernatant was added to the wells made on the CAS agar plates. Plates were incubated for 24 h on a rotary shaker at room temperature.  Formation of yellow to orange coloured zone around the well indicated siderophore production.
ii. Nitrogen Fixation: The nitrogen fixation ability of bacteria was tested by spot inoculation on Burk medium (Hossain et.al. 2019). The cultures which had the nitrogen fixation ability showed the appearance of bacterial growth which was considered as a positive result. 
iii. Phosphate Solubilization: For this test sterilized Pikovskaya’s agar was poured as a thin layer on to the sterilized petriplates and incubated for 24 h. After incubation the Pikovskaya’s plates were spot inoculated with isolates and incubated at 28±1°C for 4-5 days. Formation of a clear zone around the colonies was considered as positive result for phosphate solubilization. 
iv. HCN Test: All the isolates were screened for the production of HCN by using the method of Lorck (1948). Nutrient broth was amended with 4.4 g glycine/L and isolates were streaked on modified agar plate. A Whatman filter paper No. 1 soaked in 2% sodium carbonate in 0.5% picric acid solution was placed in the top of the plate. Plates were sealed with parafilm and incubated at 28 ± 2°C for 4 days. Development of orange to red colour indicated HCN production. 
v. Indole Acetic Acid: 24-hour old culture was inoculated in tryptophan broth containing 0.1% filter sterilized tryptophan and was kept for kept for incubation at 28o C for 48 hours. Test sample was centrifuged at 5000 rpm for 10 minutes and the supernatant was collected and 2ml of Salkowski reagent (2% 0.5M FeCl3 in 35% HClO4 solution) was added. The sample was incubated in dark for 30 min. Pink colouration was observed showing positive result. 

F. Plant growth promotion assessment: Based on the above mentioned PGPR tests, a few isolates were shortlisted for plant growth promotion studies. Chilly seeds were sown in pot filled with garden soil. After the growth for 30 days, the selected cultures were grown for 24 h (Fig. 2) followed by centrifugation. The pellet obtained was mixed in 30mL of saline. Seedlings were inoculated with 5 mL of selected bacterial suspension. Bacterial population was estimated by serial dilution method before inoculation. Sterile water was used as control. Each treatment had 2 repeats with 5 seedlings per repeat.  
[image: ]
Fig. 1. Mass cultivation of 4 bacterial cultures for plant inoculation 
After every seven days interval, growth parameters of seedlings were analyzed. The height of the stem and area of leaf were measured by a ruler and thread. For the in-vivo testing of the cultures sterile and unsterile soil was used for each culture and two control samples were kept of sterile and unsterile soil in pots. The size of the pots was kept same and the amount of soil was taken constant for all the cultures. For each culture two replica of sterile and unsterile soil was maintained. Each pot previously grown one month old chilly seedlings were replanted. Each pot had around five seedlings of similar size. After replanting they were allowed to set in the pot for around 2-3 days. After setting, 5mL of the culture suspended in saline was poured into each pot of sterile and unsterile soil except for control (Fig. 1 & Fig. 2). After inoculation of the cultures the plants were regularly watered and their growth was observed after 7, 14, 21 and 28 days. 
[image: ]
                                         		          Fig. 2. Preparation of inoculums for soil drenching 
	

III. RESULTS
A. Sample selection: Plant samples were collected from different regions of Tiswadi, Bicholim and Ponda talukas of Goa in August & September 2022.
B. Collection of rhizospheric soil: Rhizospheric soil was collected and was serially diluted to isolate the pure bacterial cultures. 
                Table 1: List of bacterial isolates used in this study. 
	Name of the isolate 
	Host Plant 
	Location of isolation 

	Sp1 
	Sicklepod 
	Tiswadi 

	Sp2 
	Sicklepod 
	Tiswadi 

	PG1 
	Cowpea 
	Corlim 

	PG2 
	Cowpea 
	Corlim 

	S1 
	Sea almond 
	Khandola 

	S2 
	Sea almond 
	Khandola 

	J1 
	Jackfruit 
	Bicholim 

	J2 
	Jackfruit 
	Bicholim 

	Pb1 
	Tamarind 
	Carambolim 

	T1 
	Tulsi 
	Ponda 

	T2 
	Tulsi 
	Ponda 

	P1 
	Papaya 
	Ponda 

	P2 
	Papaya 
	Ponda 

	PS1 
	Tamarind 
	Chodna 

	PS2 
	Tamarind 
	Chodna 

	A1 
	Cowpea 
	Bicholim 

	A2 
	Cowpea 
	Bicholim 



C. Purification of bacterial colony and sub-culturing: A total of 17 colonies were purified and sub-cultured on CRYMA agar. 
D. Physical characterization of bacterial isolates: Bacteria grow in the form of colonies on solid media and the colony characteristics were studied (Table 2).










Table 2: Colony Characteristics of bacterial isolates on CRYEMA
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E.  Biochemical characterization of bacterial isolates:  Biochemical tests were used to differentiate between bacterial species based on their biochemical activities (table 3).
Table 3: Biochemical characterization of the bacterial isolates 
[image: ]
Key: + = Acid production only; (+) = Acid and gas production; - = No acid, no gas production
[image: ]
Fig.3. (A) Carbohydrate tests, (B) Catalase Test, (C) Gelatinase Test, (D) Citrate Test, (E) Siderophore Production, (F) Nitrogen Fixation Test, (G) Phosphate solubilization, (H) IAA Test, (I) HCN Production.
F. PGPR tests (Fig. 3; Table 3)
i. Siderophore production- The siderophore production was checked on CAS media. 6 bacterial isolates (A1, Sp1, Sp2, T1, T2, and Pb1) showed a clear orange halo zone around the colonies after 72 h in CAS media 
ii. Nitrogen fixation- All the 17 bacterial isolates were able to grow on Burk’s medium and confirmed their nitrogen fixation ability. 
iii. Phosphate solubilization- Inorganic phosphate solubilization activity was checked on Pikovskaya’s agar plates containing tricalcium phosphate and 3 isolates (T1, T2, and Pb1) formed a clear halo zone around them after 48 hours. 
iv. HCN production - Qualitative assay of HCN production was shown by 5 isolates (T1, T2, J1, J2, and Ps1). 
v. [bookmark: _GoBack]Indole acetic acid – Qualitative analysis of IAA showed that it was produced by only 2 bacterial isolates (T1, A1). 

G. Plant growth promotion assessment: Chilly seedlings were planted for plant growth promotion studies (Fig. 4). 

Fig. 4.Chilly seedlings
Analysis of growth promotion by bacterial isolates depicted improvement in growth parameters compared to the control plants for most of the strains. Percentage height increase after culture inoculation was highest for strains T2 and Pb1 in unsterile and sterile environment. Treatment with Pb1 showed best increment in height of 90.4% followed by T2 treated plant having 48.4% height increase (Table 4; Fig. 5) on day 28 of inoculation. 
Table 4: Data showing average percentage of increase in plant height for each bacterial isolate after inoculation (U- depicts unsterile soil; S- depicts sterile soil; DAI – days after inoculation). 
	Isolate name
	7 DAI
	14 DAI
	21 DAI
	28 DAI

	T1-S
	2.0
	22.4
	25.2
	36.1

	T1-U
	4.3
	23.5
	30.4
	35.7

	T2-S
	2.2
	20
	29.6
	31.1

	T2-U
	4.4
	35.2
	39.6
	48.4

	A1-S
	1.7
	14.0
	16.9
	23.3

	A1-U
	2.4
	19.8
	32.5
	40.5

	Pb1-S
	4.3
	50.0
	59.6
	90.4

	Pb1-U
	2.2
	19.3
	21.5
	31.9

	CONTROL -S
	2.4
	20.5
	24.1
	28.9

	CONTROL -U
	4.0
	44.0
	32.0
	36.0



Also, other strains showed moderate increase in height. Significant differences in vigour index were also exhibited in plants inoculated with Pb1 and T2 showing maximum increase, whereas, A1 treated plant had low vigour index compared to control. Nevertheless, all plants treated with different isolates had appreciable vigour value above the control (Fig. 5).

[image: ]
Fig. 5. Plant growth assessment studies. 





IV. DISCUSSION
Soil microbial communities play pivotal roles in various biogeochemical cycles and influence the fertility of soils. In addition, the soil microflora influences above-ground ecosystems by providing nutrients to plants; improve soil structures and consequently, affect soil health (Ahemadet al., 2009). Rhizosphere microflora is also involved in many other soil processes e.g., decomposition of organic matter, nutrient mobilization, mineralization, mineral phosphate solubilization, denitrification, bioremediation of pollutants and suppression of soil borne phytopathogens (Rameshkumar and Nair, 2009; Khan et al., 2010; Ahemad and Khan, 2011b). Thus, the plant rhizosphere is a versatile and dynamic ecological environment of intense microbes–plant interactions for harnessing essential micro- and macro-nutrients from a limited nutrient pool (Jeffries et al., 2003). 
The widespread application of chemical fertilizers, herbicides, and pesticides in modern agriculture is severely modifying and polluting the natural environment (Punja, 1997). The potential negative effects of chemical fertilizers on the global environment Together with its increased cost have promoted the research and application of microbial inoculants which offer an environment-friendly means to increasing crop productivity and soil health in an integrated plant nutrient management. In the present investigation, 17bacterial isolates were evaluated for their plant growth promoting activities. Serial dilution of the rhizospheric soil from Tulsi, Papaya, Jackfruit, Tamarind, Tamarind, Almond, Cowpea, Sicklepod plants was carried out. This rhizosphere effect is thought to be caused by root exudate-dependent growth of rhizosphere microorganisms due to which microbial biomass activity increases.  (Bashan and de-Bashan, 2005). 
The isolated bacterial strains A1, SP1, SP2, T1, T2, Pb1 were positive for siderophore production. Ajilogba and Babalola (2013), reported that the PGPR make use of mechanisms such as siderophore production, systemic resistance induction and antifungal volatile production to control or inhibit the growth of plant pathogens e.g., inhibition of Fusarium sp. Further, siderophore released by PGPR could be involved in plant growth promotion, since siderophore released increases Fe availability (Van Loon et al., 1999, 2007). Plants assimilate iron from bacterial siderophores by means of different mechanisms, for instance, chelate and release of iron, the direct uptake of siderophore-Fe complexes, or by a ligand exchange reaction (Schmidt, 1999; Crowley and Kraemer, 2007). Similarly, the Fepyoverdine complex synthesized by P. fluorescens C7 was taken up by Arabidopsis thaliana plant, leading to an increase of iron inside plant tissues and to improve plant growth (Vansuyt et al., 2007). Several studies have demonstrated that production of siderophores, other secondary metabolites and lytic enzymes by Pseudomonas strains was most effective in controlling the plant root pathogens including F. oxysporum and R. solani (Ahmad et al., 2008). B. cereus strain UW85, P. fluorescens strains CHA0 and Pf5 produce numerous antibiotics with different degrees of action against specific pathogenic fungi (Raaijmakers et al., 2002). 
The fixation of atmospheric N2 and ammonia production was observed in all the bacterial isolates. These findings are quite similar with N2 fixing bacteria such as Rhizobium and Bradyrhizobium which were reported to form nodules on roots of leguminous plants such as soybean, pea, peanut, and alfalfa, in which they convert N2 into ammonia, which in contrast to N2 can be used by the plant as a nitrogen source (Van and Vanderleyden, 1995). Ammonification, an important step in the transformation of organic nitrogen to ammoniacal form, would enhance soil nitrogen content by the ammonifying character of the PGPR isolates (Dey et al., 2004). Hence, involvement of ammonification trait of isolated strains might be significant. 
In soil, despite of large reservoir of P, the amount of available forms to plants is generally low. This low availability of phosphorous to plants is because the majority of soil P is found in insoluble forms, while the plants absorb it only in two soluble forms, the monobasic (H2PO4-1) and the dibasic (HPO4-2) ions (Bhattacharyya and Jha, 2012). To overcome the P deficiency in soils, there are frequent applications of phosphatic fertilizers in agricultural fields. Plants absorb fewer amounts of applied phosphatic fertilizers and the rest is rapidly converted into insoluble complexes in the soil (Mckenzie and Roberts, 1990). Besides, regular application of phosphate fertilizers is not only costly but is also environmentally undesirable. Only 0.1% of the total P is available to plant because of poor solubility and its fixation in soil (Illmer et al., 1995) which could be improved by the application of isolated PGPR. Our results suggested that T1, T2, A1, Pb1 strains could be applied as they were capable of solubilizing organic P. 
HCN (hydrogen cyanide) production is a well-known trait of plant growth-promoting rhizobacteria (PGPR), which has been shown to contribute to the suppression of soil-borne plant pathogens.  In our study bacteria strains T1, T2, J1, J2, Ps1 were positive for HCN production. The rhizobacteria synthesize IAA from tryptophan by different pathways, although these bacteria can also synthesize IAA via tryptophan-independent pathways, though in lower quantities (Spaepen et al., 2007). Similar, results were observed in our study wherein 2 of the bacterial isolates A1 and T1 were able to synthesize IAA with tryptophan that indicated the synthesis of IAA. The occurrence of similar pathways in Bacillus megaterium as potent IAA producing strains was observed by Varma et al., (2018). To exert beneficial effects in the rhizospheric environment, bacteria have to be rhizosphere competent, i.e., able to compete well with other rhizosphere microbes for nutrients secreted by the root and for sites that can be occupied on the root. Even, the motility was reported as essential factor for chemotaxis toward root exudates (Lugtenberg and Kamilova, 2009). However, in the present study we observed that the rhizospheric bacterial isolates were non-motile. 
We further went on to test the application of bacterial isolates in chilli seedlings under both sterile and unsterile soil condition. 4 bacteria were selected namely Pb1, T1, T2, A1 based on their PGPR test results. It was observed that seed bacterization with these isolates increased the stem length, leaf length and breadth of seedlings significantly over control consistently under in vivo conditions. However, when compared with all the isolates, PB1 isolate showed 90.4% of increase in height under sterile soil condition. But in chilli seedling inoculated with T2 isolate showed good growth of about 48.4% under unsterile soil condition. These observations suggest that it could be due to the differential degree of tolerance of the crops towards soil borne pathogens and the interaction of soil microbes with T2 bacterial isolate.  
There are more bacterial strains in rhizospheric soil samples as compared to the non-rhizospheric soil which suggests that root exudates released by plants plays an important role in bacterial nourishment. Our results suggested that, selected bacterial isolates significantly enhanced the plant growth character in chilly seedling even in the presence of normal microflora of the soil.

V. SUMMARY AND CONCLUSION
· In the current investigation, 17 bacterial isolates were evaluated for their plant growth promoting activities amongst only 4 bacterial isolates were selected namely Pb1, T1, T2 and A1 based on their PGPR test results and further isolated in chilli seedlings under both sterile and unsterile soil condition. 
· Presence of P- solubilizing and nitrogen fixing abilities of isolated PGPR strains confirms their potential as biofertilizer that can be used to reduce the burden of chemical fertilizers. 
· Isolated Pb1 bacterial strain showed a strong plant growth promotion activity in sterile soil condition whereas T1 bacterial isolate showed best growth in unsteriled soil condition among all four selected bacterial cultures. 
· Our result suggested that, selected bacterial isolate significantly enhanced the plant growth character in chilly seedling even in the presence of normal microflora of the soil. 
· In addition to this, our result also suggests that the finally selected bacterial isolate (T1 and Pb1) can be further used to make biofertilizers in the form of talc powder and can be distributed amongst the farmer for their agricultural use. 
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