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Abstract

:

Pantoea species are gram-negative bacteria from the Enterobacteriaceae family, generally associated with plants, either as epiphytes or as pathogens. In the last decade, Pantoea species are being regarded as re-emerging pathogens that are the causal agents of various diseases in rice plants. Inherently, they are also known to be opportunistic plant symbionts having the capacity to enhance systemic resistance and increase the yield of rice plants. It is unclear how they can express both beneficial and pathogenic traits, and what factors influence and determine the outcome of a particular Pantoea–rice plant interaction. This review aims to compare the characteristics of rice plant-beneficial and pathogenic strains belonging to the Pantoea species and gain new insights, enabling distinction among the two types of plant–microbe interactions.
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1. Introduction


Phytobiomes consist of plants, their environment, and associated communities of macro and microorganisms. These networks of interactions profoundly influence plant and agroecosystem health and productivity [1,2]. Plants are highly dependent on associated microbes, as these microorganisms can support their development and provide protection against negative effects of harsh environments [3]. Over the millennia, plants became adapted to the presence of soil microbes and developed unique interactions with them to obtain resources for plant development and exploit their presence towards successful colonization of terrestrial systems [4]. This highly diverse group of microbes positively influences plant growth and productivity through increasing overall fitness. This may be achieved by conferring abiotic and biotic stress tolerance, enhancing growth, and decreasing water consumption, or fitness may also be increased by enhancing physiological and genetic characteristics [5,6].



One biologically diverse and ecologically significant group of plant-associated bacteria that has recently captured the attention of researchers worldwide is the genus Pantoea [7,8]. The ubiquity, versatility and genetic tractability of Pantoea makes it an ideal group for not only exploring niche-specific adaptation and opportunism, but also for the development of various agricultural and environmental products [9,10]. Much of the early findings indicated that Pantoea is a plant pathogen, shown to exhibit parasitism with some agriculturally important crops [11,12].



Recent evidence has provided additional support, where the Pantoea species have re-emerged as a threat to global rice production as they have been shown to cause various rice diseases in several rice growing areas of the world [13,14]. In addition, studies under different agroecosystem conditions have also indicated that many Pantoea species caused leaf blight disease that severely impacted the rice farming system worldwide, and yield loss due to Pantoea infestation can be up to 70% in susceptible rice varieties [15].



Interestingly, in contrast to the claims mentioned above, there have also been research reports emerging of late that shed a positive light of the Pantoea association with rice plants [16,17,18]. Many species of Pantoea have been extensively investigated for their role as growth promoters, biological control agents, and enhancers of broad-spectrum resistance towards biotic and abiotic stresses [19,20].



Reports of these opposing roles by Pantoea have resulted in the notion that perhaps Pantoea bears the capacity to switch their lifestyle from being pathogenic to non-pathogenic, or even beneficial to rice plants. However, the exact mechanisms on how this can be achieved remains unclear. In reality, Pantoea species exist along a continuum of lifestyles [7]. It is also unclear what determines the outcome of a particular Pantoea–rice plant interaction and which factors enable rice plants to distinguish beneficial species of Pantoea from pathogenic species of Pantoea. Thus, this review aims to compare rice plant-beneficial and pathogenic strains belonging to the genus Pantoea to get new insights, aiding in the distinction between the two types of plant–microbe interactions. While several distinct interaction strategies of Pantoea with the host plant have been described and are understood (e.g., [21,22]), less is known about how they fit into phytobiomes of rice plants, where beneficial microbes and pathogens interact in a complex relationship that involves entire microbial communities and environmental factors.




2. Classification and Biology of Pantoea Species


The Pantoea species are generally recognized as non-encapsulated, non-spore-forming gram-negative bacteria from the Enterobacteriaceae family [23]. Before 1989, pathogenic bacteria from this order belonged to a single genus known as Erwinia. The genus Pantoea was proposed based on differential sequence in the DNA hybridization group separating them from Erwinia [24]. Currently, there are 25 described species and two subspecies that belong to this genus that have been isolated from various environments such as water, soil, human, animals, and plants [7,9,23].



Most species in the Pantoea genus are observed to have yellowish pigment, gram-negative cell wall, rod-shaped, peritrichous flagella and possess facultative anaerobic metabolism [25,26,27,28]. They show negative reactions towards oxidation, arginine dihydrolase, citrate utilization, sorbitol fermentation and nitrate test. On the other hand, these species are positive for catalase, gelatine and starch hydrolysis tests [29,30,31]. Bacteria from this genus are also capable of exhibiting acid production from various carbon sources such as maltose, trehalose, palatinose and L-arabinose [32].



Pantoea species can grow in a wide range of pH from 2 to 8, with optimum growth occurring at pH 7. The optimum growth temperature was at a range of 28 °C to 30 °C and the bacteria had been documented to tolerate a wide range of temperatures, from 4 °C to 41 °C. Additionally, optimal growth rate may be achieved when NaCl concentration is between 100–300 mM [30,33].



Multilocus Sequence Analysis (MLSA) using marker genes such as 23S rRNA, rpoB, gyrB, and dnaK are often used for the exploration of the sequence discontinuities among the Pantoea species [23]. Sequence variations within housekeeping genes such as leuS, fusA, gyrB, rpoB, rlpB, infB, and atpD have also been used routinely to refine interspecific phylogenetic positions of species from the genus Pantoea [23,34].



Another strategy to resolve identification of Pantoea specimens is the use of a mass spectrometry-based approach, namely the matrix-assisted laser desorption ionization-time of flight (MALDI-TOF). Unfortunately, it has been reported that 24% of Pantoea species had been misidentified using this approach [35], which appears to suggest that a multiple gene sequencing strategy or whole genome-based identification methods are more reliable and accurate for Pantoea identification.




3. Beneficial Impacts of Pantoea-Rice Plant Interactions


Generally, the existence of symbiotic relationships between plants and microbes is nothing new and has been well documented [36]. Although initially symbiotic microorganisms were considered to be neutral regarding their effects on host plants, recent evidence that points towards their positive impact on plant growth and development has been verified in a broad range of crops [37]. Direct plant growth promotion by microbes is based on improved nutrient acquisition, hormonal stimulation and alteration of physiological and genetic make-up. Indirectly, they may also reduce microbial populations that are harmful to the plant, acting as agents of biological control through competition, antibiosis, or systemic resistance induction [38].



Various studies on the Pantoea species have indeed shown that they possess many beneficial traits that could be used in rice farming systems such as combating rice plant pathogens and promoting growth and fitness [39]. As a matter of fact, members of the genus Pantoea are frequently detected around rice rhizosphere [40], on rice phyllosphere [41], inside rice plant tissues [42,43,44], and on rice seeds [45]. These enormous potentials serve only to suggest that perhaps it would be possible to develop Pantoea inoculants for use in sustainable rice production in the future.



3.1. Impacts on Rice Plant Growth and Yield


Reports from more than a decade ago have suggested that the inoculation of Pantoea to rice plants promoted rice plant development and yield. Zhang et al. [46] reported that the application of P. agglomerans to rice plants could enhance several growth parameters such as leaf growth, root elongation, root hair growth and stem growth. Furthermore, under the agroecosystem of southern Spain, Megías et al. [40,47] revealed that P. ananatis when applied to rice plants showed plant growth-promoting attributes, including the capacity to synthesize siderophores, cellulose, indole acetic acid (IAA) and 14 different molecules of N-acyl-homoserine-lactones (HSLs). Subsequently, inoculation of rice plants with P. ananatis significantly increased plant growth and crop yield by 60%, indicating a high potential for its use as a commercial inoculant. More recently, a study by Sun et al. [39] showed that inoculation of P. alhagi in rice plants increased fresh weight, root length, and shoot length of rice plants compared with control plants.




3.2. Impacts on Rice Plant Physiology


In addition to increased growth and yield, rice plant physiology can also be improved in the presence of Pantoea species. When P. agglomerans was applied, the P content in rice plants was significantly increased in comparison to control plants [48]. Also, inoculation of rice plants with P. agglomerans significantly enhanced the transportation of the photosynthetic assimilation product from the source (flag leaves) to the sink (stachys) when compared to control plants [43]. This result indicated a superior metabolism capacity inside the plant cells following the exposure to Pantoea. Furthermore, Sun et al. [17,39] reported that colonization of rice roots by P. alhagi recorded a 26.3% increase in chlorophyll content, as well as up-regulated expression of proline synthase, a down-regulated expression of proline dehydrogenase, and enhanced antioxidant enzyme activities compared with uninoculated plants.




3.3. Alleviation of Biotic Stress


Association of rice plants with different strains of Pantoea improved their ability to withstand biotic stress. For example, P. ananatis had been shown to be antagonistic to the plant pathogen Xanthomonas spp., resulting in an improved rice plant survival [40,47]. In another example, P. ananatis showed a significant biological control efficacy (more than 50%) towards rice blast caused by Magnaporthe grisea in greenhouse and field experiments. This evident decrease in the M. grisea severity in greenhouse and field experiments was attributed to the ability of P. ananatis to secreting extracellular hydrolytic enzymes [49]. Similarly, when rice plant roots were pre-treated with P. agglomerans prior to infection by fungal pathogen M. oryzae, the number of blast lesions in rice caused by M. oryzae was reduced. Further characterisation showed that the defence response elicited in rice by P. agglomerans is mediated through jasmonic acid and ethylene signalling pathways [50].




3.4. Induction of Abiotic Stress Tolerance


Root colonization by the Pantoea species induces systemic abiotic tolerance in plants. Early studies by Zeng et al. [51] indicated that P. agglomerans could stimulate the growth of rice plants under poor soil conditions. In their report, it was noted that rice plants associated with P. agglomerans grew much better compared to uninoculated control plants in low-nutrient soils. Later, Bhise and Dandge [16] reported a significant improvement in plant growth supplemented with P. agglomerans inoculum in terms of increased length, biomass, photosynthetic pigment, and decreased level of proline and malondialdehyde under salt stress conditions. Inoculated plants also exhibited decreased sodium and increased calcium and potassium uptake. In a related study, Sun et al. [17] revealed that colonization of rice plants by P. alhagi increased salt resistance of rice through increasing the K+/Na+ ratio, antioxidant enzyme activities and proline content, and decreasing malondialdehyde content. Moreover P. ananatis ameliorated the oxidative stress in rice induced by NaCl and Na2CO3 treatment. The malondialdehyde content and various antioxidant enzyme activities decreased upon P. ananatis inoculation in salt-affected rice plants [18]. Recently, Ghosh et al. [52] reported the ability of P. dispersa in enhancing rice seedling growth with a simultaneous reduction in arsenic uptake, and ethylene levels in plants.



Another report by Sun et al. [39] revealed that foliar spray of exopolysaccharide (EPS) that had been derived from P. alhagi to rice plants was able to increase drought resistance of rice. Further analysis showed that malondialdehyde content in rice tissue was reduced while total chlorophyll, proline and soluble sugar content were enhanced. The researchers also noted that the activity of antioxidant enzymes- superoxide dismutase, peroxidase, and catalase, also significantly increased.



All of the studies discussed above indicated that Pantoea species could be used as effective biocontrol agents for various rice diseases. Previous studies also highlighted the capacity of Pantoea species in improving rice plant’s tolerance towards abiotic stress, thereby contributing to better plant growth and yield. The efficacy of applying Pantoea inoculants in rice production has become more evident every year. However, more studies on the understanding of the capability of Pantoea species in enhancing rice plant development and the mechanisms involved are needed for acquiring maximum benefits from their application.





4. Detrimental Impacts of Pantoea-Rice Plant Interactions Leading to Rice Diseases


As mentioned previously, despite displaying beneficial roles in association with their host plants, Pantoea species had recently been regarded as a re-emerging pathogen based on the increasing number of reports of their involvement in diseases occurring in rice plants worldwide. Of the twenty-five known species that belong to the genus of Pantoea, some species have been reported as associated with rice diseases and they include P. dispersa, P. agglomerans, P. stewartii, P. wallisii and P. ananatis [15]. As early as 1983, a study by Azegami [53] indicated that the palea browning disease of rice in Japan was caused by Erwinia herbicola (E. herbicola was later known as P. agglomerans). A few years later, in 1986, Kim et al. [54] reported another case of brown discoloration of inner palea of rice occurring at the experimental field of Chonnam Provincial Rural Development Administration, Korea. The pathogenic bacterium was again identified as E. herbicola. According to an early observation by Tabei et al. [55], E. herbicola entered the lemmata and paleae through the stomata and multiplied in the intercellular space of the parenchyma. Stomata are mainly open on the inner surface of lemmata and paleae, a few on the outer surface of lemmata, and connected through the intercellular space of parenchyma.



In 2002, P. ananatis was described for the first time as the causative agent of stem necrosis disease in rice. The symptoms were characterized by necrotic lesions on the rachis and stem, extending into the flag leaf sheath and stopping at the second node. Another symptom observed was a fine ‘mottling’ of brown and green tissue above and below the top node, which subsequently affected the grain quality [56].



Pantoea species can also cause rice seeds to lose their viability as reported by Brazilian researchers. The pathogens were isolated from seed embryos by aseptically removing the seed coat and the bacterium was subsequently identified as P. agglomerans. It was also found that seeds associated with P. agglomerans when grown in a greenhouse for multiplication purposes showed poor or no germination [57]. Another report in China revealed that P. ananatis was able to cause severe discoloration of rice grains. Initially, at early flowering stage, some water-soaked lesions appeared on the lemma or palea, which would then turn brown in infected plants. These resulted in immature and lighter grains on panicles at harvest stage [58]. Grain discoloration disease associated with P. ananatis was also detected in Primorsky Krai, Russia. During the harvest season, bacterial yellow ooze was observed on panicles of infected rice plants, and the harvested grains were mostly immature and empty [30].



A more recent observation made in various rice cultivation systems in Asia, America, Africa and Europe was that the association of Pantoea species and rice plants can cause severe leaf blight disease infections (Figure 1). Field survey conducted in Benin and Togo reported that the P. ananatis and P. stewartii-infected rice leaves showed orange-brown lesions on one or both halves of the leaf blade [59,60]. Another report from a Russian rice field indicated a water-soaked symptom that led to the brown coloration appearing on plants’ lemma and resemble a typical leaf blight symptom caused by P. ananatis [30]. Rice plants in Venezuela which were colonized by P. agglomerans also showed leaf blight symptoms. The rice leaves appeared as yellow or brownish lesions and later become dry, illustrative of cell death [32].



In the period of November–December 2017 of the second season of rice planting in Malaysia, several rice plots showed water-soaked lesions at the tip of the leaf and became brownish lines along the leaf margin. The causative pathogen was subsequently identified as P. stewartii [31]. Similar symptoms had also been detected in another local case at Selangor, Malaysia in 2016. The rice plants showed brownish lines along the leaf margins and eventually the entire leaf became dry [61]. Due to the reduction of the leaf area, the photosynthesis rate is affected, and this inadvertently led to reduced yield and quality of the rice grains. Arayaskul et al. [62] recently reported the first incidence of leaf blight associated with P. ananatis and P. stewartii in Thailand. The symptoms reported were similar to those made by other countries i.e., yellowish, light brown, to slightly reddish spots on leaves. Reports from various countries describing the rice diseases associated with Pantoea species are summarized in Table 1.




5. Factors Affecting the Outcome of Pantoea–Rice Plant Interactions


It has been generally known that Pantoea species form symbiotic associations with rice plants. The effects of Pantoea symbionts on rice fitness usually depend on several factors which include the particular Pantoea species, physiological status of rice plants, cultivation practices, and environmental conditions [69,70]. As mentioned earlier, in their natural habitats, rice plants and microbes interact in a complex scenario that involves entire microbial communities as well as influences from environmental factors. These interactions among the phytobiome members are highly regulated through a complex network of signal-transduction pathways [1]. Integration of knowledge of signalling mechanisms within these complex networks will lead to a further understanding of the fate and significance of these signals at the ecosystem level.



5.1. The Distinct Interaction Strategies of Pantoea with Host Plants


An interesting study by Sheibani-Tezerji et al. [21] revealed that three closely related P. ananatis strains (named S6, S7, and S8) with highly similar genetic make-ups isolated from maize seeds of healthy plants exhibited distinct interaction strategies with maize from weak pathogenic (S7), commensal (S8), to a beneficial, growth-promoting effect (S6). Although closely related, several differences were noted in the genes encoding for proteins involved in the secretion system and their putative effectors, as well as genes related to transposase/integrases/phage functions. The three strains also differed in terms of the presence of hemolysin co-regulated effector proteins (Hcp), where the growth-promoting strain S6 possessed orthologs of the Hcp while the plant-pathogenic strain S7 do not. Protein studies confirmed the presence of the Hcp protein in S6, and absence in S7 and S8. Hcp protein is involved in bacterial motility, protease production and biofilm formation, and its role in determining the strains pathogenic/commensal/beneficial effect remains to be understood.



In another study, fifty P. ananatis strains collected from Georgia, US were investigated in relation to the genetic factors that correlated with their pathogenicity on different cultivated Allium species like onion, leek, shallot, and chive using MLSA and repetitive extragenic palindrome repeat (rep)-PCR techniques. The results revealed that the strains’ interactions with various Allium species resulted in phenotypically diverse Allium infection phenotypes. The genomic analyses showed some distinct differences in terms of mobile genetic elements, and in Onion Virulence Regions (OVR) loci which differentiated the sequenced strains into two groups, that shared common scale-clearing and foliar pathogenicity phenotypes [71]. This transcriptional analysis of Pantoea with and without these loci may provide insights into the nature of this region contributions to distinction of interaction strategies of Pantoea with host plants, including with rice plants.



The transition of P. agglomerans from saprophytic to pathogenic lifestyles is primarily dependent on the acquisition of a plasmid-borne pathogenicity island (PAI) that harbours the hrp/hrc gene cluster [72]. In addition, the secretion of IAA and cytokinins by P. agglomerans is also capable of producing galls in various plants, through a mechanism which involved type III effectors [72,73]. More recently, Hofmeister et al. [22] investigated an N-formylated sugar from the plant pathogenic vs. non-pathogenic of P. ananatis. The researchers utilized a simple bioinformatics analysis to determine whether any strains of P. ananatis contained the genes required to produce such carbohydrates. The results showed that those strains of P. ananatis that are pathogenic contained these genes, where the non-pathogenic apparently did not have. However, it is still unclear whether the presence of an N-formylated sugar on the O-antigen of a bacterium plays a role in virulence.



Pathogens are well recognized for deploying virulence factors that enable them to cause disease and inflict damage upon their host [74]. For example, bacterium P. stewartii utilizes an Hrp type III secretion system that produces needle-like injectisomes (pili) when infecting maize plants, thus enabling P. stewartii to inject an effector protein WtsE into the cytosol of maize plant cells that led to a disease associated with cell death [75,76]. In addition to an Hrp type III secretion system, known to be essential for plant pathogenesis, P. stewartii has a second type III secretion systems namely Pantoea secretion island 2 or T3SS PSI-2 which belongs to the Inv-MxiSpa T3SS family, typically found in animal pathogens [76]. Previously, Mor et al. [77] had characterized Hrp gene cluster from P. agglomerans in which it spans approximately 25 kb and contains seven complementation groups. Furthermore, Cao et al. [78] identified the yhfK gene from P. agglomerans that causes bacterial dry stalk disease. The study demonstrated that the yhfK affects pathogenicity of P. agglomerans, which is a critical element in the pathogenesis of P. agglomerans causing bacterial dry stalk.




5.2. Receptors and Signalling Pathways for Recognition of Microbes in Rice Plants


Rice plants interact with a wide range of microorganisms, including symbionts and pathogens. To discern beneficial microbes from pathogenic microbes, rice plants have employed various receptors that are able to recognize bioactive signals secreted by microorganisms [79,80]. Although the molecular studies on the crosstalk interaction between rice plants and Pantoea are still in a nascent stage, some studies on the molecular interactions between rice plants and other microbes have shown promising results. For example, rice receptor proteins (e.g., PRRs, FLS2 and LRR-RLKs) can recognize bioactive signals secreted by beneficial microbe Sinorhizobium meliloti 1021. Upon recognition and transduction of these bacterial signals, many differentially-expressed genes that are linked to TFs/PKs and enzymes for the regulation of growth and development such as GA, AUX, CK and BR are upregulated in rice seedlings. This recognition process subsequently upregulates large portion of genes that were involved in cycle regulator such as CycA, CycB and CycD1, D2 and D3 which positively impacted and accelerated cell division. These cellular signalling enhancements led to the promotion of plant growth and development, photosynthesis capacity, phytohormone production, and other important traits in rice seedlings [81].



Moreover, He et al. [82] investigated the molecular association between arbuscular mycorrhizal fungi and rice plants. At first, mycorrhiza secreted Myc factors such as lipochitooligosaccharides (LCOs) and short-chain chitooligosaccharides (CO4/CO5) for initiating a mutualistic symbiosis with rice plants. Then, a LysM receptor heteromer OsMYR1/OsLYK2 and OsCERK1 in rice plants recognized the Myc factors secreted by mycorrhiza. However, a recent study by Zhang et al. [83] reported that CO4 and its receptor OsMYR1 were not only involved in initiating symbiotic signalling but also involved in reducing rice immunity by decreasing immune signalling induced by CO8, a bioactive immunity signal secreted by mycorrhiza. This study further indicates that a balanced perception of multiple symbiotic receptors in rice is important for the establishment of a successful mutualistic rice plant association with microbes (including Pantoea).




5.3. Rice Cultivation Methods


Rice plants that have been grown under agroecological methods are reported to be more resistant to plant diseases [84]. A study by Japanese researchers found that rice seedlings inoculated with Burkholderia glumae and B. plantarii (causal agents of bacterial seedling diseases) and cultivated under organic and conventional methods showed interesting results. The development of disease symptoms was significantly suppressed under organic method, but not under conventional method [85]. It has also been reported that rice plants grown under the System of Rice Intensification (SRI) method produce more robust rice plants that resist diseases such as sheath blight and leaf blight [84]. SRI is an agroecologically sound rice cultivation method that focuses on realizing the full genetic potential of the rice plants through practices that encourage the health of the whole plant and soil health [86,87], as well as quality of macro-/micronutrient availability in soil and translocation to grains [88,89].



Microbial activities in SRI rice fields were found to be more dynamic due to SRI creating such favourable conditions for microbes to thrive through applying organic amendments, aeration during weeding, and managing water carefully to create an aerobic soil condition [38]. Applying soil organic amendments in soil such as compost also induced the diversity and abundances of beneficial microbes therefore increasing the plant growth and disease tolerance [90].



Furthermore, rice plants grown under the SRI method exhibited lower lesion length, total lesion length and susceptibility index compared to rice plants grown under the conventional method when inoculated with Rhizoctonia solani (a causative agent of sheath blight disease in rice) [91]. This may be attributed to SRI plants possessing better physiological traits than those in the conventional method such as higher xylem exudation rates, deeper and more distributed root systems, higher water use efficiency, and higher rates of photosynthesis [92]. Overall, SRI enhances the resilience of plant systems to cope with diseases.




5.4. Involvement of Microbial Communities


Plant microbiomes may have influenced their host plants positively or negatively. These microbial communities can protect plants from biotic stress via antagonistic effects against plant pathogens by producing antibiotics or secondary metabolites or by modulating the physiology of the host plants [93]. In this modern era, high-throughput sequencing such as next-generation sequencing and -omics technologies have revealed that plant-associated microbial communities are extensively involved in promoting the health and fitness of their host plants [94]. However, microbes can also compete with plants for water and nutrients, and some are phytopathogenic agents of many diseases [93].



Mendes et al. [93] and Raaijmakers et al. [95] suggested that restructuring the rhizospheric microbial communities by introducing beneficial microbes that protect the host plant against pathogen infections is somewhat similar to the use of probiotics in humans. Nevertheless, to attain efficient biocontrol effects, these beneficial microbes should be able to proliferate and survive in the rhizosphere and reach cell densities above a specific threshold. This phenomenon may adversely affect the population density, dynamics (temporal and spatial) and metabolic activities of soilborne pathogens via competition, antagonism and/or hyperparasitism that eventually influence the outcome of pathogen infection [95]. For example, a study indicated that higher diversity of microbial community in rice environs contributed significantly to the resistance of rice plants against X. oryzae pv. oryzicola [96].



A recent study that explores the rice root microbiome composition in six different rice-producing regions in Ghana had proven that the structure of bacterial and fungal communities varied significantly between regions and that the local environmental factors influence the assembly of these community compositions [97]. These dynamic patterns of microbial structure in the soil therefore influence the below-ground and above-ground plants’ development and fitness. Similarly, a study in China showed that soil microbiome contributes to an ultrahigh rice yield in Taoyuan region, and indicated that nitrogen metabolism functions employed by microbiome could be one of the mechanisms for the ultrahigh yield of rice [98]. The beneficial influence of cyanobacterial inoculation on the rice soil and plant microbiome illustrates the distinct interactions leading to robust plants [99], which can be resilient to abiotic and biotic stress. This further illustrates that the links between plant phenotypes and microbial networks in the soil could enable another promising approach for promoting plant production and protecting the host plants against detrimental microbial and non-microbial invaders.





6. Conclusions


Although Pantoea species have been consecutively identified as plant pathogens, there are many findings also indicated that not all Pantoea species seem to contribute to disease development in rice plants. In fact, several members of the genus have been potentially found to enhance growth and yield, control plant pathogenic microbes, and increase abiotic tolerance in rice plants. Many factors determine the outcome of a particular Pantoea–rice interaction, such as: (i) specific strains of Pantoea that harbour either beneficial or pathogenic traits, (ii) the fitness and physiological status of the rice plant, and (iii) the external factors such as environmental conditions and microbial community structures.



The phenomenon of how Pantoea species can express both beneficial and pathogenic traits suggests that the role of microbes in the plants’ community structure and dynamics is very complex. Thus, more studies must be conducted in relation to the composition, diversity and functions of the plant microbiomes, to decipher the complexity of these interactions, and enable better plant vigor, health and productivity.
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Figure 1. Leaf blight disease caused by Pantoea species in Selangor, Malaysia; (a) Highly infected rice field with a yellowish lesion on the leaves, (b) Close-up view of the infected leaf with a lesion at the edge, (c) Comparison between healthy leaf and leaf infected with the Pantoea species (Photos courtesy of Muhammad Nazri Ishak). 
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Table 1. Pantoea species associated with rice diseases.
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	Countries
	Causative Agents
	Symptoms
	Rice Diseases
	References





	Malaysia
	P. wallisii
	Water-soaked lesions at the tip of the leaf and turning into brownish lines along the leaf margin
	Leaf blight
	[15]



	China and Russia
	P. ananatis
	Light, rusty, water-soaked lesions appearing on the lemma or palea and then turned brown
	Grain discoloration
	[30,58]



	Malaysia, Turkey, Korea, and Venezuela
	P. agglomerans
	Water-soaked stripes or light brown-to-slightly reddish spots on the upper blades of the leaves
	Leaf blight
	[15,27,29,32]



	Japan, Korea, and China
	P. agglomerans
	Brown discoloration of inner glume (palea)
	Palea browning disease
	[53,54,63]



	Korea
	P. ananatis
	Necrotic spot and brown discoloration on glumes and stems of rice
	Sheath rot
	[64]



	Italy
	P. ananatis
	Light brown lesions, which, over time, darkened, coalesced and enlarged resulting in the uniform browning of the palea
	Palea browning
	[65]



	India, Benin, Malaysia, Thailand, and Togo
	P. stewartii
	Yellowing symptoms or one to two orange or brown stripes on one or both halves of the leaf blade
	Leaf blight
	[31,59,60,62,66]



	India, Russia, Benin, Togo, China, Turkey, Thailand, and Malaysia
	P. ananatis
	Water-soaked stripes with yellowing color, which later turned into brown stripes on the upper part of leaves
	Leaf blight
	[26,28,30,59,60,61,62,67,68]



	Australia
	P. ananatis
	Necrotic lesions occurring on the rachis and stem, extending into the flag leaf sheath and stopping at the second node
	Stem necrosis
	[56]



	Brazil
	P. agglomerans
	Little or slow germination of seed
	Seed dormancy
	[57]



	Malaysia
	P. dispersa
	Brownish stripes, which subsequently turn pale and dry on leaf blades
	Leaf blight
	[61]
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