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Host range of Bacteriophage Filtrates from Soil Targeting Xanthomonas vasicola pv. musacearum


ABSTRACT

[bookmark: _Hlk204776068]Background: Xanthomonas vasicola pv. musacearum is a gram-negative bacterium that causes Banana Xanthomonas Wilt (BXW), a disease that severely affects banana crops. This results in reduced banana production, affects food security and the livelihoods of smallholder farmers. Despite the use of conventional management practices, the disease remains widespread and continues to affect banana plantations.  The study aims to determine the host range of bacteriophage filtrates isolated from soils surrounding BXW-infected plants.

[bookmark: _Hlk198312106][bookmark: _Hlk197350494]Methods: Xanthomonas vasicola pv. musacearum was isolated from exudates of infected BXW-banana plant pseudostems and cultured on agar containing yeast extract, peptone, glucose, cephalexin and cycloheximide (YPGA-CC). The bacteria strains were confirmed using polymerase chain reaction. 
Soil samples were collected from three banana gardens affected by Banana Xanthomonas Wilt. The soil-derived bacteriophage filtrates were enriched using double strength YPG broth while the host range was determined using the spot assay technique.

Results: Bacterial isolates obtained from the exudates of the infected banana plants formed yellowish mucoid colonies on YGPA-CC plates. Xanthomonas vasicola pv. musacearum strains were confirmed by PCR, which yielded a band of approximately 398 base pairs on agarose gel. The host range was between 81% and 86% when tested on 21 Xanthomonas vasicola pv. musacearum strains. No plaque formation was detected on non-Xanthomonas bacteria strains. The clear plaques observed on Xanthomonas vasicola pv. musacearum lawns indicate successful lytic infection of the bacteriophage filtrates against the bacteria. 

Conclusions: The bacteriophage filtrates isolated from soil surrounding BXW-infected banana plants exhibited a broad host range against Xanthomonas vasicola pv. musacearum strains. These findings highlight their potential as biocontrol agents for managing Banana Xanthomonas Wilt. To advance their application, further studies are required to isolate individual phage types from the filtrates and characterize them for potential use as biocontrol agents.
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INTRODUCTION
Xanthomonas vasicola pv. musacearum (Xvm) is the bacterium responsible for Banana Xanthomonas Wilt (BXW), a disease that causes substantial yield losses in bananas and poses a major threat to food security in East and Central Africa (1, 2). Conventional control measures including burying, burning infected banana plants, farm tool sterilization or use of clean planting material have shown limited success due to poor adoption and resource limitations (3, 4). Without effective control measures, BXW risks driving the banana crop toward extinction. Therefore, there is need for alternative management strategies to combat the disease. 

Bacteriophages (Phages) are viruses that infect and kill bacteria via lytic or lysogenic pathways (5) and have emerged as promising biocontrol agents due to their selectivity and specificity. Given their potential as alternatives to conventional management strategies, this study investigates the host range of soil-derived bacteriophage filtrates against Xanthomonas vasicola pv. musacearum (Xvm). The findings will guide future studies on the identification of phage types for the development of biocontrol agents targeting Xvm.

[bookmark: _Hlk207536052]Host range studies using phage filtrates against phytopathogens were first reported by (6), who evaluated the lytic activity of phage filtrates (I-XX) against twenty-nine, Xanthomonas trifolii cultures. They observed variable host range, with lysis rates ranging from 3 % to 69 % across the tested cultures. A cocktail comprising filtrates IV, VIII, XVII, and XIX lysed all the twenty-nine cultures. Both single and cocktail filtrates exhibited specificity, showing no lytic activity against other Xanthomonas species or unrelated bacterial genera. 

Subsequent studies investigated the host range of phage isolates and reported considerable variability. The author (7) isolated phages from paddy soil infected with Xanthomonas oryzae pv. oryzae (Xoo), the causative agent of bacterial leaf blight in rice. Fifteen phages (Xoo-sp1 to Xoo-sp15) showed a host range of 90 % (9/10 Xoo strains). In another study, phages Pg176, Pg177, and Pg181, isolated from Xanthomonas phaseoli-infected soil, which causes common blight in beans, exhibited host ranges of 88 % (14/16), 44 % (7/16), and 56 % (9/16), respectively (8). Host range determination is a key step in selecting phage candidates for biocontrol application. Phages with broad host ranges are generally preferred for biocontrol applications, as they offer the advantage of targeting bacterial strains of the same species (9, 10, 11). 

MATERIAL AND METHODS  
Sample collection
Soil samples (500 g each) were collected from a depth of 10 cm around the roots zones of banana plants exhibiting symptoms of Banana Xanthomonas Wilt (BXW) in three infected gardens located in Nama Sub-county, Mukono District. Each soil sample was placed in a clean, labelled ziploc bag and transported to the laboratory for phage detection and host range evaluation. The GPS coordinates of the sampling sites were: 0.416543° N, 32.757152° E; 0.415974° N, 32.757130° E and 0.416788° N, 32.757837° E. Purposive sampling was employed for soil sample collection and this activity took place in February 2023. Three soil samples were collected from each of the three BXW-infected gardens, totaling nine samples. The samples were then subjected to an enrichment process and while lytic activity was determined using the spot assay technique.

 Bacterial strains used in host range assays were either freshly isolated from BXW-infected pseudostems or retrieved from existing laboratory archives. Isolation of bacteria from the pseudostems was performed following the protocol described by (12).
[bookmark: _Hlk198918683]
Isolation and verification of Xanthomonas vasicola pv. musacearum
[bookmark: _Hlk199599552]Bacteria isolation followed a modified version of the method in (12). Briefly, banana pseudostems showing BXW symptoms were cut with a sterile machete, placed in labeled rubber bags, and transported to the laboratory. A 100 µL of exudate from the pseudostem was mixed with 400 µL of sterile double-distilled water, diluted 10-fold, and spread onto YPGA-CC plates (1% Yeast extract, 1% Peptone, 1% Glucose, 1.5% Agar, 100 mg/L Cephalexin, 150 mg/L Cycloheximide). The agar plates were incubated at 28 °C for 96 hours with shaking at 100 rpm.

Molecular analysis was done using PCR using Xvm-specific primers F1 (5′-TTACAACACCGTTCAATGCCGATGG-3′) and R2 (5′-TGTACTGACTTCCTGCACGATATCCAG-3′) that target the GspD gene (13). Amplification of this region yields to a product size of approximately 398 base pairs (bp). The PCR reaction mixture at a total volume of 20 µL comprised 10 µL of 1 x One Taq master mix (New England Bio Labs, UK), 1 µL each of 10 uM forward (FI) and reverse (R2) primers, 2 µL of 200 ng template DNA, and 6 µL nuclease-free sterile water. The reaction mixture was subjected to 35 amplification cycles with the following steps: initial denaturation at 95 oC for 2 min, denaturation at 95 oC for 30 s, annealing at 58 oC for 30 s, extension at 72 oC for 30 s and final extension at 72 oC for 5 min. The amplified PCR products were separated into distinct bands using gel electrophoresis at 100 V for 60 min, and the resulting bands were visualized under a UV transilluminator. 
[bookmark: _Hlk198918769]
Soil sample enrichment  
Phages targeting Xvm were isolated using an enrichment method described (14), with minor adjustments. Briefly, 500 g of pooled soil samples collected from three BXW infected gardens were mixed with 200 mL of single-strength YPG broth containing 5 mM CaCl2. The mixture was incubated at 28 °C for an hour with shaking at 100 rpm. Next, 200 mL of double-strength YPG broth was added to the mixture and incubated for an additional hour at 28 °C with shaking at 100 rpm. Thereafter, 1 mL of early log phase Xvm cultures (OD600 of 0.3) was added to the mixture and incubated for three weeks at 28 oC with shaking at 100 rpm. After this, the mixture was centrifuged at 10,000 x g for 10 min, and the supernatant was filtered sterilized using a 0.45 µM membrane filter. The filtrate was stored at 4 oC for spot and host range analysis. 
[bookmark: _Hlk198918801]
Detection of lysis 
The spot assay method described by (15) was employed to detect lysis in the filtrate. 
During this procedure, 100 µL of Xvm cultures grown to an OD600 value of 0.3 were mixed with 5 mL of 0.7 % YPG molten soft agar, supplemented with 5 mM CaCl2 and poured onto agar media with the same concentration of calcium chloride. The plate was gently swirled to evenly distribute the soft agar and left to solidify. A volume of 10 µL of the phage filtrate was spotted onto the solidified soft agar, left to dry and the plates were incubated at 28 °C overnight with shaking at 100 rpm. After incubation, the agar plates were examined for presence of plaques in the spotted areas. 

Host range of the filtrates 
[bookmark: _Hlk198734639]To determine the host range of the phages, the spot assay method was employed and conducted as described earlier. A total of 21 Ugandan Xvm strains and 5 non- Xvm were tested against phages in the soil sample, and the host range percentages were calculated. As a negative control, 10 µL of sterile SM buffer was added to each Xvm overlay. Agar plates were visually examined for the presence of plaques where the soil sample was added. Positive results showed clearance while negative results showed no clearance. 

RESULTS AND DISCUSSION 

Phenotypic and molecular verification of Xanthomonas vasicola pv. musacearum
Banana plants infected with BXW showed typical symptoms including yellowing and wilting of young leaves (Figure 1A). These symptoms are consistent with those initially described by (16) in Ethiopia and later reported in Uganda by (17). The pathogen invades vascular tissues and disrupts water and nutrient transport resulting in wilting (18,19). 

On YPGA-CC medium, the bacterial isolates formed yellow, mucoid, and convex colonies with smooth edges (Figure 1B), consistent with descriptions by (20). These colony characteristics are typical of Xanthomonas species. The yellow pigmentation is attributed to the production of xanthomonadin, a membrane-bound pigment that provides protection against photodamage and reactive oxygen species (21, 22). The mucoid appearance is due to extracellular polysaccharide production, which contributes to virulence, adhesion, and biofilm formation (23). Of the bacterial isolates obtained, twenty-one strains were confirmed as Xvm by PCR, yielding an amplicon of approximately 398 base pairs (bp) on agarose gel (Figure 1C). The observed band size corresponds to the gene encoding the secretion pathway protein D (GspD), as previously reported by (13). 
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Figure 1. A banana plant infected with BXW, phenotypic and molecular verification of Xvm. (A) The leaves of the banana plant are yellow and wilted, typical symptoms for BXW. (B) Bacteria isolates with yellowish, mucoid and convex colonies that are characteristics of Xvm on YPGA-CC agar plate. (C) Agarose gel showing bands corresponding to 398 base pair (bp) of the Xvm secretion pathway protein D.  Lane L: 1000 bp ladder, Lane 1-7: U40L2, P1, L, P0, P2, P4, BS17-6. bp strands for base pair.

Detection of lysis 
The filtrates produced clear, well-defined plaques on Xvm lawns of strains BS17-5, BS17-6, Xvm1-4, and BS8b2 (Figure 2). The plaques were designated as pBS17-5, pBS17-6, pXvm1-4 and pBS8b2 (Table 1). The formation of clear plaques indicate lytic infection, which begins when phages attach to bacteria receptors, inject their genome, replicate within the host and ultimately cause cell lysis to release progeny phages (24). Similar observations were reported by (25), who described the formation of clear plaques on Xvm lawns following infection with phage Kintu. 
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[bookmark: _Hlk197345675]Figure 2. YPG Agar plate showing plaques by the spot assay. A-D: Formation of plaques on lawns of BS8b2, BS17-5, BS17-6 and Xvm1-4.
Table 1 showing the lytic activity of soil-derived phage filtrate
	Xvm strain
	Lytic activity of soil-derived phage filtrate 
	Phage suspected
	Lab name given to phage

	BS17-5
	    +
	   Yes
	pBS17-5

	BS17-6
	    +
	   Yes
	pBS17-6

	Xvm1-4
	    +
	   Yes
	pXvm1-4

	BS8b2
	    +
	   Yes
	pBS8b2


+ indicates lysis of filtrate derived from the soil  
Host range of filtrates against Xvm strains
[bookmark: _Hlk207539471]The host range of the filtrates was assessed using the spot test assay on 21 Xvm and 5 non-Xvm strains revealing lytic activity ranging from 81 % to 86 %. Specifically, filtrates pBS17-5, pBS17-6, and pXvm1-4 lysed 86 % (18 out of 21) of Xvm strains, while pBS8b2 infected 81 % (17 out of 21) of the tested Xvm strains (Table 2). These findings indicate that the soil-derived filtrates contain phages capable of infecting and lysing a broad spectrum of Xvm strains. However, none of the filtrates lysed strains U09L3b or Ooze 3b suggesting possible absence of suitable phage receptors in these isolates (26, 27, 28). 

Importantly, none of the filtrates exhibited lytic activity against the non-Xvm strains, including Klebsiella pneumoniae, Enterococcus faecalis, Escherichia coli, Staphylococcus aureus, and Bacillus species, confirming the specificity of the phages to Xvm. This host specificity is desirable for phage-based biocontrol, as it minimizes mistargeting of beneficial plant microbiota and humans (29).

The host range percentages observed in this study are comparable to those reported for phages P1- P26, which lysed up to 88 % of Xanthomonas arboricola pv. juglandis strains (30, 31). These findings contribute the growing body of evidence supporting the presence of Xanthomonas-specific phages and confirm their potential use in disease management. 

Table 2 shows the host range of phages lytic against Xvm strains.

	 
	Phage sample

	Xvm strains
	pBS17-5
	pBS17-6
	pXvm1-4
	pBS8b2

	BS17-5
	+
	+
	+
	+

	BS17-6
	+
	+
	+
	+

	Xvm1-4
	+
	+
	+
	+

	BS8b2
	+
	+
	+
	+

	Xvm9-7
	+
	+
	+
	+

	S33A
	+
	+
	+
	+

	U09L3b
	-
	-
	-
	-

	BCC278
	+
	+
	+
	+

	U40L2
	-
	-
	+
	-

	Ooze 3b
	-
	-
	-
	-

	XK1
	+
	+
	-
	-

	P0
	+
	+
	+
	+

	P1
	+
	+
	+
	+

	P3
	+
	+
	+
	+

	P5
	+
	+
	+
	+

	L1
	+
	+
	+
	+

	E3
	+
	+
	+
	+

	E3-1
	+
	+
	+
	+

	6
	+
	+
	+
	+

	B1T1KX1
	+
	+
	+
	+

	KB1
	+
	+
	+
	+

	Klebsiella pneumonia
	-
	-
	-
	-

	Enterococcus faecalis
	-
	-
	-
	-

	Escherichia coli
	-
	-
	-
	-

	Staphylococcus aureus
	-
	-
	-
	-

	Bacillus spp
	-
	-
	-
	-

	Percentage lysis
	86%
	86%
	86%
	81%



(+) indicates the presence of lysis while (-) indicates absence of lysis 

CONCLUSION
[bookmark: _Hlk207540168]Filtrates obtained from soil samples collected around BXW-infected plants lysed 81 % to 86 % of twenty-one Xanthomonas vasicola pv. musacearum strains, as evidenced by the formation of clear plaques on Xvm lawns. No lysis was observed against non-Xanthomonas strains, indicating that the filtrates are specific to Xvm. This study therefore recommends further identification, characterization of phage types and evaluation of their potential for BXW biocontrol.
[bookmark: _GoBack]
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ETHICAL APPROVAL 
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Abbreviations:
 Xvm: Xanthomonas vasicola pv. musacearum, Banana Xathomonas Wilt, pv: pathovar, g: grams, GPS: Global Positioning System, N: North, E: East, µL: microliters, YPGA-CC: Yeast, Peptone, Glucose, Agar, 
Cephalexin, Cycloheximide, %: Percentage, mg/L: Milligrams per Liter, oC: degrees centigrade, rpm: rotations per minute, F: Forward, R: Reward, bp: base pairs, µM: Micromolar, min: Minutes, s: Seconds, V: Voltage, mL: milliliters, CaCl2: Calcium chloride, OD: Optical density, mm: millimeter.
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