World Journal of Microbiology and Biotechnology
https://doi.org/10.1007/s11274-022-03298-1

(2022) 38:113

REVIEW

A review of approaches to control bacterial leaf blight in rice
Daniel Ruben Akiola SANYA1 · Sharifah Farhana Syed-Ab-Rahman2 · Aiqun Jia3 · Djamila Onésime1 ·
Kyung-Min Kim4 · Bonaventure Cohovi Ahohuendo5 · Jason R. Rohr6
Received: 11 February 2022 / Accepted: 29 April 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
The Gram-negative bacteria Xanthomonas oryzae pv. oryzae, the causative agent of bacterial leaf blight (BLB), received
attention for being an economically damaging pathogen of rice worldwide. This damage prompted efforts to better understand the molecular mechanisms governing BLB disease progression. This research revealed numerous virulence factors
that are employed by this vascular pathogen to invade the host, outcompete host defence mechanisms, and cause disease.
In this review, we emphasize the virulence factors and molecular mechanisms that X. oryzae pv. oryzae uses to impair
host defences, recent insights into the cellular and molecular mechanisms underlying host-pathogen interactions and
components of pathogenicity, methods for developing X. oryzae pv. oryzae-resistant rice cultivars, strategies to mitigate
disease outbreaks, and newly discovered genes and tools for disease management. We conclude that the implementation
and application of cutting-edge technologies and tools are crucial to avoid yield losses from BLB and ensure food security.
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Introduction
Rice feeds almost half of humanity and thus is one of the
most important crops on the planet. However, in recent
years, rice production worldwide has experienced enormous
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economic losses from bacterial leaf blight (BLB), a deadly
bacterial disease caused by the Gram-negative proteobacterium Xanthomonas oryzae pv. oryzae (Qian et al. 2013;
Tian et al. 2014). BLB causes serious disease on most popular commercial rice strains (Duy et al. 2021), and is one of
the three main pests of rice, challenging both Oryza sativa
(Os) subsp. japonica and Oryza sativa subsp. indica (Ji et
al. 2016).
Bacterial leaf blight causes a variety of symptoms in rice.
Xanthomonas oryzae pv. oryzae infection initially induces
streaks on rice leaves that spread from the tips and margins.
These streaks become larger and eventually release a milky
fluid that dries yellow. Late stages of infections are characterized by grayish white lesions on the leaves, eventually
resulting in the leaves drying out and dying. In seedlings,
BLB causes the leaves to dry out and wilt, usually killing the
seedling within two to three weeks. Although adult plants
may survive the infection, yield and quality are diminished.
Controlling BLB has proven challenging, and consequently, BLB poses a threat to global food security. Chemical control, such as the use of antibiotics, has been restricted
partly because of concerns over safety, practicality, and bacterial resistance. Biological control methods have also been
limited. Given the obstacles posed by chemical and biological control, researchers have mainly focused on discovering
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the molecular mechanisms underlying BLB transmission
and pathogenicity, as well as the factors determining host
susceptibility or resistance to BLB – major foci of this
review. Indeed, researchers have discovered more than 30
genes that confer resistance to X. oryzae pv. oryzae, some of
which are now integrated into the genomes of commercial
rice strains.
Research has revealed that the pathogenicity of X. oryzae
pv. oryzae is a function of several compounds and mechanisms employed by the pathogen. Much of the pathogenicity
of X. oryzae pv. oryzae is a function of its type III secretion system (T3SS) that translocates effector proteins into
eukaryotic host cells to overcome host defences. The transcription activator-like (TAL) effectors constitute a major
family of effector proteins that suppress host defences. This
family targets the host susceptibility genes SWEET, which
stands for Sugars Will Eventually be Exported Transporters
(e.g. SWEET11, SWEET13 or SWEET14, Oliva et al. 2019).
Xanthomonas oryzae pv. oryzae is also endowed with some
non-TAL effectors (e.g., XopR) that hijack and subvert the
host defence system (Sun et al. 2021). Xanthomonas oryzae
pv. oryzae pathogenicity is also influenced by the O-antigen
component of the bacterium’s lipopolysaccharide (LPS).
The LPS of the bacterium triggers callose deposition (Girija
et al. 2017; Wang et al. 2018), which is a plant xyloglucan polysaccharide that can act as a barrier against pathogens. However, Xanthomonas bacteria possess xyloglucan
depolymerization machinery that breaks down this barrier
and facilitates plant invasion and pathogenesis (Vieira et
al. 2021). Another important compound affecting X. oryzae pv. oryzae pathogenicity is putative phytase A (phyA),
which is used to pump out phosphate from the plant tissue
to improve the nutritional status of the bacterium (Blüher et
al. 2017). Finally, amino acids can also play essential roles
in X. oryzae pv. oryzae pathogenicity. A recent report established that leucine, isoleucine, valine, histidine, threonine,
arginine, tryptophan, and cysteine are key players in both
X. oryzae pv. oryzae growth and virulence in rice host (Li
et al. 2019a).
Although there have been previous reviews of BLB in
rice (Jiang et al. 2020b), this review highlight three topics
that have not been thoroughly addressed by other reviews:
(i) the mechanisms and speed by which T3SS transfers
effector proteins into host cells without molecule leakage,
(ii) the molecular system by which a component of the typeIII effectors (T3Es) remodel actin cytoskeleton to subvert
host immune responses, and (iii) important new rice resistance genes and antimicrobial peptides against X. oryzae pv.
oryzae infection.
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Contributions of various biological systems
to X. oryzae pv. oryzae infection
Various biological sensing systems contribute to the pathogenicity of X. oryzae pv. oryzae. For example, it is crucial
for X. oryzae pv. oryzae to integrate photo-sensing with
intracellular signaling. More specifically, by using lightsensing photoreceptors and bacteriophytochrome to detect
changes in wavelengths of light, X. oryzae pv. oryzae finetunes intracellular levels of c-di-GMP [(bis-(3′–5′)-cyclic
di-guanosine monophosphate)] that modulates the secretion of virulence factors, iron metabolism, and the transition
from a sessile to motile life stages of the pathogen (Verma et
al. 2020). Xanthomonas oryzae pv. oryzae also employs chemotactic systems to improve fitness. For example, X. oryzae
pv. oryzae uses chemoreceptors Mcp2 of its chemotaxis
signal transduction system to sense xylem sap, components
of xylem exudate (methionine, serine, histidine), and initiate epiphytic entry into the host plant (Kumar et al. 2018).
To sense and adapt to external stimuli during pathogenesis,
X. oryzae pv. oryzae employs a regulatory system with two
known components, a histidine protein kinase (HK) sensor
and a response regulator (Antar et al. 2020). For example,
X. oryzae pv. oryzae reacts to osmotically stressful conditions by regulating the activity of the HK sensor VgrS via a
periplasmic, PDZ-domain-containing protease that cleaves
the N-terminal sensor region of VgrS (Deng et al. 2018).
Hence, the use of molecules that interfere with these various
sensing systems employed by X. oryzae pv. oryzae might
represent promising ways to control BLB.
Upon initial contact with rice, genes related to cell motility, inorganic ion transport, and protein effectors are among
the first set of genes to be upregulated in X. oryzae pv. oryzae (Kim et al. 2021). The delivery of bacterial effector proteins directly into rice cells is one of the most important
first steps to bacterial establishment and pathogenicity. The
most abundant virulence proteins produced by X. oryzae pv.
oryzae during its initial interaction with rice include outer
member proteins, T3SS proteins, TonB-dependent receptors, and TAL effectors (Zhang et al. 2020).
Type III secretion system mediates not only the release
of TAL effector proteins into eukaryotic cells but also
regulates the production of Xanthomonas-induced small
RNAs, non-coding small RNAs (sRNA) involved in gene
silencing, plant growth regulation, and plant development
and stress responses (Reshetnyak et al. 2021). Therefore,
thorough knowledge of the biological function of sRNA
can be vital for developing effective management methods
to control BLB. Further, Hüsing et al. (2021) noticed that
the delivery of T3SS core proteins occurred at a high rate
without leakage of small molecules. They discovered that
a deformable gasket (M-gasket), in cooperation with a plug
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domain (R-plug) and a network of salt-bridges, maintain
membrane integrity during high-speed protein translocation by the T3SS. The T3SS also mediates the transfer of
non-TAL effectors. The mechanism of transfer of the type
III non-TAL effector Xanthomonas outer protein R (XopR)
has been described by Sun et al. (2021). Once translocated
into host cells, XopR forms a macromolecular complex with
actin-binding proteins at the cell cortex and competes for
actin-depolymerizing factors to progressively manipulate
multiple steps of actin assembly, including formin-mediated
nucleation, crosslinking of F-actin, and actin depolymerization (Sun et al. 2021). This process allows for Xanthomonas
species to subvert the host’s actin cytoskeleton defence system. Additional bacterial factors that contribute to X. oryzae
pv. oryzae pathogenesis include newly described proteins,
such as phosphohexose mutase (XanA) and inositol monophosphatase (Imp) (Wu et al. 2021).

Typical mechanisms of disease resistance in
most rice plants
A recently identified glycerol kinase (GK)-encoding gene,
OsNHO1, and a class II small heat shock protein gene,
OsHsp18.0 (which acts in nucleo-cytoplasmic trafficking),
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were both shown to be upregulated in rice plants resistant
to multiple X. oryzae pv. oryzae strains (Kuang et al. 2017;
Xiao et al. 2022), implicating their importance in BLB resistance. The pathways associated with these genes also implicate monothiol glutaredoxin proteins in resistance, as the
OsGRXS15 gene that drive expression of monothiol glutaredoxin in the mitochondria and nucleus confers resistance to
X. oryzae pv. oryzae (Son et al. 2020).
The presence of receptors that can translate upstream
molecular events into downstream immune reactions associated with successive layers of passive and active barriers
is critical to provide resistance to pathogens. It is conventionally thought that nucleotide-binding leucine-rich repeat
(NLR) immune receptor activation required specific cognate
effectors delivered from pathogens; nevertheless, a recent
study uncovered a type of NLR, so-called autoactive NLRs,
that do not need cognate effectors to confer broad-spectrum
resistance to X. oryzae pv. oryzae (Li et al. 2019b). This
finding illustrated the powerful potential that could provide
autoactive NLRs in broad-spectrum resistance.
It is conventionally thought that this NLRs activations
required a specific cognate effectors delivered from pathogens; nevertheless, recent study has uncovered a type of
NLRs, so-called autoactive NLRs, that do not need cognate
effectors to confer broad-spectrum resistance to Xoo.

Fig. 1 Plant-immunity-defense mechanisms implicated pathogenic bacteria. These schematic designs are based on Antar et al. (2020); Ishikawa et
al. (2014); Yamaguchi et al. (2013); Cheng et al. (2016); Midha et al. (2017); Verma et al. (2019); Jiang et al. (2020a) descriptions. Gene (blue),
protein activator (Green), protein suppressor (Brown). Hypersensitive response : HR, Nucleotide-binding site-leucine-rich repeat : NBS-LRR
domain
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The cuticle and cell wall are the key passive barriers to
pathogens in rice plants, whereas active barriers encompass
secondary metabolites with antimicrobial activity, callose
deposition, lignification of the cell wall, and cell death. The
cell wall is subjected to a reinforcement mechanism with
superoxide production and this step is accompanied by phytoalexins, antibiotic compounds, peroxidase, polyphenol
oxidase, phenylalanine ammonia-lyase syntheses, and leaf
senescence-associated mechanisms (Zulfugarov et al. 2016;
Sun et al. 2017; Hunjan et al. 2021). Cell wall architecture
is importantly also defined by polygalacturonase proteins,
which depolymerize pectin by hydrolysis and activate cell
wall immune responses (Cao et al. 2021).
In addition to passive defence mechanisms and antimicrobial compounds, pattern-triggered immunity (PTI) and
effector-triggered immunity (ETI) in rice facilitate the production of defence metabolites that orchestrate immune
responses to X. oryzae pv. oryzae (Wang et al. 2017; Hong et
al. 2017). During ETI responses, a hypersensitive immune
reaction (Kong et al. 2020) occurs that is prone to impairment by XopR T3SS effector from X. oryzae pv. oryzae,
contributing to its pathogenesis (Verma et al. 2019). Components involved in PTI and ETI responses are highlighted
in Fig. 1.
The regulation of some defence hormones is also connected to rice immune response mechanisms. Phytohormone signaling pathways, such as salicylic acid, jasmonic
acid, and ethylene are enriched in Oryza meyeriana in
response to X. oryzae pv. oryzae infection (Cheng et al.
2016). It should be stressed that jasmonic acid biosynthesis
in rice tends to reduce X. oryzae pv. oryzae virulence (Hou
et al. 2019). Expression of the Class III acyl-CoA-binding
gene, OsACBP5, which upregulates salicylic acid-mediated
defence pathways, has also been shown to be important in
conferring resistance to X. oryzae pv. (Panthapulakkal et al.
2020).

Strategies for controlling X. oryzae pv.
oryzae infections
Pyramiding of genes, or the process of combining two or
more genes from multiple parents to develop elite lines and
varieties, is recognized as a promising strategy to enhance
resistance to BLB (Pradhan et al. 2020). Several BLB-resistance genes have been discovered that can be exploited in
rice breeding programs. These include Xa1-2, Xa14, and
Xa31(t), which confer resistance by encoding for atypical NLRs with unique central tandem repeats (CTRs), and
Xa46(t) isolated from resistant rice mutant H120 (Zhang et
al. 2020; Chen et al. 2020), xa-45(t) (recessive resistance
genes) isolated from Oryza glaberrima accession IRGC
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102600B (Neelam et al. 2020) and xa44(t) recovered from
rice IR73571-3B-11-3-K3 (P6) (Kim 2018).
Furthermore, pyramiding of genes has also been found to
be beneficial to developing rice cultivars that are resistant
to X. oryzae pv. oryzae combined with other stressors. For
example, the pyramided line IRBB67, carrying both Xa4
and Xa7 resistance genes, exhibited greater resistance to the
combined stressors of high temperature and X. oryzae pv.
oryzae than the monogenic line IRBB4, carrying only the
Xa4 R gene (Dossa et al. 2020). Given persistent climate
change and disease emergence (Rohr et al. 2013; Rohr and
Cohen 2020; Cohen et al. 2020), it is particularly crucial
to use a transgenic line (e.g., IRBB 67) that can maintain
its resistance to X. oryzae pv. oryzae under current and elevated temperatures (35/31°C) (Sahu et al. 2020; Dossa et
al. 2020).
Another useful tool to confer resistance in rice varieties has been gene editing. For example, CRISPR/Cas9
was recently used to reduce rice susceptibility to X. oryzae
pv. oryzae by inserting mutations into the effector binding elements of the susceptibility genes, OsSWEET13,
OsSWEET14, and OsSULTR3;6 (Ni et al. 2021; Zeng et
al. 2020; Zafar et al. 2020; Moniruzzaman et al. 2020).
CRISPR/Cas12a was used to effectively introduce sitespecific mutations into transcription activator-like 1 effector
box in the promoter region of the rice Xa13 gene to generate transgenic BLB-resistant lines (Yu et al. 2021). Alternatives to CRISPR/Cas approaches, such as TALEN-based
techniques, have also been used to reduce disease susceptibility. For example, TALEN-based techniques were used
to enhance rice resistance by altering transcription factor
protein-encoding genes (e.g. TFIIAγ encoded by TFIIAγ5
gene, Han et al. 2020). Finally, the insertion of non-coding
sRNAs has been successful in conferring a sulfate-mediated
antibacterial defence to rice. Indeed, the rice microRNA
miR395 impairs the virulence of X. oryzae pv. oryzae by
exploiting X. oryzae pv. oryzae’s sensitivity to high levels of
extracellular sulfate and reducing extracellular polysaccharide production and biofilm formation (Yang et al. 2021). In
addition to breeding disease-resistant rice cultivars, it is critical to expand control methods against X. oryzae pv. oryzae,
such as antibiotics effective against X. oryzae pv. oryzae.

Antimicrobial strategies to circumvent X.
oryzae pv. oryzae infection
Antibacterial molecules continue to be discovered that
have new structural and/or functional features relevant to
X. oryzae pv. oryzae control. As examples, fungal chitosan
from Aspergillus niger and hamuramicins A (1) and B (2) or
C15surfactin A produced by Bacillus velezensis HN-2 were
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recently discovered and hold promise for reducing X. oryzae
pv. oryzae. These latter three compounds induce a hypersensitive response via the mediation of antioxidant-related
enzymes and have been exploited as protective agents
against BLB (Stanley-Raja et al. 2021; Suga et al. 2018;
Jin et al. 2020). Other antimicrobial compounds include
the new natural plant-based product catechol that binds
with the catalytic domain of XanA protein (controlling the
production of xanthan and xanthomonadin in X. oryzae pv.
oryzae) to inhibit biofilm formation of X. oryzae pv. oryzae
(Vishakha et al. 2020). Anthranilamide from Streptomyces
spp. also strongly impairs biofilm formation in X. oryzae
pv. oryzae (Ham and Kim 2018). The recently discovered
microbial enzyme chumacin-1/2 (produced by Pseudomonas aeruginosa strain CGK-KS-1) inhibits quorum-sensing
factors (cis-11-methyl-2-dodecenoic acid) in X. oryzae pv.
oryzae (Kanugala et al. 2019). Another promising antimicrobial compound is carbazomycin B, which is produced
by Streptomyces roseoverticillatus 63 (Sr-63). It adversely
impacts the cell membrane of X. oryzae pv. oryzae, reducing the production of xanthomonadin and EPS (Shi et al.
2021). Similarly, resveratrol inhibits X. oryzae pv. oryzae
growth by inducing oxidative stress and perturbing its
metabolic processes (Luo et al. 2020). Interestingly, a highdensity conditioned medium containing the amoebae species Acanthamoeba castellanii, Acanthamoeba lenticulata,
Acanthamoeba polyphaga, Dictyostelium discoideum, and
Vermamoeba vermiformis displayed either bacteriostatic
or bactericidal effects on X. oryzae pv. oryzae (Long et al.
2018). In a somewhat surprising discovery, niclosamide
[5-chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenzamide], which is traditionally an oral antihelminthic drug
and molluscicide, has been used successfully to locally and
systemically block rice leaf wilt caused by X. oryzae pv. oryzae without negatively affecting rice growth or yields (Kim
et al. 2016). Finally, compounds that induce leakage of the
cytoplasmic content of bacterial cells could serve as new
sources of antibiotics against X. oryzae pv. oryzae. These
compounds are listed in Table 1.

Conclusion and future perspectives
Several solutions exploiting natural and synthetic compounds as well as engineering strategies exploiting synthetic biology have been implemented for counteracting or
reducing the impact of X. oryzae pv. oryzae on rice production. We suggest that the combination of pyramiding methods with antimicrobial products will improve X. oryzae pv.
oryzae control. A better understanding of the complex host–
bacteria interactions may lead to the potential identification
of new host surveillance systems deploy against effectors
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Table 1 Antimicrobial compounds identified during
focused on Xanthomonas oryzae pv. oryzae
Compounds
Antibacterial
effects
Silver nanoparticles (AgNPs)
Antibacterial
effect and
significant
inhibitory
impact on
Xoo biofilm
formation
Niclosamide
Directly
inhibited
the growth
of Xoo,
increased
the levels
of salicylate
and,
induced the
expression
of the genes
OsPR1 and
OsWRKY45
Peptide melittin
Disrupted the
cytoplasmic
membrane of
Xoo by making holes and
channels
Resveratrol
Growth
inhibition of
Xoo
4 H-pyran-4-one,2,3-dihydro-3,5-dihy- Growth
droxy-6-methyl- (DDMP)
inhibition of
Xoo
(2Z)-2-butenedioic acid-2-(1Fairly strong
methylethenyl)-4-methyl ester
antagonistic
activity
Dissolved zinc thiazole at 25 µg/ml
Enhanced the
cell division
and altered
the cell wall
integrity
of Xoo
Excellent
4-((1E,4E)-5-(3-nitrophenyl)-3-oxoantibacterial
pentaactivities
1,4-dien-1-yl)
phenylthiophene-2-sulfonate
Allelochemical catechol
Antibacterial, antibiofilm, and
antivirulence
potential
18β-glycyrrhetinic acid(GA) hydrazide Curative and
3C
protective
activities
against Xoo at
200 µg/mL
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more suitable alternatives to enhance rice tolerance to rice
bacterial leaf blight continues, more studies are needed to
tap into the many unexploited potentials of amino acids
metabolisms as well as newly discovered genes for broadening the immune system response of rice.
Supplementary information The
online
version
contains
supplementary material available at https://doi.org/10.1007/s11274022-03298-1.
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