


UNDERSTANDING XANTHOMONAS axonopodis pv. vignicola: TRENDS IN DIVERSITY, VIRULENCE, AND TAXONOMY

ABSTRACT
Xanthomonas is a genus of proteobacteria that occurs worldwide and is responsible for several plant diseases of a wide range of crops, such as cereals, leafy and fruity vegetables, and other commodities. Due to its significant phytopathogenic variety and phenotypic inconsistency, the genus Xanthomonas has long hindered the development of a stable grouping. It has been demonstrated that this genus contains 20 genomic species, or DNA homology groups. The species of Xanthomonas show comparatively significant degrees of general sequence resemblance. The members of the genus Xanthomonas exhibit host specificity and a wide range of phytopathogenic potential. This review presents a comprehensive literature exploration of Xanthomonas axonopodis, focusing on relevant sources. The analysis includes information on the taxonomy, diversity, and virulence characterisation of Xanthomonas axonopodis pv. vignicola. Literature analysis was done on online databases such as Google Scholar, Research Gate, Science Direct, Springer, Scopus, the National Centre for Biotechnology Information, PubMed, and JSTOR. This review explores the taxonomy, genetic diversity, and virulence characteristics of Xanthomonas axonopodis pv. vignicola, a significant phytopathogen causing bacterial blight in cowpeas. The study synthesises findings on morphological, biochemical, and genetic features, emphasising the pathogen's host specificity and virulence mechanisms, including secretion systems. A comprehensive analysis of the literature highlights the genetic diversity among isolates and its implications for disease management and resistance breeding. This review underscores the need for further research to refine pathogen classification and develop effective control strategies.
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1.0 INTRODUCTION
Cowpea (Vigna unguiculata) is among the most significant crops grown for food globally, having significant cultivation in sub-Saharan Africa, the USA, Brazil, and Asia (Kebede and Bekeko, 2020), with world production of dry cowpea grains averaging at 6,991,174 metric tonnes (FAO, 2021). However, the production of cowpea is greatly reduced by a broad range of pathogens that lower both the quality and quantity of cowpea. Xanthomonas axonopodis pv. vignicola is a serious pathogen that causes bacterial blight disease in cowpeas, lowering crop quality and productivity (Hu et al., 2021). X. axonopodis pv. vignicola enters the plant leaves through natural openings such as the stomata and wounds caused by injury or through transmission from infected seeds to other vegetative plant parts (Amodu et al., 2019). The cowpea bacterial blight disease caused by X. axonopodis pv. vignicola has been reported in all cowpea-growing areas globally (Olatunde et al., 2024).
The taxonomic genealogy of the various X. axonopodis pathovars is lengthy and intricate, similar to that of the genus Xanthomonas. The genus Xanthomonas is mainly composed of plant pathogenic species (Bansal et al., 2023). The X. axonopodis pathovars are named based on the crop they infect (Bansal et al., 2021). Genetic diversity studies of X. axonopodis pv. vignicola have been done with the interest of understanding the genetic relatedness as well as the virulence among various isolates from different agro-ecological areas (Lin et al., 2020). The genetic variability of Xanthomonas axonopodis genotypes plays a crucial role in pathogenicity and survival under varied environmental conditions (Ariute et al., 2022). In light of this, the purpose of this research is to gain insight into the X. axonopodis taxonomy, genetic material on virulence, pathogenicity, virulence determinants, and diversity.
2.0 MATERIALS AND METHODS
Recommended key criteria were used in this review's comprehensive research process to find and identify recent and older publications that were relevant to the subject. The final evaluation report was derived from the analysis and utilisation of a set of research centre reports, journal articles, studies undertaken by different researchers, organisations, institutions, and technical reports. The present review conducted a non-restricted literature search, focusing on recently published papers, in order to obtain a broad characterisation of the pathogen. The keywords used in the search query were Xanthomonas, history of taxonomy of Xanthomonas, classification and nomenclature of Xanthomonas, Xanthomonas axonopodis, taxonomy of Xanthomonas axonopodis, morphological and biochemical features and characteristics of Xanthomonas, morphological and biochemical characteristics of Xanthomonas axonopodis, pathological characteristics of Xanthomonas axonopodis pv. vignicola, genetic diversity of Xanthomonas axonopodis pv. vignicola, inter-simple sequence repeats (ISSR) genetic diversity of Xanthomonas axonopodis pv. vignicola, virulence of Xanthomonas axonopodis pv. vignicola, and virulence determinants of Xanthomonas axonopodis pv. vignicola.
Published journals and papers for the present review were searched from different online databases, including Google Scholar, Research Gate, Science Direct, Springer, Scopus, the National Centre for Biotechnology Information (NCBI), PubMed, RefSeek, and JSTOR. Inclusion guidelines were defined for journals and reports to ensure only applicable data was gathered. The review defined the inclusion guidelines as follows: Research studies on the history of the taxonomy of Xanthomonas; research studies on the taxonomy of Xanthomonas axonopodis; research studies on the morphological and biochemical characteristics of Xanthomonas axonopodis; research reports on the genetic diversity of Xanthomonas axonopodis pv. vignicola; and reports on the virulence determinants of Xanthomonas axonopodis pv. vignicola. Following a comprehensive assessment, each document was categorised according to the review's goal.
 3.1 RESULTS AND DISCUSSION
3.1.1 History of Taxonomy of the Genus Xanthomonas 
The majority of the bacteria in the genus Xanthomonas are plant-pathogenic and occur all over the world, causing diseases in a variety of plants. Numerous taxonomic and determinative investigations have been conducted on this genus because of its economic significance (Vauterin et al., 1995; Olatunde et al., 2024). DNA-rRNA hybridisations have demonstrated that the genus belongs to a distinct rRNA branch within the Proteobacteria's gamma taxon (Stackebrandt et al., 1988). The edition of the Bergey's Manual of Systematic Bacteriology indicated that the genus is split into the following five species: Xanthomonas axonopodis, Xanthomonas fragarie, Xanthomonas ampelina, Xanthomonas albilineans, and Xanthomonas campestris (Bradbury et al., 1984).
Vauterin et al. (1990) presented several recommendations aimed at improving the classification of the genus Xanthomonas, which included: i) Ride and Ride (1978), who named “Xanthomonas populi”; (ii) Pseudomonas maltophilia was transferred to the genus Xanthomonas as Xanthomonas maltophilia by Swings et al. (1983); (iii) Van der Mooter et al. (1987), suggested that the pathovars Xanthomonas campestris pv. oryzae and Xanthomonas campestris pv. graminis are phenotypically distinct from the other Xanthomas campestris pathovars and, hence, renamed as distinct species “Xanthomonas oryzae and Xanthomonas graminis.” Further, Willems et al. (1987), suggested that Xanthomonas ampelina should be renamed as Xylophilus ampelinus and that it is not a member of the Xanthomonas genus.
Van der Mooter et al. (1987), suggested eight species of the Xanthomonas genus, namely: Xanthomonas: Xanthomonas albilineans, X. campestris, X. axonopodis, X. graminis, X. fragarie, X. maltophilia, X. populi, and X. oryzae. Among these species, Xanthomonas campestris is by far the most complicated due to its division into over 123 pathovars, as detailed by Dye et al. (1980). Vauterin et al. (1995) conducted a thorough DNA-DNA hybridisation on 183 strains of the genus Xanthomonas and noted that the genus was composed of twenty genomic homology associations with the following groupings—Xanthomonas fragariae, Xanthomonas albilineans, Xanthomonas populi, and Xanthomonas oryzae—matched the species that had previously been described and could not be affected by reclassification. Further, they noted that Xanthomonas campestris, the previously described species, was diverse, with sixteen DNA homology groups with a significant degree of DNA homology between one of these groups and Xanthomonas axonopodis.
According to the amendment of Vauterine et al. (1995), the type species of the genera Xanthomonas campestris (Dowson, 1939; Pammel, 1985) comprised only the pathovars isolated from crucifers: X. campestris pv. armoraciae, X. campestris pv. aberrans, X. campestris pv. barbareae, X. campestris pv. incanae, X. campestris pv. campestris, and X. campestris pv. raphanin. Xanthomonas axonopodis, as classified by Starr and Garces (1950), was amended to encompass 34 previous pathovars of Xanthomonas campestris. They suggested the following species names: Xanthomonas arboricola sp. nov., encompassing X. arboricola pv. juglandis, X. arboricola pv. corylina, X. arboricola pv. poinsettiicola, X. arboricola pv. pruni, X. arboricola pv. populi and Xanthomonas bromi sp. nov.; Xanthomonas cassavae sp. nov., nom. rev. (Wiehe and Dowson 1953); X. codiaei sp. nov., comprising isolates of type B of X. campestris pv. poinsettiicola, the extant taxon; Xanthomonas hortorum sp. nov., comprising X. hortorum pv. hederae, X. hortorum pv. pelargonii, and X. hortorum pv. vitians; Xanthomonas cucurbitae (Bryan, 1926) sp. nov., nom. rev.; Xanthomonas melonis sp. nov.; Xanthomonas hyacinthi (Wakker, 1883) sp. nov., nom. rev.; Xanthomonas sacchari sp. nov. for strains isolated from infected sugarcane in Guadeloupe; Xanthomonas theicola sp. nov.; Xanthomonas pisi (Goto and Okabe 1958) sp. nov., nom. rev.; Xanthomonas translucens (Jones et al., 1917) sp. nov., nom. rev., comprising X. translucens pv. arrhenatheri, X. translucens pv. graminis, X. translucens pv. cerealis, X. translucens pv. hordei, X. translucens pv. phleipratensis, X. translucens pv. phlei, X. translucens pv. poae, X. translucens pv. undulosa, X. translucens pv. secalis; Xanthomonas vasicola sp. nov., comprising X. vasicola pv. vasculorum and X. vasicola pv. holcicola (type B strains of the earlier taxon X. campestris pv. vasculorum); and the type B strains of the extinct taxon Xanthomonas campestris pv. vesicatoria, which are included in Xanthomonas vesicatoria (Doidge, 1920) sp. nov., nom. rev.
3.1.2 Synopsis of Xanthomonas axonopodis 
The Xanthomonas axonopodis is described in the same way as the genus. The phytopathogenic specificity on a broad range of host plants distinguishes the following pathovars: X. axonopodis pv. alfalfae, X. axonopodis pv. axonopodis, X. axonopodis pv. bauhiniae, X. axonopodis pv. cajani, X. axonopodis pv. begoniae, X. axonopodis pv. cassavae, X. axonopodis pv. citri (previously Xanthomonas campestris pv. citri group A strain), and X. axonopodis pv. cassia (Hartung and Civerolo, 1987); Gabriel et al. (1989) reclassified Xanthomonas axonopodis pv. citrumelo as Xanthomonas campestris pv. citrumelo and Xanthomonas axonopodis pv. aurantifolii as Xanthomonas campestris pv. aurantifolii. Gabriel et al. (1989), Palleroni et al., (1993) and Vauterin et al. (1995), named the following as 38 members of Xanthomonas axonopodis; X. axonopodis pv. clitoriae, X. axonopodis pv. cyamopsidis, X. axonopodis pv. coracanae, X. axonopodis pv. desmodii, X. axonopodis pv. desmodiilaxiflori, X. axonopodis pv. desmodiigangetici, X. axonopodis pv. dieffenbachiae, X. axonopodis pv. desmodiirotundifolii, X. axonopodis pv. erythrinae, X. axonopodis pv. lespedezae, X. axonopodis pv. glycines, X. axonopodis pv. malvacearum, X. axonopodis pv. patelii, X. axonopodis pv. manihotis, X. axonopodis pv. phaseoli, X. axonopodis pv. phyllanthi, X. axonopodis pv. phaseoli-fuscans, X. axonopodis pv. poinsettiicola, X. axonopodis pv. ricini, X. axonopodis pv. rhynchosiae, X. axonopodis pv. sesbaniae, X. axonopodis pv. vasculorum, X. axonopodis pv. tamarindi, X. axonopodis pv. vesicatoria, X. axonopodis pv. vignicola, X. axonopodis pv. vignaeradiatae, X. axonopodis pv. vitians, X. axonopodis pv. betlicola, X. axonopodis pv. fascicularis, X. axonopodis pv. biophyti, X. axonopodis pv. khayae, X. axonopodis pv. martyniicola, X. axonopodis pv. maculifoliigardeniae, X. axonopodis pv. melhusii, X. axonopodis pv. pedalii, X. axonopodis pv. nakataecorchori, X. axonopodis pv. punicae, and X. axonopodis pv. physalidicola.
3.1.3 Morphological and Biochemical features of Xanthomonas axonopodis
The members of the Xanthomonas axonopodis have common morphological and biochemical features despite the differences in host specificity. They are gram-negative rods that measure 1.0 to 2.9 by 0.4 to 0.6 μm and typically appear either singly or in pairs or in chains; at times, filamentous cells are observed (Chormale et al., 2021; Anmod et al., 2022; Rothe et al., 2022). Typically, the cells move by using a single polar flagellum and have yellow, mucoid, smooth, circular, slightly or highly elevated, and convex colonies (which may be light or brownish yellow colonies). Van den Mooter and Swings (1990); Prasanna et al. (2023); Suke et al. (2022); Andrews et al. (1976) noted that the yellow pigment of Xanthomonas is mono- or dibromoarylpolyenes referred to as Xanthomonadins, which are the key feature of the genus. Further, they noted that the viscous or mucoid nature of the cultures is due to the xanthan exopolysaccharide.
Xanthomonas axonopodis generally are strict aerobes, catalase positive, esculin, starch, and gelatin negative, and milk proteolysis; they lack the ability to reduce nitrate to nitrite, are oxidase negative or weakly reactive; indole, acetoin, and urease are not generated (Khan et al., 2024; Oguntade et al., 2021; Anmod et al., 2022). When cultured in mediums that contain carbohydrates like arabinose, glucose, mannose, cellobiose, and trehalose, it produces very little acid (Kabade et al., 2020; Chaudhari et al., 2022).
3.1.4 Pathological characteristics of Xanthomonas axonopodis pv. vignicola
Xanthomonas axonopodis pv. vignicola is one of the pathovar members of the X. axonopodis with pathogenicity specificity to cowpea (Vigna unguiculata). The cowpea bacterial blight disease severity significantly differs among the different cowpea varieties, with disease severity ranging from 0.0 to 2.0 (Durojaye et al., 2019; Nantale et al., 2023). Agbicodo et al. (2010) and Oguntade et al. (2021) noted that sometimes the virulence of Xanthomonas axonopodis pv. vignicola isolates on the susceptible cowpea host variety is only obtained after a combination and co-inoculation with two or more isolates, which increases the improved synergistic potential of the pathogens to initiate a disease in combination rather than singly. Individual isolates functioning in tandem share a common pathovar (Oguntade et al., 2021). Kumar et al. (2022) noted that 30- to 40-day-old plants were more susceptible to Xanthomonas axonopodis pv. vignicola, with older leaves being less susceptible when compared to the newly emerged leaves.
The disease symptoms manifest in the form of a small, chlorotic, brownish, water-soaked lesion that eventually grows and merges to produce vast necrotic patches on the leaves, causing stem cankers, leaf fall, pod and flower abortion, and seedling death (Olatunde et al., 2024; Durojaye et al., 2019). Lin et al. (2020) noted that the pathogen produces irregular brown necrotic areas with yellow margins on the leaves of infected plants, with visualisation of bacterial streaming on a light microscope upon cutting the lesion. Joshua (2023), Praneetha et al. (2022), and Chen et al. (2021) noted that tiny water-soaked patches that eventually turn into necrotic lesions are the first signs of the disease; these are then followed by yellow haloes on the leaves that are then located in accordance with the bacterial infection course, brown crack stripes on the stems, dark green water-soaked lesions and pustules on the pods, a swollen canker, and, at the end, discolouration in the seeds. Kumar et al. (2022) reported similar disease symptoms on the infected plant leaves and that the initial symptoms were observed within 5 to 10 days of infection. Saha et al. (2022) noted further that the bacterial blight symptoms include small brown patches that eventually increase to bigger necrotic areas on leaves, which are highly noticeable with an increase in the number of days.
On seedlings, the symptoms noted are blight, discolouration of leaf veins, necrotic spots, wilting, yellowing of the leaves, drying of the leaves, and sparse fibrous roots (Isalar and Ogbuji, 2021). When a seed is infected, it presents as small, creamy yellow lesions that subsequently progress to a brown colouration. (Chen et al., 2021; Mahesha et al., 2022). These spots can be found on the hilum region in cases of vascular dissemination, at the micropyle in cases of floral infection, or all over the seed coat in cases of infection by touch (Chen et al., 2021; Kumar et al., 2022). Strong infections can cause seeds to shrink, which has a negative impact on the vigour and rate of germination (Darrasse et al., 2018). The entire plant may die in warm weather conditions and in cases of severe infestation. Plants and seedlings can be infected but may not even show symptoms (Joshua et al., 2023). These diseased plants experience early leaf drops and tiny, translucent, wet patches that are easier to see on the abaxial side of the leaf (Omoigui et al., 2020). Other symptoms noted when a pod becomes infected are patches of dark green water, where the bacteria enter the seeds, causing shrivelling and discolouration.
3.1.5 Inter-simple sequence repeats (ISSR) genetic diversity of Xanthomonas axonopodis pv. vignicola
Inter-simple sequence repeats (ISSRs) are semi-arbitrary dominant identifiers that replicate target nucleotide sequences scattered throughout the genome (El-Fatah et al., 2023). As long as the annealing temperature is high, this approach produces multi-locus and substantially polymorphic results. However, it is frequently criticised for its lack of reproducibility. ISSR markers are used to study the genetic variation of bacteria isolates, as it is a powerful technique for detecting pathotypes (Ebrahimi et al., 2021). ISSR-PCR has proven to be rapid, accurate, and effective for establishing genetic connections between Xanthomonas isolates (Igwe et al., 2022; Samanta and Mandal, 2014). The presence of genetically diverse Xanthomonas axonopodis isolates in different geographical regions could possibly be linked to the pathogen's horizontal spread, which is facilitated by genetically homogeneous clones of elite crop cultivars' and also the planting material that appears healthy but is actually latently diseased (Kumar et al., 2020).
Great genetic diversity does exist among the Xanthomonas axonopodis pv. vignicola isolates, and it is significant in identifying the genotypes and genetic links between various isolates as well as their virulence genotypes (Olatunde et al., 2024; Sharma et al., 2022). Duche et al. (2015) and Verdier et al. (1998) noted the existence of genetic variations among the Xanthomonas axonopodis pv. vignicola isolates isolated from different cowpea-growing regions in Nigeria, with diversity analysis being used in the identification of polymorphic traits associated with virulence characters and aiding in the analysis of plant pathogen interactions at the genetic level. Further, they noted that understanding plant pathogen genetic variation dynamics is important in the development of resistance genes, as it is significant in preventing the selection of new virulence that responds effectively against the genetic sources of resistance genes that are now available. Khatri-Chhetri et al. (2003) further noted that Xanthomonas axonopodis pv. vignicola metabolic variations were not associated with its virulence diversity.
The genotype factors among X. axonopodis pv. vignicola might likely account for their modifications to various cowpea hosts and varied pathogenic traits (Olatunde et al., 2024). Fatima et al. (2012) noted that when genetic diversity studies for Xanthomonas axonopodis isolates were carried out via the inter-simple sequence repeat (ISSR) technique, high levels of polymorphisms were observed among the isolates with intraspecific diversity at the amplification (prominent bands) in the range of 200 to 1000 bp (base pairs). Madavi et al. (2023) and Kumar et al. (2018) noted similar results regarding the banding patterns, ranging from 100 to 1000 bp, produced by ISSR primers. When they analysed the genetic diversity of Xanthomonas axonopodis isolates from the different geographical regions in India, they observed that isolates from the same geographical region were clustered together despite the difference in virulence or race. Similar results had been reported by Samanta and Mandal (2014), with a band size of 275 to 3050 bp in genetic variability among the Xanthomonas axonopodis isolates from four agro-ecological zones of India, with the diversity mainly associated with the geographic zone of the isolates. Pathogen diversity leads to host specificity, the expression of susceptibility genes, the emergence of new strains, and mechanisms of host avoidance (Timilsina et al., 2020).
3.1.6 Virulence determinants of Xanthomonas axonopodis pv. vignicola
According to Kumar et al. (2018), the geographical zone of Xanthomonas axonopodis isolates plays an important role in the genetic composition and virulence of the isolates. The cytolysin cylA and 16SrRNA are the dominant virulence factors (genes) responsible for the pathogenicity of X. axonopodis pv. vignicola, which act by causing suppression and/or altering of the host responses (Olatunde et al., 2024). Toxins, cell wall-degrading enzymes, siderophore biosynthesis, and flagellum act by suppressing pathogen-triggered immunity and effector-triggered immunity have been reported as the most important basal virulence factors (Arrieta-Ortiz et al., 2013; Timilsina et al., 2020). Apart from the above, Ariute et al. (2022) noted that several genes responsible for the virulence of the Xanthomonas genus are found in the bacterial DNA, including htpB, cheY, fliN, pilG, vipA, ugd, clpV1, vipB, and pilT.
Several Xanthomonas axonopodis virulence factors have been noted, including Type I, II, III, IV, and VI protein secretion systems. The type III effector proteins included xopN, xopZ, xopV, avrBs2, xopQ, xopX, xopE4, xopR, and xopA01 (Medina et al., 2018). The Xanthomonas secretion systems are significant in translocating protein effectors to the extracellular surroundings or straight into eukaryotic cells (Shah et al., 2023). Different secretion systems serve various functions: adhesion to the host cell (type I secretion system), degradation of the host cell wall (type II secretion system), phytopathogenesis and manipulation of the host cell (type III secretion system), pathogen conjugation and competition (type IV secretion system), autoagregation and adhesion to the host cell (type V secretion system), and microbial competition (type VI secretion system) (Alvarez-Martinez et al., 2021; Pfeilmeier et al., 2024; Carezzano et al., 2023).
Further, pathogenic Xanthomonas bacteria possess a xyloglucan degradation mechanism associated with pathogenesis that is responsible for breaking down the xyloglucan, which is a highly modified and resistant polysaccharide that is present in vascular plants' principal cell walls, and it’s a barrier deployed by the host against pathogens (Vieira et al., 2021). The pathogen xyloglucan degradation machinery is composed of specialised membrane transporters, a modular xyloglucan acetylesterase, and glycoside hydrolases (Giuseppe et al., 2023; Vieira et al., 2021).
[bookmark: _GoBack]The xyloglucan utilisation loci are remarkably conserved throughout the Xanthomonas genera, despite the wide diversity of hosts and tissue specificity. A small number of Xanthomonas lack the anticipated GH74 xyloglucanase; however, endoglucanases express downstream the xyloglucan utilisation locus (Brennan et al., 2019; Petrova et al., 2022; Giuseppe et al., 2023). According to Terrapon et al. (2018) and Bonfim et al. (2023), the genomic investigation showed that the xyloglucan utilisation locus is conserved in the majority of Xanthomonas species. The conserved region is made up of a single esterase, four glycoside hydrolases from the families GH31, GH74, GH95, and GH35, and two outer layer TonB-dependent transporters (Silchenko et al., 2022; Alvarez-Martinez et al., 2021; Terrapon et al., 2018; Foley et al., 2016), and the genes are linked to starch degradation (Bonfim et al., 2023; Vieira et al., 2021; Wu et al., 2023).
4.0 CONCLUSION AND RECOMMENDATION
A correct classification describing the evolutionary history and current natural variation of the taxon is significant, and we would like to note that we support additional advancements in the classification of the genus Xanthomonas. The Xanthomonas axonopodis pathovars show great similarity in terms of morphological and biochemical characters. From the study, it is clear that Xanthomonas axonopodis pv. vignicola produces varied pathological characters on the host plant depending on the plant part. X. axonopodis pathogens differ genetically, with the diversity being dictated by the geographic region and the crop cultivar. The geographical region of the Xanthomonas axonopodis pathogens has a significant impact on virulence determinants and genetic variation. Of course, more research studies under different soil and climatic factors with more plant genotypes need to be done to validate the impact of these factors on the X. axonopodis pv. vignicola genetic diversity and virulence for efficient and effective management of bacterial blight of cowpea.
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