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Abstract
Yellow Leaf Disease (YLD) is one of the most destructive diseases affecting arecanut, causing severe yield reduction and decline in palm vigour. The present study was undertaken to isolate, enumerate, and characterize culturable rhizosphere bacterial communities associated with healthy and YLD-affected arecanut palms. Rhizosphere soil samples were collected from healthy and diseased gardens, and bacterial colonies were isolated using the serial dilution and spread plate technique on Nutrient Agar medium. The purified isolates were characterized based on colony morphology, Gram reaction, and morphology. A total of 33 bacterial isolates were obtained and characterized. Among these, 29 isolates (87.88%) were Gram-positive, while only four isolates (12.12%) were Gram-negative, indicating the predominance of Gram-positive bacteria in the arecanut rhizosphere. Colony morphology exhibited considerable diversity with respect to colour and shape, comprising predominantly circular (73%) and serrated (27%) colonies. Microscopic examination revealed both cocci and rod-shaped bacterial cells. The predominance of Gram-positive bacteria and the higher bacterial population in healthy rhizosphere soils suggest the presence of beneficial microbial communities that may contribute to nutrient cycling, plant growth promotion, and suppression of soil-borne pathogens. These findings provide baseline information on culturable bacterial diversity associated with healthy and YLD-affected arecanut rhizospheres.
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1. Introduction
Arecanut is one of the most important crops cultivated in tropical and subtropical regions. As, it’s being commercial plantation crop contributes significantly to the livelihood and rural economy of farming communities particularly in India. India is the largest producer and consumer of arecanut, in which Karnataka shared major national production. The crop is constrained by several biotic and abiotic factors, among which yellow leaf disease (YLD) is one of the most destructive diseases affecting productivity and sustainability of areca. The disease is characterized by progressive yellowing of leaves, reduced palm vigor, yield declination and eventually leading to death of severely affected palms.The is often associated with complex interactions among pathogens, host plant, soil environment and rhizosphere microorganisms (CPCRI, 2022).
The rhizosphere is a biologically active zone surrounding plant roots that harbors diverse microorganisms essential for plant growth and soil health (Brenner et al., 2005). Rhizosphere bacteria contribute to nutrient cycling, organic matter decomposition, nitrogen fixation, phosphate solubilization, production of plant growth-promoting substances (Lungtenberg and Kamilova, 2009), and suppression of plant pathogens.Soil properties, root exudates, and physiological condition of the host plant influence composition of bacterial communities. Disease-induced changes in root physiology can alter rhizosphere bacterial population, thereby affecting soil microbial ecology and plant health (Sylvia et al., 2005).  
Based on evidence published suggested that plant diseases can modify the diversity and abundance of rhizosphere microorganisms, resulting in shifts in microbial populations that may either enhance or reduce resilience of soil ecosystem. Healthy rhizospheres generally harbor diverse and beneficial bacterial populations that contribute to nutrient acquisition and natural disease suppression. In contrast, diseased plants often exhibit reduced microbial diversity and altered microbial populations due to changes in root exudation patterns, nutrient availability and root physiology (Bhattacharyya and Jha, 2012). 
Despite economic significance of YLD, information of microbial communities especially fungi and bacterial communities associated with rhizosphere of healthy and YLD affected areca palm is limited. Understanding these microbial populations may provide insights into disease-associated changes in the rhizosphere and support the development of sustainable disease management strategies. The present study was undertaken to isolate, enumerate and characterize cultural bacterial populations associated with rhizosphere soils of healthy and YLD affected areca palms.

2. Materials and methods
2.1 Isolation and Enumeration of Rhizosphere bacteria
Bacteria were isolated from rhizosphere soil collected from experimental fields (healthy and YLD affected). One gram of each soil sample was suspended in sterile distilled water and soil slurries were serially diluted to ten-fold dilutions 10-4 and 10-5 and plated on nutrient agar (NA) using spread plate technique (Aneja, K.R, 2003). Plates were incubated at 25 ±1℃and observe the colonies after 2 days. After incubation, colonies exhibiting distinct morphological characteristics were selected and purified by repeated streaking on fresh Nutrient Agar plates. 
2.2 Gram staining
Purified bacterial isolates were subjected to Gram staining following the procedure described by Patil et al. (2017). Smears of bacterial cultures were prepared on clean glass slides, heat-fixed, and sequentially stained with crystal violet, Gram's iodine, 95% ethanol, and safranin. The stained slides were examined under a compound microscope using an oil immersion objective (100×) to determine the Gram reaction and cell morphology of the isolates.
2.3 Colony characterization of Bacterial colonies
Purified bacterial isolates were characterized based on their cultural and morphological characteristics. Individual colonies obtained after repeated streaking were maintained on fresh Nutrient Agar slants for further observations. Colony characteristics, including colour, size, shape, margin, elevation, surface texture, opacity, and pigmentation, were recorded after incubation. The Gram reaction together with colony morphology was used for preliminary characterization of the bacterial isolates (Seeley and VanDemark, 1981).
3. Results and discussion
A total of thirty three bacterial isolates were obtained and maintained as pure culture in the Petri plates on nutrient agar medium. The pure culture plates were used for Gram reaction technique to determine Gram positive and Gram negative nature of the colonies. Serial diluted plates were showed considerable variability with respect to morphological characters like colony colour, shape, texture pigmentation and appearance. Colonies of same morphological characters were assessed and grouped into same number. 
A total of 33 bacterial isolates were obtained from areca rhizosphere soil and were characterized based on Gram reaction, colony morphology and cell shape using standard Gram staining technique. Among the isolates, 29 (87. 88%) were Gram positive and only 4 were Gram negative, which significantly indicating predominance of Gram positive bacteria in the areca palm rhizosphere (Cappuccino & Sherman, 2014).  
Recent rhizosphere microbiome studies indicate that root-associated bacterial communities are shaped by plant species, soil conditions and plant health status, and that shifts in these communities may influence nutrient acquisition and disease resilience (Berendsen et al., 2012; Bulgarelli et al., 2013; Trivedi et al., 2020). Because culture-dependent isolation and Gram-staining observations provide preliminary taxonomic resolution, future confirmation through 16S rRNA gene sequencing is needed before assigning isolates to genus or species level (Janda & Abbott, 2007).
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Fig 1: Gram staining reaction of rhizosphere isolated bacterial isolates 
Isolated colonies showed variation in colony colours i.e., pure white, creamy white, yellowish white represented in Fig 2. Colony morphology showed two distinct types namely circular  
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Fig 2: Microorganisms associated with rhizosphere soil of YLD affected and healthy areca palm 
and serrated, in which 73 % were circular and 27 % were serrated. Microscopic examination revealed the presence of both cocci and rod-shaped bacteria. All 4 Gram negative isolates were cocci and Gram-positive group were comprised both cocci and rod shaped represented in Table 1. 
The observed variation in colony colour, margin and cellular morphology is consistent with the expected phenotypic heterogeneity of rhizosphere bacteria, where multiple bacterial phyla and functional groups may coexist around roots (Bulgarelli et al., 2013; Mendes et al., 2013). Such morphological variation is useful for preliminary grouping of isolates, but functional interpretation requires biochemical, molecular and plant-assay-based confirmation (Compant et al., 2010; Finkel et al., 2017; Janda & Abbott, 2007).
Table 1: Bacterial colonies isolated from rhizosphere soil of areca palm
	Sl.no
	ID. No
	Grams reaction
	Colony colour
	Colony Shape
	Shape of the cells

	1
	IB1
	Gram Positive
	Creamy white
	Circular
	Rod

	2
	IB2
	Gram Positive
	Pure white
	Serrated
	Cocci

	3
	IB3
	Gram Negative
	Creamy white
	Circular
	Cocci

	4
	IB4
	Gram Positive
	White
	Circular
	Cocci

	5
	IB5
	Gram Positive
	White
	Circular
	Rod

	6
	IB6
	Gram Positive
	white
	Serrated
	Rod

	7
	IB7
	Gram Positive
	white
	Circular
	Rod

	8
	IB8
	Gram Positive
	white
	Serrated
	Cocci

	9
	IB9
	Gram Positive
	white
	Circular
	Cocci

	10
	IIB1
	Gram Positive
	White
	Circular
	Cocci

	11
	IIB2
	Gram Positive
	Yellowish white
	Serrated
	Rod

	12
	IIB3
	Gram Positive
	Creamish white
	Circular
	Cocci

	13
	IIB4
	Gram Positive
	White
	Serrated
	Cocci

	14
	IIB5
	Gram Positive
	Cream
	Circular
	Cocci

	15
	IIB6
	Gram Positive
	White
	Serrated
	Cocci

	16
	IIB7
	Gram Positive
	White
	Circular
	Cocci

	17
	IIB8
	Gram Positive
	White
	Circular
	Cocci

	18
	IIIB1
	Gram Positive
	White
	Circular
	Cocci

	19
	IIIB2
	Gram positive
	White
	Circular
	Cocci

	20
	IIIB3
	Gram Negative
	White
	Circular
	Cocci

	21
	IIIB4
	Gram Negative
	White
	Serrated
	Cocci

	22
	IIIB5
	Gram Positive
	White
	Serrated
	Cocci

	23
	IIIB6
	Gram Negative
	White
	Serrated
	Cocci

	24
	IIIB7
	Gram Positive
	Creamish white
	Circular
	Cocci

	25
	IVB1
	Gram Positive
	White
	Circular
	Cocci

	26
	IVB2
	Gram Positive
	White
	Circular
	Rod

	27
	IVB3
	Gram Positive
	Creamish white
	Circular
	Cocci

	28
	IVB4
	Gram Positive
	White
	Circular
	Cocci

	29
	IVB5
	Gram Positive
	White
	Circular
	Rod

	30
	IVB6
	Gram Positive
	White
	Circular
	Cocci

	31
	IVB7
	Gram Positive
	White
	Serrated
	Rod

	32
	IVB8
	Gram Positive
	White
	Circular
	Cocci

	33
	IVB9
	Gram Positive
	White
	Serrated
	Rod



Gram staining reaction of rhizosphere soil of arecanut showed that the soils were enriched with Gram positive than Gram negative whereas bacterial population was significantly lower in disease affected garden soils than healthy garden soils. Presence of higher microbial population especially bacteria in healthy garden could be contributing for growth promotion and health of areca palms. These results are in conformity with the report of Philippot et al. (2013) who reported the higher population of Bacillus sp. in the rhizosphere soil and proved to have antagonistic activity against fungal pathogens. 
Similarly, Madigan et al. (2021) stated that members of Gram positive genera particularly Bacillus and related taxa, were well adapted to survive in soil ecosystems because of its stress tolerance mechanisms. Glick (2012) reported that plant growth promoting rhizobacteria (PGPR) isolated from crop rhizospheres belong to Gram-positive genera such as Bacillus sp. Atlas (2010) emphasised that cell morphology and Gram reaction provide rapid preliminary information regarding bacterial diversity. Similarly, the occurrence of both cocci and rod shaped bacteria indicates a heterogenous microbial population. 
The lower culturable bacterial population in YLD-affected rhizosphere soils may reflect disease-associated disturbance in root exudation and microbial recruitment; however, the present data are observational and do not establish causality (Berendsen et al., 2012; Mendes et al., 2011; Trivedi et al., 2020). Beneficial rhizosphere bacteria can suppress pathogens through competition, antibiosis and induced systemic resistance, and such mechanisms have been reported for several plant-associated bacteria, including Bacillus spp. (Compant et al., 2010; Raaijmakers & Mazzola, 2012; Hashem et al., 2019). Accordingly, molecular identification and functional assays are required to determine whether any of the isolates obtained here possess plant growth-promoting or biocontrol potential (Finkel et al., 2017; Janda & Abbott, 2007).
Conclusion
The present investigation demonstrated that the rhizosphere of healthy arecanut palms harbours a higher population of culturable bacteria than Yellow Leaf Disease (YLD)-affected palms, indicating that disease incidence influences the abundance and composition of rhizosphere bacterial communities. A total of 33 bacterial isolates were characterized based on colony morphology, Gram reaction, and cellular morphology, with Gram-positive bacteria accounting for 87.88% of the isolates. The predominance of Gram-positive bacteria, particularly those with rod- and cocci-shaped cells, suggests their better adaptation to the arecanut rhizosphere and their potential ecological role in maintaining soil health. The reduced bacterial population observed in YLD-affected soils may reflect disease-induced alterations in root physiology and rhizosphere conditions that adversely affect beneficial microbial communities. The observed diversity in colony characteristics further indicates the presence of heterogeneous bacterial populations associated with arecanut roots. These findings provide valuable information on culturable rhizosphere bacterium associated with healthy and diseased arecanut palms and highlights the importance of beneficial bacteria in sustaining plant health. Further molecular identification and functional characterization of these bacterial isolates are required to identify promising plant growth-promoting and biocontrol bacteria that can be exploited for eco-friendly and sustainable management of Yellow Leaf Disease in arecanut plantations.
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Limitation
The study was limited to culture-dependent isolation and preliminary characterization based on colony morphology and Gram staining. Molecular identification, biochemical tests and functional assays were not conducted. The manuscript also does not provide detailed quantitative population data, statistical comparison or isolate-wise separation between healthy and Yellow Leaf Disease-affected rhizospheres. Therefore, conclusions regarding beneficial roles or disease association should be considered preliminary.
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