Abstract
Little millet, a minor cereal cultivated in semi-arid regions of India, is renowned for its nutraceutical properties. The endophytic plant growth-promoting bacterial (PGPB) communities help crop plants increase growth and health, endure stress tolerance, and enhance nutrient availability. Seed biotiztion with these endophytic PGPBs can facilitate the host plant to develop a defense against pathogens and challenging environments. Thus the present study aimed to biotize the little millet seeds (var. ATL1) with PGPBs, viz., Bacillus albus LRS2, Alcaligenes faecalis LSB6, Bacillus amyloliquefaciens LAS10 and Bacillus velezensis LLB10 and to evaluate their efficiency by developing as a consortia of these strains for improved plant growth and development. The seeds were biotized with all the strains individually and as SynCom to evaluate their plant growth attributes in vitro and in vivo. The results showed significant differences in vegetative growth parameters and yield attributes compared with the control over SynCom biotized seeds. During the panicle initiation stage (27 DAS), the shoot length (59.2, cm), root length (13.9 cm), total plant biomass (1.46 g), number of productive tillers plant-1 (5), panicle length (13.2 cm) and 1000 grain weight (5.12 g), grain yield plant-1 (28.45 g), straw yield (36.21 g) registered more in SynCom biotized plants compared to non-biotized plant maintained as control. Thus, the present study confirmed that the inoculation of little millet seeds with the SynCom of indigenous strains could promote plant growth and productivity. Further, the inoculant can be recommended as a novel bio-inoculant for enhancing crop health and sustainable production in little millet.
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Introduction
Little millet (Panicum sumatranse L.) is a highly nutritious crop known for its rich content of nutraceutical components, including phenols, tannins, and phytates, as well as a variety of essential macro and micro-nutrients (Pradeep et al., 2011). It comprises protein (7.70 to 16.50 %), fat (2.45 to 9.04 %), carbohydrates (62.50 to 76.30 %), and dietary fiber (15.90 to 18.10 %) (Patil et al., 2015). Furthermore, it contains elevated levels of minerals like iron, magnesium, and zinc (Itagi et al., 2003). Despite its nutritional superiority and favorable comparison to staple cereals, the utilization of little millet is limited due to the increased production and availability of preferred cereals (Patil et al., 2015). Further, little millet is the least studied crop among millets, and unaware of the detailed mechanism of their limited production (Johnson et al., 2019).
The plant growth-promoting abilities of plant growth-promoting bacteria (PGPB) and beneficial endophytes have been reported earlier in diverse plants (White et al., 2019). They can elicit plant growth either directly or indirectly in the plants, through the mechanisms of induced systemic resistance, indole acetic acid (IAA) production, transporting nutrients from the soil into the plants, production of 1-Aminocyclopropane carboxylate deaminase (ACCd) enzyme, phosphate solubilization, siderophore production, hydrogen cyanide (HCN) and enhancing the ability of plants to withstand stress. Their growth-promoting effects vary from one organism to another and strain to strain (Pattnaik et al., 2019; Compant et al., 2010). Plants in natural ecosystems maintain symbiotic relationships with these endophytic microbes, which promote growth and protect against biotic and abiotic stressors (Verma et al., 2018). Due to the diverse functions of endophytic microbes, it is evidenced that they have the potential to substantially decrease the reliance on agrochemicals and aid in sustainable agricultural production.
The composition of the microbiome in plant roots can vary significantly from that in the rhizosphere, highlighting the role of plants in shaping the microbial communities that inhabit their roots (Gottel et al., 2011). The research conducted on the potential of root endophytes as plant inoculants enhances plant growth (Thakore et al., 2006). Simultaneously, seed endophytes in various crop plants play a significant role in promoting plant growth and development (Rahman et al., 2018). Leaf and their apoplast are a niche for beneficial microbes that help in plant health and stress resilience (Fatima et al., 2022). Biotizing the seeds with these beneficial organisms from various regions of a single plant facilitates the successful colonization of microbes throughout the host plant for effective application (Glick 2015). However, there has been a growing interest in microbial consortia application instead of using individual inoculants to promote plant growth and health (Bradacova et al., 2019). Positive interactions between rhizobacteria help in colonization and associative means of combatting environmental adversities. Utilizing a combination of two or more PGPBs can result in enhanced plant growth, stress resistance, and pathogen control. To substantiate this assertion, research studies have demonstrated that the co-inoculation of PGPBs leads to enhanced plant growth (Shanmugam et al., 2013; Wang et al., 2012; Berendsen et al., 2018). In our earlier experiments, we have isolated and identified the endophytic drought-tolerant bacteria from seed, root, leaf, and apoplastic fluid of little millet plants namely Alcaligenes faecalis LSB6, Bacillus albus LRS2, Bacillus velenzensis LAB10, and Bacillus amyloliquefaceins LAS10, respectively which play a potential role in plant growth promotion and enhanced drought stress tolerance (Unpublished). In the present study,  a consortium of these endophytic PGPBs was developed and evaluated for its potential to enhance plant growth and yield attributes of little millet plants. The findings of this study would aid in developing a novel microbial consortium for improving little millet production. 
Materials and Methods
Bacterial strains and culture conditions 
PGPB strains viz.,  Bacillus albus LRS2, Alcaligenes faecalis LSB6, Bacillus amyloliquefaceins LAS10, Bacillus velezensis LLB10, isolated from the various parts of little millet cultivar (var. ATL1)  used in this study was obtained from Biocatalysts Laboratory, Department of Agricultural Microbiology, Tamil Nadu Agricultural University, Coimbatore. All the strains were grown in Luria bertani (LB) broth, and incubated at 28 ± 2 ºC.
Inoculum preparation and seed treatment
The plant growth promotion ability of all the strains individually and in consortia was evaluated in vitro and carried over to a pot culture experiment. Surface disinfection of little millet seeds was carried out with 5 min soaking in mercuric chloride followed by 70% ethanol for 2 min and followed by repeated rinsing with sterile water (Olanrewaju et al., 2019). The pure cultures of Bacillus albus LRS2, Alcaligenes faecalis LSB6, Bacillus amyloliquefaceins LAS10, and Bacillus velezensis LLB10 were inoculated in LB broth overnight at ambient room temperature. The cells were collected through centrifugation at a speed of 6000 rpm for 5 min and subsequently diluted to achieve a final concentration of 108 colony-forming units (CFU) mL−1 using sterile 0.1 M Phosphate buffer at a pH of 7.2 (Petrillo et al., 2022). A consortium comprising four strains was established by combining them in even proportions, with each strain being blended at a 1:1:1:1 ratio. One milliliter of the respective bacterial strains was pooled and thoroughly mixed to create synthetic bacterial communities (Pandey et al., 2007). The surface-sterilized seeds were biotized with bacterial suspension for 1 h, air-dried, and placed on sterile Whatman filter paper No.1 (Soumiya et al., 2021). The seeds biotized with phosphate buffer served as control. Bacterial inoculants were treated in a single and a consortium. The biotized seeds were placed on a sterile filter paper in Petri dishes (9 cm) flooded with sterile distilled water.  Further, for every treatment, three replicates were maintained with 10 seeds for each treatment (Narayanasamy et al., 2020).  The seeds were incubated for five days in a plant growth chamber with a relative humidity of 60% at 28 °C for 12 h of light (200 moles m-2s-1). Plant growth attributes viz., root length, shoot length, and germination percentage of little millet due to biotization were analyzed. 
Pot culture experiment
Little millet seeds (var. ATL1) utilized for this study were collected from the Department of Millets, Tamil Nadu Agricultural University, Coimbatore. The seeds were sown and consistently irrigated under a 12-hour light cycle, with temperatures varying between 25 to 29 ºC and a relative humidity of 72–76% in the glasshouse, Department of Genetics and Breeding, Tamil Nadu Agricultural University, Coimbatore. Four replications for each treatment were maintained. Morphological, yield, and yield components were recorded. The experiments were conducted two times to verify the consistency and reliability of the obtained results.
The treatment details are as follows: 
Variety: ATL1
T1 : Control 
T2: Seed biotization with B. albus LRS2
T3: Seed biotization with Alcaligenes faecalis LSB6
T4: Seed biotization with B. amyloliquefaceins LAS10 
T5 : Seed biotization with B. velezensis LLB10 
T6: Seed biotization with consortia (T2+T3+T4+T5)
Replication: 4
Design: Completely Randomized Design (CRD).
Samples were collected during the panicle initiation stage (28 DAS) at 5-day intervals up to the flowering stage.
Plant growth attributes
Morphological characters
The effects of the microbial inoculation on morphological characteristics in little millet viz., root length, shoot length, and germination percentage of little millet due to inoculation at the panicle initiation stage (28 DAS) were assessed.
The germination percentage for in vitro plate germination assays was recorded at 3-day intervals of up to 5 days. Seeds were considered as germinated when the radicle protrusion was a minimum of 2 mm in length. The germination of little millet seeds concerning different treatments was recorded on day 7 and expressed as germination percentage. The vigor index of the seedlings was calculated using the following formula proposed by Abdul-Baki and Anderson (1973). 
                Vigor Index   =   (Shoot length + Root length) x Germination percentage
On the 28th day after sowing, seedlings from each replication were carefully removed at random. The length of the shoot was assessed by measuring from the collar region to the tip of the longest leaf and recorded in centimeters (cm). The plants were removed with great care to minimize any potential harm to the roots. The length from the base of the shoot to the tip of the longest root was measured, and the average was calculated for three plants within each replication, expressed in centimeters (cm). 
Yield components
For each treatment, three hills were chosen at the onset of panicle initiation, and labeled, and the number of tillers producing panicles per hill was counted, with the average value subsequently recorded. Total straw and grain yield were recorded and expressed in grams. One thousand filled grains were sampled from each plant weighed at 14 percent moisture content and expressed in g.
Statistical analysis
[bookmark: OLE_LINK12]The dataset was subjected to a two-way analysis of variance and means were separated by Duncan’s multiple range test (DMRT) at 0.05 level of probability using statistical software SPSS version 20.0. Graph pad prism 8 was used for the construction of graphs. 
Result and Discussion
Plant growth promotion of PGPB on little millet under in vitro
The utilization of Plant Growth-Promoting Bacteria (PGPB) in both plant growth promotion, abiotic stress tolerance, and disease control have been reported in numerous studies (Adjanohoun et al., 2011). In the soil, these microbes coexist and thrive, with their survival and cohabitation determined by their compatibility and adaptability to the environment. These characteristics have inspired researchers to explore the concept of co-inoculation. The utilization of consortia organisms for plant growth promotion has been assessed across a range of different crop varieties (Kumar et al., 2016). The SynCom methodology holds potential as a technology that integrates the principles of microbial ecology and genetics (Toju et al., 2020). Traditionally, beneficial microbes are chosen through in vitro screening for particular taxa exhibiting one or more Plant Growth-Promoting (PGP) traits, such as nitrogen fixation, phosphorus solubilization, and the production of growth-regulating hormones. However, their evaluation is often limited to controlled environmental conditions (Choi et al., 2021). A SynCom presents a compelling alternative to address the challenges linked to traditional inoculants. It has the capacity to integrate diverse microbial communities, partially emulating the functional environment of these microorganisms (Kaminsky et al., 2019).The PGPB strains LRS2, LSB6, LAS10, and LLB10 and the consortia of these strains were assessed for their prospective role in seed germination and plant growth promotion under in vitro conditions. Biotization of little millet seeds with these PGPBs elevated the germination compared to the non-biotized control seeds. Biotized seeds considerably promoted seed germination. Seed germination started after 72 h, irrespective of all treatments (Table 1). However, biotized seeds visualized earlier germination when compared to control seeds. Among the treatments, individual-treated seeds and consortia treated showed on par seed germination percentage with cent percent, whereas control seeds registered 92 % seed germination after 72 h. Further, control seeds registered full germination only after 3 DAS (Table 1). The in vitro assessment of strains over consortia yielded the highest germination percentage and earlier germination (72 h) in consortia than in individual and control treatments. The seed vigor index of consortia yielded a 43.4 % increase over control. The individual strains showed a range of 31.9% to 37.81 % higher vigor index than the control.IAA plays a role in root elongation, and its interaction with ethylene contributes to the plant's defense mechanisms. Initial studies showed that  all the strains were able to produce IAA, siderophore, nutrient solubilization, and ACCd activity (unpublished data). In brief, the current findings focus on the perspectives regarding the plant growth-promoting capabilities of SynCom when compared to individual strains. The microbial interactions among the strains impact the consortia inoculants mechanisms. In the present study, the SynCom of four strains (LRS2, LSB6, LAS10, LLB10) recorded a positive and better performance in all plant growth and morphological attributes than individual treatment and control.
3.2.Effect of PGPB consortia seed biotization on morphological attributes of little millet under pot culture 
	Seed biotization notably influenced the shoot length and root length as observed on 28 DAS during the panicle initiation stage (Figure 1). Among the treatments, seeds biotized with T6 showed increased shoot length (35.5%) and root length (44.3%) over control seedlings,  on the 28th day of sampling (Figure 1a, Figure 1b) followed by T3 with elevated shoot length (15.7%) and root length (17.8%) over control on 0th day. The shoot length and root length of little millet were recorded on consecutive 5-day intervals at the tillering to the panicle initiation stage. On the 5th and 10th day from the 28th day of sample collection showed a range of 44.6- 54.7% increased root length activity in T6 over control respectively. The least values for shoot and root length were recorded in T1 (Control). The increased root length in T6 than control plants might be due to the IAA production from all the plant growth-promoting microbes. The seed vigor index was found to be higher in biotized plants when compared to the control. T6 recorded a higher seed vigor index (43.4%) followed by T3 (32.1%) which is higher when compared to the control. At 27 DAS, maximum root length (54.7%), and shoot length (42.12%), were recorded by the consortia treatments than individual inoculated seeds. The earlier results reported that PGPB can release bioactive molecules that can directly or indirectly increase plant growth (Olanrewaju et al., 2017). Furthermore, an increase in root length due to inoculation with bacterial consortium was also reported in the study of Akhtar et al., (2018). Besides, IAA produced by the PGPBs plays a crucial role in promoting root elongation (Di et al., 2016). Microbial activity impacts on the biomass of plants (Rana et al., 2011). In our study, consortia treatment (T6) showed a significant difference in plant biomass over control which may be due to the production of phytohormones (Kurepin et al., 2014).
3.3.Yield attributes of biotized little millet crop in pot culture
3.3.1.Number of productive tillers and panicle length
The number of productive tillers was found to be higher in T6 (5.3) followed by T2 (2.41) and T4 (2.41) treatments of individual treated seeds. The lowest number of productive tillers was recorded in T1 followed by T5 (Figure 2a). However, all the PGPB biotized strains produced an increased number of tillers over control. The inoculation effect was also visualized with an increase in tillers and panicle length compared to the control. Panicle length was found to be increased in T6 (31.06%) biotized plants when compared to control plants (Figure 2b) followed by T2 (10.7%) over control. Several studies reported that consortia inoculation of bacterial cultures showed a significant correlation between grain yield with the number of tillers, panicle length, and number of grains per panicle (Khaliq et al., 2004; Dhurai et al., 2016). The  SynCom (T6) treated plants reported an elevated number of productive tillers (5.3), panicle length (30.06%), and 1000 grain weight (49.7%) and these results are in line with the earlier reports of Khaliq et al., (2004) and Dhurai et al., (2016),. The panicle length and 1000 grain weight have a direct effect on grain yield (Reddy et al., 2013).
Total biomass 
Seed biotization (T2- T6) increased the total biomass of the crop plant in the range of 67.7 to 9.6 % over control (T1). Among the treatments, the total biomass of biotized little millet plants was found to be increased in T6 (67.7%) followed by T2 (41.97%) over control. Among the biotized seeds, SynCom-treated seeds (T6) recorded the highest biomass content (1.46 g) when compared to individual strains (0.52 – 0.81g) (Figure 2c). In general PGPB inoculated seeds improve total biomass of plant crop. Earlier reports evidenced that PGPB helped in increase leaf biomass and pod biomass by 23.97% when compared to the control treatment in the trial (Lally et al., 2017). et al., reported that pea plants that were cultivated from seeds treated with a microbial consortia exhibited a notable decrease in susceptibility to diseases and there was a substantial improvement in both yield and overall biomass (Jain et al., 2015).
Grain and straw yield 
SynCom biotized little millet seeds recorded the highest yield attributes than the control. Biotized seeds showed increased grain yield in the range of 39.8-18.2% over control. Among them, T6 visualized the highest grain yield (39.2%), followed by T5 (33.3%). Simultaneously, the straw yield was also found to be increased in biotized seeds (19.05 – 6.1%) when compared to non-biotized seeds. Among the treatments, T6 recorded the highest straw yield of 36.21 g plant-1 followed by T4 (32.7 g plant-1). T6 recorded the highest 1000-grain weight (5.12 g) among the biotized seeds followed by T2 (3.21 g) which is 49.7% and 40.4% higher, compared to control respectively (Figure 2d, Figure 2e, Figure 2f). Though the individual strains showed an increased grain and straw yield than the control, consortia-treated seeds recorded higher grain (28.45 g plant-1) and straw yield (36.21 g plant-1) than the individual strains which are 39.2 and 19.05% higher than control, respectively. In addition, Vijayabharathi et al., (2018) reported that Streptomyces consortium increased chickpea growth. Kumar et al., (2021) reported that the consortia-treated (tetra-inoculants) wheat seeds showed a significantly higher grain yield of 40.09% and straw yield of 42.64 % over control which supports our present study. Shahzad et al., (2017), reported that consortium-treated wheat seeds visualized increased grain yield, straw yield, and 1000 grain weight when compared to the control.
Conclusion
Consortia envisaged a prominent effect on plant growth performance viz., increased shoot length, root length, and yield attributes over control. The plant growth-promoting traits might be due to the auxin, phytohormone production, and nutrient uptake by the potential four strains. The results obtained from this study were encouraging, thereby supporting the use of SynCom as an environmentally friendly method to enhance plant performance. However, further analysis is necessary to refine this approach for potential commercial use in the agro-industrial sector. Further, field trials may ultimately result in the development of an effective and innovative bioinoculant consortium for improving the fitness of little millet crops, ultimately leading to increased crop productivity.
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Table 1. Plant growth attributes of biotized little millet seeds over control under in vitro
	Treatments
	Germination percentage
	Vigour index (%)
	Fresh weight (mg/plant)

	T1
	92 ± 0.91
	114.91±1.09e
	227.42 ± 0.99b

	T2
	100 ± 0.72
	2380 ± 1.27b
	302.31±1.09b

	T3
	100 ± 0.84
	1800.01 ± 2.01c
	291.09 ± 0.72c

	T4
	100 ± 0.85
	1491.32 ±1.43bc
	299.42 ± 1.04bc

	T5
	100 ± 0.29
	1729.5 ± 1.86bc
	282.31 ± 1.12c

	T6
	100 ± 0.31
	2612.31 ± 1.91a
	324.51 ± 1.37a


Values are means of standard errors (n = 5) and values followed by the same letter in each column are significantly different from each other on the observation day as determined by DMRT (p ≤ 0.05). T1- Absolute control, T2- LRS2, T3- LSB6, T4- LAS10, T5- LLB10, T6- SynCom
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Figure 1. Effect of SynCom biotization on plant growth promoting attributes of little millet plant. a. Shoot length. b. Root length. Values are means of standard errors (n = 5) and values followed by the same letter in each column are significantly different from each other on the observation day as determined by DMRT (p ≤ 0.05). T1- Absolute control, T2- LRS2, T3- LSB6, T4- LAS10, T5- LLB10, T6- SynCom
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[bookmark: OLE_LINK1]Figure 2. Impact of SynCom biotized seed on yield attributes of little millet plant. a. Productive tillers. b. Panicle length. c. Total biomass d. 1000-grain weight. e. Grain yield. f. Straw yield. Values are means of standard errors (n = 5) and values followed by the same letter in each column are significantly different from each other on the observation day as determined by DMRT (p ≤ 0.05). T1- Absolute control, T2- LRS2, T3- LSB6, T4- LAS10, T5- LLB10, T6- Consortium
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