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Highlights
●●	 XopM contributes to Xoo virulence in rice.
●●	 XopM targets OsAOS3 to modulate JA biosynthesis.
●●	 XopM suppresses JA-mediated defense to promote infection.

Abstract
Bacterial blight (BB) of rice caused by the phytopathogenic bacterium Xanthomonas oryzae pv. oryzae (Xoo) is a disease of 
global importance.  Xoo utilizes the type III secretion system (T3SS) and its effectors for virulence, and XopM is a conserved 
T3SS effector in Xanthomonas spp.  However, the virulence function of XopM is largely unknown.  In this study, we show 
that XopM contributes to Xoo virulence in rice.  We demonstrate that XopM interacts with allene oxide synthase OsAOS3, 
a key enzyme involved in jasmonic acid (JA) biosynthesis.  The expression levels of OsAOS3 and three homologues 
of OsAOS were elevated after Xoo infection.  Knockout mutants of OsAOS3 exhibited decreased JA accumulation and 
reduced resistance to Xoo and X. oryzae pv. oryzicola.  Moreover, JA-related defense genes were downregulated in osaos3 
mutants during Xoo infection.  Based on our results, we propose a model showing how XopM hijacks OsAOS3 to interfere 
with JA-mediated defenses, leading to a suppression of rice immunity.  Our findings reveal a novel virulence strategy where 
Xanthomonas pathogens interfere with the JA pathway and modulate the host defense response.
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1. Introduction
Pathogens utilize a variety of virulence factors to subvert 
plant immunity and cause disease (Boller and He 2009; 
Deslandes and Rivas 2012; Dou and Zhou 2012), and plants 
have gradually evolved a complex, multilayered defense 
system for pathogens (Tyler 2017).  In the ongoing arms race 
between plants and pathogens, pattern-triggered immunity 
(PTI) represents the first and most conservative layer of 
plant innate immunity, which is triggered by recognizing 
pathogen-associated molecular patterns (PAMPs) through 
pattern-recognition receptors (PRRs) (Dodds and Rathjen 
2010).  Consequently, pathogens have evolved virulence 
“effectors” to suppress PTI, thus leading to effector-triggered 
susceptibility (ETS) (Jones and Dangl 2006).  In response, 

plants have developed cytoplasmic resistance (R) proteins 
that enable them to recognize effectors and initiate a second 
layer of immunity known as effector-triggered immunity (ETI) 
(Yuan et al. 2021; Ngou et al. 2022).  

Xanthomonas oryzae pv. oryzae (Xoo), the causal agent 
of bacterial blight (BB) of rice, secretes various effectors 
into host cells via the type III secretion system (T3SS).  The 
effectors are divided into two groups: transcription activator-
like effectors (TALEs) and non-TALE/Xanthomonas outer 
proteins (Xops) (Furutani et al. 2009; White et al. 2009; 
Song and Yang 2010).  TALEs have been identified as cross-
kingdom transcription factors that activate the expression of 
corresponding susceptibility (S) or resistance (R) genes in 
host plants, which induce ETS or ETI (Xu et al. 2022).  There 
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are several major TALEs that play a dominant role in Xoo 
virulence, including PthXo1 from the Philippine strain Xoo 
PXO99A (Chen et al. 2010).  

The T3SS effectors secreted by Xanthomonas spp. have 
been classified into 39 families based on sequence similarities 
(Wang et al. 2016), and 26 non-TALEs have been identified in 
Xoo PXO99A (http://www.biopred.net/xanthomonas/t3e.html).  
TAL effectors act as transcription factors and are involved in 
the activation of susceptibility and resistance genes in rice.  A 
previous study reported that a tal-free PH strain derived from 
PXO99A was generated as a strain to explore the function of 
TALEs (Ji et al. 2016).  In contrast to TALEs, the biochemical 
roles of many non-TALEs are not well-understood due to their 
redundancy and subtlety (Song and Yang 2010).  Several 
characterized non-TALEs are known to function in Xoo 
virulence by suppressing the immune response of host plants 
(Sinha et al. 2013; Long et al. 2018; Deb et al. 2020).  For 
example, XopR from Xoo strain MAFF311018 targets the 
receptor-like kinase BIK1 and suppresses stomatal closure 
(Wang et al. 2016), thereby creating a natural entry for 
bacterial cells.  XopZ was identified as a conserved effector 
for full virulence (Song and Yang 2010), and it was shown to 
repress PTI in tobacco and rice (Long et al. 2018).  XopI from 
the Xoo BAI3 strain suppressed systemic acquired resistance 
(SAR) by mimicking and hijacking the ubiquitin proteasome 
system in rice (Ji et al. 2020).  XopY targets the rice receptor-
like cytoplasmic kinase OsRLCK185 and disrupts signal 
transduction (Yamaguchi et al. 2013).  These findings indicate 
that the Xop effectors manipulate different components of the 
plant immune system to cause disease.  

xopMXcv (GenBank accession no. XCV0442) was initially 
cloned and identified as a gene encoding a T3SS effector in 
Xanthomonas campestris pv. vesicatoria (Xcv) strain 85–10 
(Schulze et al. 2012).  XopMXcv triggered cell death and 
inhibited mitogen-activated protein kinase (MAPK)-mediated 
cell death in Nicotiana benthamiana (Schulze et al. 2012; 
Teper et al. 2015).  Xoo strain PXO99A contains a gene 
homologous to xopMXcv (http://www.biopred.net/xanthomonas/
t3e.html); however, the function of XopM in Xoo is unclear.  

Phytohormones are low molecular weight compounds that 
influence plant metabolism and reproductive development; 
furthermore, they play a pivotal role in mediating defense 
responses during the host–pathogen interaction (Spoel 
and Dong 2008; Pieterse et al. 2012; Ruan et al. 2019; 
Bittner et al. 2022).  Once conserved pathogen molecules 
are recognized by plasma membrane localized PRRs, 
the defense systems associated with the phytohormones 
jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) are 
rapidly activated (Campos et al. 2014).  The JA pathway is a 
key component of the plant–pathogen interaction (Major et al. 
2017) and modulates crosstalk with other phytohormones, 
including SA, ET, gibberellin (GA), and phytochrome (Zhang 
et al. 2019; Meng et al. 2020).  

Jasmonates are a class of oxylipin phytohormones 
(Wasternack and Hause 2013).  JA biosynthesis is initiated in 
the chloroplast, primarily from α-linolenic acid (18:3) or free 
fatty acids (Ruan et al. 2019).  The first step occurs at the 
chloroplast membrane where 13-lipoxygenase LOX catalyzes 
the conversion of α-linolenic acid to (13S)-hydroperoxy 

octadecatrienoic acid (13-HPOT) (Ruan et  al. 2019; Li 
et al. 2022).  Next, allene oxide synthase (AOS) and allene 
oxide cyclase (AOC) catalyze the coupled dehydration-
cyclization of 13-HPOT, which leads to the production of 
12-oxo-phytodienoic acid (OPDA).  OPDA is transported from 
chloroplasts to the peroxisomes for further biosynthesis.

AOS is a key enzyme in JA biosynthesis and regulates 
disease resistance (Gomi et al. 2010; Ruan et al. 2019).  In 
rice, the AOS gene family consists of four members, OsAOS1, 
OsAOS2, OsAOS3, and OsAOS4.  In rice seedlings, OsAOS 
transcription is regulated by phytochrome, and expression 
levels of OsAOS1 and OsAOS4 were elevated in response 
to red and far-red light, respectively (Haga and Iino 2004).  
OsAOS2 transcription was upregulated during rice infection 
by the fungal pathogen Magnaporthe grisea, and this led 
to the expression of pathogenesis-related (PR) genes 
that function in defense (Mei et al. 2006).  Several lines of 
evidence indicate that the JA signaling pathway functions in 
plant immunity (Campos et al. 2014).  For example, group 
1 GH3 (Gretchen Hagen 3) genes positively regulated rice 
resistance to Xoo by modulating JA homeostasis and the 
transcription of JA-responsive genes (Hui et al. 2019).  In 
rice, the exogenous application of JA enhanced resistance 
to Xoo, and the jasmonate ZIM-domain protein OsJAZ8 had 
an important role in JA-mediated resistance (Yamada et al. 
2012).  Correspondingly, many bacterial pathogens have 
evolved effector proteins that manipulate plant hormones 
to enable pathogen proliferation (Hu et al. 2022; Roussin-
Léveillée et al. 2022).  

In this study, we demonstrate that the effector XopM 
contributes to Xoo virulence in rice and interacts with 
the allene oxide synthase OsAOS3.  The expression of 
OsAOS3 was upregulated during Xoo infection, and osaos3 
knockout mutants exhibited lower levels of JA and increased 
susceptibility to Xoo.  Our findings reveal a novel virulence 
strategy in the Xoo-rice interaction, where XopM hijacks 
OsAOS3 to interfere with JA-mediated defense responses in 
rice.  

2. Materials and methods
2.1. Bacterial strains and plant materials
The bacterial strains and plasmids used in this study are 
listed in Appendix A.  Escherichia coli strains were cultured 
in Luria-Bertani (LB) medium at 37°C (Tuttle et al. 2021).  
Agrobacterium was cultivated at 28°C in LB.  Xanthomonas 
strains were grown at 28°C in nutrient broth without agar (NB) 
(1% peptone, 0.5% yeast extract, 1% sucrose), NB without 
sucrose (NBN), NB with 1.5% agar (NA), NA without sucrose 
(NAN), and NA with 10% sucrose (NAS) (Li et al. 2011).  
Yeast cells were grown in yeast extract potato dextrose (YPD) 
and synthetic dropout media at 28°C (Lin and Lai 2017).  
Media formulations were supplemented with the following 
antibiotics: 25 μg mL–1 rifampicin, 100 μg mL–1 ampicillin, 
25 μg mL–1 kanamycin, and 40 μg mL–1 spectinomycin.  

Rice plants (Oryza sativa L.) were grown in field plots and 
greenhouses for pathogenicity assays, and the latter were 
maintained at 28°C with a 12 h light/dark photoperiod.  The 
rice lines used in this study were japonica cultivars Kitaake 
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and Nipponbare, and the latter was used as a background 
for generating OsAOS3 mutant lines.  Tobacco plants 
(N. benthamiana) were cultivated in growth chambers with a 
16 h light/8 h dark photoperiod at 22°C.

2.2. Plasmid constructs and DNA manipulations
The introduction of pthXo1 into Xoo PH was accomplished 
by first cloning pthXo1-flanking fragments (2,003 and 771 
bp) into SmaI/XbaI-digested pKMS1 (Appendix B).  Next, 
pthXo1 was cloned between the two flanking fragments as a 
3.9-kb BamHI fragment to generate pKMS1-PthXo1; this was 
introduced into Xoo PH by electroporation to generate Xoo 
PH-PthXo1 as described previously (Ji et al. 2016).  Briefly, 
the pKMS1-PthXo1 construct was introduced into Xoo PH by 
electroporation and cultured on NAN+kanamycin at 28°C for 
3 d.  The transformants that grew on NAN+kanamycin but 
not NAS were selected and cultured in NBN with agitation 
at 28°C for 12 h.  Cultures were plated on NAS at 28°C for 
3–4 d.  Individual colonies that grew on NAS but showed 
kanamycin sensitivity were screened for the presence of 
pthXo1 using primers TALE-CF/PthXo1-XbaI-R (Appendix C).  
The conserved domain deletion assays were performed using 
the Fast MultiSite Mutagenesis System (TransGen Biotech, 
Beijing, China).  

2.3. Construction of non-TALE mutants in Xoo PH-
PthXo1 
To generate xopM deletion mutants, two pairs of primers, 
XopM-LF/XopM-LR and XopM-RF/XopM-RR (Appendix 
C), were used to amplify the flanking DNA of xopM using 
genomic DNA from Xoo PXO99A as the template.  The 
flanking fragments (616 and 909 bp) were digested and 
inserted into SmaI/XbaI-digested pKMS1 (Appendix D) and 
confirmed by Sanger sequencing (Tsingke Biotechnology 
Co., Ltd., Beijing, China).  The resulting plasmid was 
transformed into Xoo PH-PthXo1 and cultured on NAN 
medium containing kanamycin at 28°C for 3 d.  Single 
colonies were cultured in NBN with shaking for 12 h at 
28°C.  Xoo cells were then dispensed in 10-fold serial 
dilutions (10–1, 10–2, and 10–3) and cultured on NAS medium.  
Kanamycin-sensit ive colonies were chosen for PCR 
confirmation with primers XopM-LF/XopM-RR (Appendix C). 
The same procedure was performed to delete the other 25 
genes encoding non-TALE effectors in Xoo PH-PthXo1.

2.4. Generation of OsAOS3 mutant rice by CRISPR/
Cas9
OsAOS3 was edited in Nipponbare rice using the CRISPR/
Cas9 system as described previously (Zhou et al. 2014).  
Briefly, a specific gRNA was designed using guide design 
resources (https://zlab.squarespace.com/guide-design-
resources).  Two gRNA oligomers (OsAOS3-oligo-F/OsAOS3-
oligo-R) were synthesized by Tsingke Biotech (Shanghai, 
China); these oligomers were dimerized, inserted into 
pENTR4-gRNA4, and then ligated into pBY02-Cas9 using the 
Gateway™ LR Clonase™ II Kit (Thermo Fisher Scientific) to 
generate the construct pCas9-gRNA4-AOS3.

The pCas9-gRNA4-AOS3 construct was introduced into 

Nipponbare rice by Agrobacterium-mediated transformation, 
which was a service provided by BioRun (Wuhan, China).  
Extraction of genomic DNA was performed using the cetyl 
trimethylammonium bromide (CTAB) method.  The sequences 
targeted for modification were amplified from genomic DNA 
using primers OsAOS3-F and OsAOS3-R (Appendix C).  
Gene editing was confirmed by Sanger sequencing.  

2.5. Pathogenicity assays
Xoo PXO99A and Xoc BLS256 were cultured overnight in NB 
medium, and bacterial cells were harvested by centrifugation 
at 5,000 r min–1 for 3 min and washed two times in water.  
Rice plants were inoculated with Xoo PXO99A (OD600=0.8) 
at the booting stage using the leaf-clipping method (Ji et al. 
2016).  Two-week-old rice was inoculated with Xoc BLS256 
(OD600=0.8) by the stab-inoculation method (Pan et  al. 
2018).  Xoo and Xoc disease lesions were measured and 
photographed at 14 and 7 d after inoculation, respectively.

2.6. Subcellular localization assays
Subcellular localization assays were performed as described 
previously (Kokkirala et al. 2010).  Briefly, the target coding 
sequences were amplified by PCR using the specific primers 
(Appendix C).  Purified PCR products were inserted into 
pC1300-GFP.  These constructs were transformed into 
Agrobacterium GV3101 and introduced into tobacco leaves 
by agroinfiltration.  The empty vector, pC1300-GFP, was used 
as a positive control.  Fluorescent signals were detected 
using a Leica TCS SP5-II Confocal Microscope (Leica 
Microsystems, Wetzlar, Germany) at 36 h post-inoculation 
(hpi).  Images were captured at 488 nm (excitation) and 505–
550 nm (emission), and chlorophyll autofluorescence was 
detected at 640–735 nm.

Subcellular localization assays in rice protoplasts were 
performed as described previously (Zhai et al. 2019).  The 
coding sequences of XopMXoo and XopMXoc were inserted into 
pRTVcGFP.  Rice protoplasts were isolated from seedling 
sheaths and stems, and the recombinant plasmids were 
transformed into protoplasts by polyethylene glycol-mediated 
DNA transfection as described previously (Zhai et al. 2019).  
The transfected cells were incubated in the dark for 22 h at 
28°C and then observed by confocal microscopy.

2.7. Yeast two-hybrid assays 
The Matchmaker™ GAL4 two-hybrid system (Clontech, CA) 
was used to screen for rice proteins that interact with XopM.  
Briefly, xopM was amplified from genomic DNA of PXO99A 
and inserted into pGBKT7 as a bait.  Competent cells of yeast 
strain AH109 were co-transformed with pGBKT7-XopMXoo 
and the rice cDNA library; these cells were then cultured on 
SD/–Leu–Trp–His medium (lacking tryptophan, leucine, and 
histidine) at 28°C for 3 d.  The colonies were then transferred 
to SD/–Leu–Trp–His–Ade (lacking leucine, tryptophan, 
histidine and adenine) medium containing 20 mg mL–1 X-α-
GAL.  Transformed yeast colonies were identified by PCR 
using primers T7/3AD (Appendix C), and PCR products were 
subjected to Sanger sequencing.  OsAOS3 was amplified 
from rice cDNA inserted into pGADT7.  The interaction of 
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XopM and OsAOS3 was confirmed in yeast cells cultured on 
SD/–Leu–Trp–His–Ade medium containing 20 mg mL–1 X-α-
GAL.  

2.8. Split luciferase complementation assays
Split luciferase complementation assays were performed as 
described previously (You et al. 2016).  Briefly, xopMXoo/Xoc 
and OsAOS1–4  were cloned in pCAMBIA-35S-nLuc 
and pCAMBIA-35S-cLuc, respectively.  Constructs were 
transformed into Agrobacterium GV3101 and cultured 
overnight in LB with kanamycin and rifampicin.  Bacterial 
cells were harvested and resuspended in Agrobacterium 
induction buffer, mixed with GV3101 expressing p19 protein, 
and induced for 2–3 h at 28°C in darkness.  The suspensions 
were infiltrated into tobacco leaves, and luciferase activity 
was measured at 48 hpi with the Luciferase Reporter Gene 
Assay Kit (Yeasen Biotechnology, Shanghai, China).

2.9. Southern blots
Genomic DNA was extracted from PXO99A and PH-PthXo1 
with the AxyPrep Bacterial Genomic DNA Miniprep Kit 
(Axygen, Suzhou, China).  DNA samples (10 μg) were 
digested with BamHI at 37°C for 4 h, separated in 1.3% 
agarose gels at 70 V for 20 h and transferred to nylon 
membranes (Millipore, USA).  The pthXo1 probe (2,892 bp; 
GenBank accession no. AY495676) was labeled with 
digoxigenin.  The labelling, hybridization, and detection steps 
were conducted with the DIG-High Prime DNA Labelling and 
Detection Starter Kit I (Roche, Switzerland) using protocols 
recommended by the manufacturer.  

2.10. Western blots
Western blots were used to detect proteins in tobacco as 
described previously with minor modifications (Yu et al. 2022).  
In brief, Agrobacterium GV3101 harboring the constructs 
pXopMXoo-nLuc, pXopMXoc-nLuc, and pcLuc-OsAOS1 were 
infiltrated into N. benthamiana leaves.  Tobacco leaves 
were collected at 48 h after agroinfiltration and ground in 
liquid nitrogen.  The macerated leaves were incubated with 
200 μL protein extraction buffer (50 mmol L–1 Tris-HCl, pH 
7.5, 150 mmol L–1 NaCl, 1 mmol L–1 EDTA, 5 mmol L–1 DTT, 
and 1 mmol L–1 PMSF) for 20 min at 4°C with agitation and 
centrifuged.  Supernatants (80 μL) were transferred into new 
tubes and 20 μL 5×SDS buffer was added; the mixture was 
then boiled in water for 5 min.  Proteins were separated on 
10% SDS-PAGE gels and transferred to PVDF membranes 
for immunoblotting.  Anti-Luc (Sigma, USA) was used as the 
primary antibody.  Goat anti-rabbit immunoglobulin G (H+L) 
(Transgen Biotech, Beijing, China) was used to detect anti-
FLAG antibodies, and proteins were visualized with the 
LumiBest Western Kit (Share-Bio, Shanghai, China).

2.11. Preparation and purification of recombinant proteins
The coding sequences of xopM and OsAOS3 were amplified 
and cloned into pET41a and pET30a, respectively.  These 
constructs were introduced into E. coli BL21 by heat shock, 
and cells were cultured overnight at 37°C in 2 mL LB 
supplemented with kanamycin.  Overnight cultures (400 μL) 

were inoculated into 40 mL of LB medium and grown at 37°C 
with shaking until the OD600 was 0.6.  Cells were then induced 
with 1 mmol L–1 isopropyl β-D-1-thiogalactopyranoside 
(IPTG) and cultured at 28°C for 12 h.  Bacterial cells were 
centrifuged at 4,000 r min–1 for 20 min at 4°C, and the 
harvested cell pellets were used for protein purification.

For purification of GST fusion proteins, bacterial cells were 
suspended in phosphate buffered saline (PBS), lysed by 
sonication, and subjected to centrifugation at 8,000 r min–1 
at 4°C for 20 min.  Supernatants were then incubated with 
GST SefinoseTM Resin (Sangon, Shanghai, China) at 4°C for 
1 h, and proteins were eluted with 10 mmol L–1 glutathione.  
For purification of His-tagged proteins, bacterial cells were 
suspended in cell lysis buffer (50  mmol L–1 NaH2PO4, 
300 mmol L–1 NaCl pH 8, and 10 mmol L–1 imidazole), lysed 
by sonication, and subjected to centrifugation at 8,000 r 
min–1 at 4°C for 20 min.  Supernatants were incubated with 
Ni-NTA SefinoseTM Resin 6FF (Sangon) at 4°C for 1 h, and 
proteins were then recovered with elution buffer (50 mmol 
L–1 NaH2PO4, 300 mmol L–1 NaCl, 250 mmol L–1 imidazole).  
Recombinant proteins were visualized on polyacrylamide gels 
stained with Coomassie brilliant blue.  

2.12. Pull-down assays
Pull-down assays were performed as described previously 
(Zhai et al. 2019).  GST SefinoseTM Resin was washed four 
times in PBS buffer and incubated with 6 μg purified GST-
XopM or GST-XopL for 1 h; the resin was then collected, His-
tagged OsAOS3 (6  μg) was added, and the mixture was 
incubated at 4°C for 2 h.  Resins were then washed four 
times in PBS to remove non-specific bound proteins.  Resins 
were harvested by centrifugation and then boiled in SDS 
buffer at 100°C for 10 min to release proteins.  Next, proteins 
were separated on 10% SDS-PAGE gels (Genscript, Nanjing, 
China) and transferred to polyvinylidene difluoride (PVDF) 
membranes for immunoblotting with anti-GST or anti-His 
(TransGen Biotech, Beijing, China) as the primary antibody.  
The secondary antibody, goat anti-mouse immunoglobulin G 
(H+L) (TransGen Biotech, Beijing, China), was used to detect 
the primary antibody, and results were visualized using the 
LumiBest Western Kit (Share-Bio, Shanghai, China).

2.13. RNA extraction and qRT-PCR
Total RNAs of rice leaves challenged with Xoo at different time 
points were extracted with Trizol reagent (TaKaRa).  cDNA 
was synthesized from total RNA (1 μg) using TransScript® 
One-Step gDNA Removal and cDNA Synthesis SuperMix 
(TransGen, Beijing, China).  The qRT-PCR reactions were 
performed with TransStart® Tip Green qPCR SuperMix (+Dye 
II, TransGen) and the Applied Biosystems 7500 Real-Time 
PCR System (ThermoFisher, USA).  OsACTIN was used as 
an internal control, and relative expression was calculated 
with the 2–ΔΔCt method.  qRT-PCR experiments were 
performed in triplicate.

2.14. Bimolecular fluorescence complementation 
(BiFC) assays 
BiFC assays were conducted to detect possible interactions 
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between XopM and OsAOS3 in tobacco.  The coding 
sequences of XopM and OsAOS3 were cloned into pSPYNE 
and pSPYCE, respectively.  The recombinant constructs 
were transformed into Agrobacterium strain GV3101 and co-
expressed in tobacco leaves using Agrobacterium infiltration.  
Fluorescence signals were detected using a confocal 
microscope (Leica TCS SP5 II) 48 h after infiltration.

2.15. Co-immunoprecipitation assay
XopM was cloned into the pC1300-GFP vector, and OsAOS3 
was cloned into pCAMBIA-35S-cLuc with a LUC tag.  The 
constructs were transformed into Agrobacterium GV3101 and 
co-expressed into tobacco.  Fusion proteins were extracted 
in extraction buffer (50 mmol L–1 Tris-HCl, pH 7.5, 150 mmol 
L–1 NaCl, 5 mmol L–1 EDTA, 1% Triton X-100, 1 mmol L–1 
DTT, 1 mmol L–1 PMSF).  A total of 20 μL GFP Nanoab Mag 
Beads (Everylab, Shanghai) was added to each sample and 
incubated in 4°C for 1 h.  Beads were washed with TBS buffer 
four times.  The Magnetic beads were re-suspended using 
2×SDS loading buffer and boiled in water for 10 min.  Fusion 
proteins were detected by Western blot.  

2.16. Measurement of JA 
JA content was measured as described previously (Hui et al. 
2023).  Rice seedlings were collected from the greenhouse 
and macerated in liquid nitrogen.  Samples were mixed 
with extraction buffer (methanol:acetic acid:water=80:1:19), 
incubated in darkness overnight at 4°C and centrifuged at 4°C 
for 20 min.  The supernatant was transferred into a 1.5-mL 
microcentrifuge tube, dried under vacuum, and dissolved in 
200 μL 30% methanol.  JA was quantified with an AB SCIEX 
4000Q TRAP LC/MS System (SCIEX QTRAP 5500).

3. Results
3.1. XopM contributes to the ETS induced by PthXo1 
in rice 
The relationship between TALEs and non-TALEs in the Xoo-
rice interaction was explored by using the suicide vector 
pKMS1 to introduce the major TALE encoded by pthXo1 
into the Xoo strain PH (Ji et al. 2016) (Appendix B).  Xoo 
PH is a tal-free strain of PXO99A and harbors all non-TALE 
repertoires.  We designed the knock-in construct pKMS1-
PthXo1 to introduce pthXo1 into its native site in the Xoo 
PH genome.  After two-step exchanges and selection with 
kanamycin and sucrose, we obtained the knock-in strain 
named PH-PthXo1.  The successful introduction of pthXo1 
into Xoo PH was evaluated by PCR, Southern blotting, and 
qRT-PCR (Appendix B).  Several colonies were identified 
with the 976-bp PCR product corresponding to pthXo1, 
and sequence analysis confirmed that colonies contained 
pthXo1.  Southern blots using pthXo1 as a probe verified the 
successful introduction of this gene into Xoo PH.  A previous 
study showed that the TALE effector PthXo1 upregulated 
the expression of S  gene OsSWEET11a to promote 
disease development (Chen et  al. 2010).  Using qRT-
PCR, we confirmed that the Xoo PH-PthXo1 strain induced 
OsSWEET11a expression in rice, whereas Xoo PH failed to 
induce expression (Appendix B).  These findings indicated 

that pthXo1 was functionally active in the Xoo PH-PthXo1 
strain.  

To evaluate the contribution of non-TALE effectors to 
virulence and their potential relationship with the major 
TALE PthXo1, we developed a screening technique to 
inactivate all 26 non-TALE genes present in Xoo PH.  The 
genome of Xoo PXO99A, the parental strain of Xoo PH, was 
used as a reference (http://www.biopred.net/xanthomonas/
t3e.html).  Twenty-six individual knockout mutants of non-
TALEs in Xoo PH-PthXo1 were generated using pKMS1-
mediated homologous recombination (Appendices D and E).  
The virulence of the 26 non-TALE mutants was evaluated 
in leaves of two-month-old Nipponbare and Kitaake rice.  
Pathogenicity tests showed that the XopM deletion mutant 
PH-PthXo1ΔM exhibited reduced virulence compared to 
Xoo PH-PthXo1 when inoculated to Nipponbare (Fig. 1) 
and Kitaake rice (Appendix F).  The virulence of Xoo PH-
PthXo1ΔM was restored to Xoo PH-PthXo1 levels by 
introducing xopM in trans (Fig.  1; Appendix F).  These 
data indicate that xopM contributes to virulence and plays 
an important role in the ETS induced by the major TALE 
PthXo1.  A remarkable reduction in the formation of water-
soaked lesions was observed in leaves inoculated with xopM 
mutants, indicating that XopM may have other functions in 
pathogenicity (Appendix G).

XopM was initially identified as a T3SS effector in the 
phytopathogenic bacterium Xcv, and xopMXcv was described 
as a 1,560-bp ORF that encodes 519 amino acids.  BLASTP 
analysis (https://blast.ncbi.nlm.nih.gov) revealed the presence 
of a XopMXcv homologue in PXO99A, and this was designated 
XopMXoo.  Sequence analysis indicated that XopMXoo consists 
of 517 amino acids and shares 90.6% protein identity with 
XopMXcv, suggesting that XopMXoo is a non-TALE protein 
secreted via the T3SS.  

3.2. Subcellular localization of XopM in plant cells
The localization of XopM was analyzed by fusing green 
fluorescent protein (GFP) to XopMXoo to form XopMXoo-GFP, 
which was transiently expressed in N. benthamiana leaves 
using agroinfiltration.  The XopMXoo-GFP fusion accumulated 
in the tobacco cell membrane and cytoplasm (Fig. 2).  Due 
to the fact that xopM from Xoc strain BLS256 (designated 
xopMXoc) shares 96.9% nucleotide similarity with xopMXoo and 
encodes a protein of 517 amino acids, we also investigated 
the localization of XopMXoc in tobacco.  The XopMXoc-GFP 
fusion protein was also observed in the cell membrane and 
cytoplasm of N. benthamiana (Fig. 2).  The GFP control 
localized to membrane, cytoplasm, and nucleus.  In addition, 
we also studied the localization of XopM in rice protoplasts.  
GFP signals from XopMXoo-GFP and XopMXoc-GFP were 
detected in membranes, cytoplasm, and chloroplasts 
(Appendix H).

3.3. XopM interacts with allene oxide synthase 
OsAOS3
To understand how XopMXoo interferes with the rice defense 
response, a yeast two-hybrid (Y2H) screen was conducted 
to identify proteins that interact with XopMXoo using a cDNA 
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library generated from rice infected with Xoo PXO99A.  Full-
length xopM in pGBKT7 was used as bait to screen the 
rice cDNA library.  An allene oxide synthase encoded by 
Os02g0218700 (OsAOS3) was found to interact with XopM 
(Appendix I).  OsAOS3 is a 1.5-kb ORF without introns 
and encodes a key enzyme in the JA biosynthetic pathway 

(Haga and Iino 2004).  To further confirm the interaction, 
we cloned the coding sequence of OsAOS3 into pGADT7 
and co-transformed the constructs into Saccharomyces 
cerevisiae AH109 with pGBKT7-XopM.  The transformants 
were inoculated to SD/–Leu–Trp–His–Ade selective medium 
with X-α-gal.  The Y2H experiments confirmed that XopMXoo 
interacted with OsAOS3 (Fig. 3-A).  

To further confirm the physical interaction of XopMXoo and 
OsAOS3, we performed split luciferase complementation 
(SLC) and pull-down assays.  The coding sequences of 
xopMXoo and xopMXoc were inserted into pCAMBIA-35S-
nLuc (nLuc), and OsAOS3 was cloned in pCAMBIA-35S-
cLuc (cLuc); these constructs were then transformed into 
Agrobacterium GV3101 and infiltrated into tobacco leaves.  
Fluorescent signals were detected 48 h after inoculation 
and indicated an interaction between XopMXoo and OsAOS3 
(Fig. 3-B).  Fluorescent signals were absent when nLuc/
cLuc-OsAOS3 and XopMXoo-nLuc/cLuc were co-expressed 
(Fig. 3-B).  Sequence analysis showed that the four AOS 
proteins (OsAOS1, OsAOS2, OsAOS3, and OsAOS4) in rice 
contained conserved I-helices and heme-binding domains 
(Haga and Iino 2004).  Domain deletion analysis showed that 
OsAOS3 lacking I-helices and heme-binding domains did 
not abolish the interaction with XopM but instead reduced 
protein affinity (Appendix J).  Furthermore, a direct physical 
interaction between glutathione S-transferase (GST)-
XopM and His-OsAOS3 was confirmed in pull-down assays 
(Fig. 3-C).  To determine the localization of their interaction, 
we performed bimolecular fluorescence complementation 
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Fig. 1  Pathogenicity assay of Xanthomonas oryzae pv. oryzae (Xoo) xopM mutants in rice.  A, virulence assays in rice cultivar 
Nipponbare.  Field-grown, two-month-old rice plants were inoculated with Xoo PXO99A, PH, and mutants using the leaf-clipping method.  
Xoo PXO99A is a wild-type strain that harbors both TALE and non-TALE effectors; PH is a tal-free strain; PH-PthXo1 contains an introduced 
copy of the TALE pthXo1; PH-PthXo1ΔM is a xopM mutant of Xoo strain PH-PthXo1; and PH-PthXo1ΔM/M represents PH-PthXo1ΔM 
complemented with xopM in trans.  Photographs were taken 14 d after inoculation.  The red arrows indicate the extent of lesion expansion.  
B, lesion lengths produced by Xoo in rice cv. Nipponbare.  Lesions were measured 14 d after inoculation with Xoo.  Each value is the 
mean±SD.  Data were analyzed for significance using one-way ANOVA with Tukey’s test (P≤0.05).  Columns labeled with different letters 
indicate statistically significant differences.  Each experiment was performed three times with similar results.
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Fig. 2  Localization of XopM in plant cells.  Subcellular localization 
of XopMXoo-GFP, XopMXoc-GFP and GFP in tobacco.  The coding 
sequences of xopMXoo and xopMXoc were cloned into KpnI/XbaI-
digested pC1300-GFP and introduced into Agrobacterium GV3101 
for transient expression in tobacco.  Autofluorescence of chlorophyll 
is depicted in red.  The brightfield and merged images are shown in 
the third and fourth columns, respectively.  Scale bars, 20 μm.  The 
experiment was repeated three times with similar results.
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Fig. 3 XopM interacts with allene oxide synthase OsAOS3.  A, yeast two-hybrid assay showing interactions between XopM and 
OsAOS3.  xopM was cloned into EcoRI/SalI-digested pGBKT7 to form the bait construct pGBKT7-XopM, and OsAOS3 was cloned into 
EcoRI/BamHI-digested pGADT7 to form the prey construct pGADT7-OsAOS3.  Interactions between XopM and OsAOS3 were screened 
on SD/–Leu–Trp–His–Ade agar medium with 20 mg mL–1 X-α-GAL.  Constructs pGBKT7-53 and pGADT7-T were co-transformed into 
yeast cells and used as positive controls.  EV indicates empty vector, and experiments were repeated three times.  B, split luciferase 
complementation (SLC) assay of XopMXoo-nLuc and cLuc-OsAOS3 interactions in Nicotiana benthamiana.  The coding sequences of 
xopMXoo and OsAOS3 were PCR-amplified and cloned into pCAMBIA-35S-nLuc and pCAMBIA-35S-cLuc, respectively.  The constructs were 
transformed into Agrobacterium GV3101, cultured overnight with selection, induced, and then infiltrated into tobacco leaves.  Luciferase 
activity was measured at 48 h post-inoculation (hpi).  C, in vitro interactions between XopM and OsAOS3.  Purified GST-XopL (negative 
control) and GST-XopM proteins were incubated with OsAOS3-His, and glutathione-Sepharose 4B beads were added to evaluate protein–
protein interactions.  Anti-GST or anti-His antibodies were used to detect fusion proteins, and GST-XopL was used as a negative control.  
Two separate experiments produced similar results.  Molecular weight marker bands (kDa) are indicated for reference.  D, bimolecular 
fluorescence complementation (BiFC) assay of YN-tagged XopM with YC-tagged OsAOS3 in Agrobacterium-infiltrated N. benthamiana 
leaves.  The YC and YN vector contain the C- and N-terminal halves of yellow fluorescent protein, respectively.  The first column indicates 
the interaction of YN- with YC-labeled proteins.  The second column shows the autofluorescence of chlorophyll in red; the third and fourth 
columns show the brightfield and merged images, respectively.  Scale bars, 20 μm.  E, XopM interacts with OsAOS3 in CoIP assay.  Fusion 
proteins extracted from tobacco leaves and immunodetected using GFP and LUC antibody.  * indicates the target protein.
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(BiFC) assays, and the results showed that XopM and 
OsAOS3 interact predominantly in the plasma membrane 
(Fig. 3-D).  A coimmunoprecipitation (CoIP) assay confirmed 
that XopM interacts with OsAOS3 in planta (Fig.  3-E).  
Collectively, these data demonstrate that XopM interacts with 
OsAOS3 both in vitro and in planta.

The rice genome contains four OsAOS genes (OsAOS1, 
OsAOS2 ,  OsAOS3 ,  and OsAOS4)  with roles in the 
biosynthesis of the JA precursor 12-oxo-phytodienoic acid 
(OPDA) (Haga and Iino 2004).  In addition to the interaction 
with OsAOS3, we found that XopMXoo also interacted with 
OsAOS1, OsAOS2, and OsAOS4, respectively (Appendix K), 
suggesting that the interaction with XopMXoo is conserved in 
the OsAOS family in rice.  

XopMXoc shares a high level of sequence homology with 
XopMXoo (93.8% amino acid identity); consequently, we 
hypothesized that XopMXoc can interact with OsAOS3.  The 
interaction was verified in SLC assays using XopMXoc-nLuc 
and cLuc-OsAOS3 and was further confirmed in western blots 
(Appendix L).  The other three homologous proteins also 
interacted with XopMXoc, which confirms that XopMXoc also 
interacts with OsAOSs.

3.4. OsAOS genes are activated during Xoo infection 
in rice
To examine OsAOS expression in response to Xoo infection, 
we evaluated the expression of all four OsAOS genes in 
rice challenged with the Xoo strain PXO99A.  The relative 
expression of all four OsAOS genes increased at 2 h after 
inoculation and then rapidly decreased to a basal level 
(Fig. 4-A).  The expression of OsAOS genes after inoculation 
with Xoo PXO99A indicated that these genes respond to 
infection at an early stage and are likely involved in the 
defense response.  To further determine the function of 
OsAOS3 in plant cells, we performed localization studies in 
tobacco leaves.  The OsAOS3 coding sequence was fused 
with a GFP construct driven by the CaMV 35S promoter and 

introduced into N. benthamiana for localization assays.  The 
GFP signal was observed in chloroplasts (Fig. 4-B), indicating 
that OsAOS3 functions in this organelle.  

3.5. OsAOS3 positively regulates rice immunity
To investigate whether OsAOS3 confers resistance to 
bacterial disease in rice, we generated OsAOS3 knockout 
mutants using CRISPR/Cas9-mediated gene editing to disrupt 
the coding sequence of OsAOS3.  A total of 26 OsAOS3 
transgenic lines were obtained.  Fourteen heterozygotes and 
eight homozygotes were detected by PCR and confirmed 
by sequencing (Appendix M).  Two homozygotes from the 
T1 generation (CRI-OsAOS3-8 and CRI-OsAOS3-18) were 
chosen for further study (Appendix N).  The two osaos3 
mutant lines exhibited increased susceptibility to Xoo PXO99A 
and Xoc BLS256 infection as compared to Nipponbare 
(Fig. 5-A and B).  To test whether JA-mediated immunity 
was impaired in osaos3 mutants, the expression of two JA 
pathway-related defense genes was determined.  The results 
showed that OsPBZ1 and OsWRKY13 were downregulated in 
osaos3 mutants after Xoo treatment, suggesting the potential 
role of OsAOS3 in resistance (Fig. 5-C and D).  JA levels 
were also measured in wild-type Nipponbare and osaos3 
mutants both with and without Xoo inoculation, and the 
results showed that JA accumulation was reduced in osaos3 
mutants as compared to Nipponbare (Fig. 5-E; Appendix O).  
Furthermore, the expression level of the JA responsive gene 
OsJAZ8 was measured after inoculation with Xoo PXO99A.  
Expression of OsJAZ8 was downregulated in the osaos3 
mutants at 6 hpi (Fig.  5-F).  These results indicate that 
OsAOS3 plays a role in JA biosynthesis and contributes to 
defense.  

3.6. XopM interferes with JA-mediated plant defense
Emerging evidence has revealed an important role for JA 
in the host response to pathogen infection (Hui et al. 2019; 
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Ruan et al. 2019).  To explore whether XopM affects JA 
biosynthesis by interacting with OsAOS3, we measured the JA 
content in Nipoonbare after challenge with Xoo PXO99A, PH-
PthXo1, PH-PthXo1ΔM and PH-PthXo1ΔM/M.  The JA level of 
rice challenged by Xoo PH-PthXo1ΔM was significantly higher 
than levels observed in Xoo PH-PthXo1 and PH-PthXo1ΔM/M 
inoculated lines (Fig. 6-A).  To investigate whether XopM 
affects JA-mediated immunity, we performed qRT-qPCR 
analysis of the mRNA from rice leaves infiltrate with PXO99A, 
PH-PthXo1, PH-PthXo1ΔM, PH-PthXo1ΔM/M.  The JA-related 
immune genes, OsJAZ8, OsPBZ1, OsWRKY13, OsPR1, and 
OsPAL were transcriptionally repressed in Xoo PH-PthXo1 and 
PH-PthXo1ΔM/M-infiltrated leaves as compared to expression 
levels in rice inoculated with the xopM mutants (Fig. 6-B–F).  
Collectively, the results indicate that XopM decreases JA signal 
transduction resulting in suppression of the defense response.

4. Discussion
The arms race between plants and pathogens is complicated 
due to overlapping effector proteins and the complex layers of 
plant immunity (Guttman et al. 2002; Hillmer et al. 2017; Tyler 
2017); consequently, it is critical to identify effector target 
proteins in the plant cell.  This study shows that an enzyme in 
JA biosynthesis, OsAOS3, contributes to plant defense and is 
hijacked by the conserved effector XopM, which suppresses 
JA-mediated immunity.  XopM interacts with the allene 
oxide synthase OsAOS3 in planta and in vitro.  Our results 
indicate that Xoo deploys XopM and physically interacts 
with OsAOS3, resulting in compromised JA-related defense 
responses and subsequent disease development (Fig. 7).

Xanthomonas delivers more than 30 effectors into plant 
cells, including the Xop proteins that subvert host defense 
responses.  However, it is difficult to study the contribution 
of individual Xop proteins to virulence because of Xop 

Fig. 5  OsAOS3 contributes to the rice immune response.  A and B, disease phenotypes and lesions lengths on Nipponbare and 
osaos3 mutants inoculated with Xoo PXO99A and Xoc BLS256.  Leaves were collected and photographed at 14 and 7 d after Xoo and Xoc 
inoculation, respectively.  C and D, relative expression of JA pathway-related genes, OsPBZ1 and OsWRKY13.  Rice leaves were infiltrated 
with Xoo PXO99A (OD600=0.8) or mock-inoculated with sterile water (control), and leaf samples were collected 6 h post-inoculation (hpi).  
E, JA content in Xoo-infiltrated rice leaves.  Leaves of Nipponbare and osaos3 mutant rice lines were infiltrated with Xoo PXO99A.  Leaves 
were collected at 4 hpi, and JA was measured by LC/MS.  F, relative expression of the JA responsive gene OsJAZ8.  The housekeeping 
gene OsACTIN was used as a reference gene.  Data represent the mean±SD (A) and mean±SE (B–F) of three biological replicates, 
and asterisks indicate significant differences (Student’s t-test, *, P<0.05; **, P<0.01; ****, P<0.0001).  Three independent experiments were 
performed in triplicate.
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redundancy and the presence of TALEs (Song and Yang 
2010; Sinha et al. 2013).  In previous studies, Xoo PH, a tal-
free derivative of PXO99A, was used to probe the function 
of TALEs from Xanthomonas spp. on susceptible and 
resistant rice cultivars (Ji et al. 2016; Xu et al. 2019).  Here, 
we establish a system to evaluate the effect of a single non-
TALE on virulence, and our approach eliminates possible 
interference by redundant TALEs.  

In this study, we found that XopM plays an important role 
in virulence.  It is worth noting that XopM is highly conserved 
in sequenced Xanthomonas genomes (Merda et al. 2017).  
Both genomic and transcriptomic analyses identified XopM as 
a core effector involved in overcoming basal immunity (Roux 
et al. 2015; Merda et al. 2017).  It was previously identified as 
a secreted protein with characteristics of non-TALE effectors, 
and experiments conducted in planta showed that xopM 
was co-expressed with T3SS genes (Schulze et al. 2012).  
XopM has been shown to inhibit MAPK-mediated cell death 
in N. benthamiana (Teper et al. 2015).  Collectively, these 
findings indicate that XopM is a conserved effector involved 
in the suppression of host immunity.  Our results showed 
that XopM interacted directly with OsAOS3 in planta and 
in vitro (Fig. 3).  The interaction observed predominantly in 
the cell membrane indicates that XopM might hijack OsAOS3 
to subvert its function by interfering with its localization to 
chloroplasts, which requires further study.  Inspection of 
the deduced protein sequence of XopMXoo failed to reveal 

Fig. 6  XopM interferes with the Xoo-elicited JA-mediated plant defense response.  A, comparison of JA levels in Nipponbare 
infiltrated with sterile water (mock-inoculated), Xoo PXO99A, PH-PthXo1, PH-PthXo1ΔM, and PH-PthXo1ΔM/M.  Columns labeled with 
different letters indicate statistically significant differences.  B–F, expression of downstream JA immune-response genes OsJAZ8, OsPBZ1, 
OsWRKY13, OsPR1, and OsPAL in Nipponbare rice infiltrated with sterile water (mock), Xoo PXO99A, PH-PthXo1, PH-PthXo1ΔM, and 
PH-PthXo1ΔM/M.  Each value represents the mean±SE.  Data were analyzed by one-way ANOVA (Tukey’s test, P<0.05).  Columns 
labeled with different letters indicate statistically significant differences.  Each experiment was performed three times with similar results.  

Fig. 7  Model showing how XopM interferes with JA-mediated 
immunity in rice.  In this paradigm, rice cells perceive conserved 
pathogen-associated molecular patterns associated with Xoo and 
trigger JA-mediated defense responses.  This leads to enhanced 
expression of defense genes (OsJAZ8, OsPBZ1, and OsWRKY13) 
and increased resistance to bacterial blight of rice.  Xoo subverts 
JA mediate defense response via the effector XopM, which targets 
allene oxide synthase OsAOS3.  As a result, the expression of 
downstream defense genes (OsJAZ8, OsPBZ1, and OsWRKY13) 
is reduced, resulting in disease development in rice.
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functional domains, so it remains unclear what portion of 
XopM interacts with OsAOS3.  

Allene oxide synthases belong to the P450 family and 
catalyze the production of 12,13-epoxy-octadecatrienoic 
acid (allene oxide), which is the first intermediate in the JA 
pathway (Kuroda et al. 2005).  Our results show that all four 
OsAOS genes can respond to Xoo infection, which indicates 
that these four genes may be involved in the plant-pathogen 
interaction.  Among these, osaos3 mutants exhibit a defect 
in JA biosynthesis compared to wild type, which indicates 
OsAOS3 plays an important role in JA biosynthesis and 
host resistance to Xoo and Xoc.  However, the role of other 
OsAOS genes in JA synthesis and disease resistance cannot 
be ignored.  For example, OsAOS2 has been reported to 
participate in JA biosynthesis and resistance to rice blast 
and bacterial leaf blight (Hui et al. 2023; Wang et al. 2023; 
You et al. 2023).  Some research studies have shown that 
OsAOS2 functions in plant immunity; for example, OsAOS2 
expression was induced by Xoo and positively regulated plant 
immunity (Hui et al. 2023).  OsAOS2 expression peaked at 
2 h after infection and then decreased to normal levels (Hui 
et al. 2023), which is consistent with our findings (Fig. 4-A).  
In addition, we found that the JA content with Xoo infection 
is higher than without infection in osaos3 mutants (Fig. 5-E; 
Appendix O), which indicates that the other three OsAOSs 
may also be involved in JA biosynthesis in response to Xoo 
infection.  These results suggest that OsAOS3 plays an 
important role in JA biosynthesis, while other OsAOS genes 
may play similar roles in JA biosynthesis and resistance, 
which may indicate a path forward for molecular plant 
breeding programs.  

Our work provides novel insights into JA-associated 
disease development.  We have identified a pathogen 
effector protein that targets a phytohormone enzyme, and 
the outcome is impaired plant immunity.  There is mounting 
evidence in support of phytohormone signaling pathways 
in plant defense against pathogens (Robert-Seilaniantz 
et al. 2011; Ding and Ding 2020; Kim et al. 2022).  The 
JA pathway is activated rapidly upon insect or pathogen 
attack, and a speedy response is imperative for immunity.  
Induced defense responses are closely associated with JA 
when plants are under attack by necrotrophic pathogens; 
for example, JA co-receptor CORONATINE INSENSITIVE 1 
(Coi1-1)  mutants show increased suscept ib i l i ty  to 
necrotrophic fungi (Thomma et al. 1998; Yan and Xie 2015).  
Moreover, recent evidence has shown that the JA signaling 
pathway also plays an important role in plant resistance 
against bacteria.  Overexpression of the JA biosynthesis-
related gene OsAOS1 conferred an elevated level of 
resistance to Xoo, which supports the role of the JA pathway 
in plant immune responses (Hou et al. 2019).  Consistent 
with this, our findings show that OsAOS3 mutants exhibited 
lower levels of endogenous JA and decreased resistance to 
Xoo and Xoc (Fig. 5-A, B, and E), suggesting that the JA-
mediated defense is effective against more than one bacterial 
pathogen.  As a counter measure, pathogens have evolved 
a variety of effectors that subvert host cell physiology and 
promote disease development by hijacking plant hormone 
components, and examples include the effectors XopC2 

and HopX1 from X. oryzae and Pseudomonas syringae, 
respectively (Gimenez-Ibanez et al. 2014; Peng et al. 2019; 
Wang et al. 2021).  This strategy also applies to virus-plant 
interactions; for example, the nonstructural proteins encoded 
by tomato spotted wilt orthotospovirus target the repressor 
TCP21 to decrease the function of phytohormone receptors, 
thereby promoting virulence (Chen et al. 2023).  Similarly, 
our results indicate that the introduction of XopM into the 
plant cell impairs JA-mediated defense by interacting with 
OsAOS3 (Fig. 7).  Collectively, these findings suggest that 
Xanthomonas employs multiple effectors to attack several 
targets in JA signaling pathways as a way to thwart the host 
immune system.  Since extensive crosstalk exists among 
phytohormone pathways, it remains possible that SA and/
or ET pathways are affected by disturbed JA-mediated 
defenses.

5. Conclusion
This study highl ights a novel virulence strategy for 
pathogenesis where XopM targets the JA biosynthetic 
enzymes OsAOS3.  Our results show that Xoo impedes JA-
mediated disease resistance in rice via XopM.  The findings 
described in this study further our understanding of the 
virulence mechanisms utilized by bacterial pathogens, which 
may be helpful in the context of improved disease control.
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