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Abstract
Background  Rice is a major food crop in China as well as Asia, yet its production is threatened by microbial diseases 
including blast disease caused by fungal pathogen (Magnaporthe oryzae) and bacterial blight caused by several 
bacterial pathogens. To screen for bacterial microbiota associated with rice blast occurrence, and/or contributing 
to disease resistance, we performed microbiota analysis with rhizosphere soil, root, stem, and leaf samples of blast 
susceptible (CO39) and resistant (Y33R) rice grown in a blast disease nursery garden.

Results  Our result showed no significant difference in microbiota of rhizosphere soil, root, or leaf between these 
two rice cultivars, but stem microbiota were significantly different. Pantoea spp. were enriched in stem of blast 
susceptible rice, suggesting that it may play a role after fungal infection. A total of 822 bacterial strains were isolated 
from the phyllospheric (including leaf and stem) samples of Y33R and CO39 rice. Based on 16S rRNA amplicon 
sequencing, and phylogenic analysis using 16S rRNA, gyrB, leuS, and rpoB gene sequences, the 3 isolated strains and 
1 strain were identified as P. ananatis and P. dispersa, respectively. The strains A25-H1 and B10-A1 were selected for 
genome sequencing, and based on Average Nucleotide Identity (ANI) analysis, we confirmed that A25-H1 was P. 
ananatis and B10-A1 was P. dispersa. The P. ananatis consortium (A25-F1, A25-G1, and A25-H1 combination) A25-11 
and P. dispersa strain B10-A1 displayed suppressive effect on blast disease when they were applied to the susceptible 
rice CO39. Although a P. ananatis strain SC7 has been reported to cause bacterial blight in rice, A25-11 or B10-A1 
was non-pathogenic to rice under experimental conditions. Furthermore, they could also suppress bacterial blight 
caused by SC7 or Xanthomonas oryzae pv. oryzae strain Pxo99A. A25-11 and B10-A1 did not affect the growth of M. 
oryzae mycelia in confrontation culture analysis, but induced transcription of rice immunity genes and promoted 
ROS accumulation, suggesting that the biocontrol effect of A25-11 or B10-A1 may lie on immunity priming. We 
further showed that A25-11 and B10-A1 possessed growth promoting capacity including indole 3-acetic acid (IAA) 
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Background
Rice (Oryza sativa L.) is one of the most important food 
crops for people worldwide [1]. Stable rice production is 
constrained by various biotic stresses, including blast dis-
ease, sheath blight, false smut, bakanae disease, bacterial 
blight, bacterial leaf streak, and virus diseases [2]. Among 
these diseases, the rice blast caused by Magnaporthe 
oryzae is one of the most devastating diseases affecting 
rice crops worldwide, leading to 10% to 30% losses of the 
global rice yield every year [3–5]. Rice bacterial blight 
is one of the most devastating bacterial diseases, which 
caused by the pathogens include Xanthomonas ory-
zae pv. oryzae (Xoo), Enterobacter asburiae, or Pantoea 
ananatis [2, 6]. The bacterial pathogens spread and prop-
agate within the rice through leaf veins, and cause water-
soaked spots on leaf tips and edges [7]. Chemical control 
and the development of resistant rice varieties can effec-
tively control rice blast and bacterial blight diseases [2, 
8]. However, chemical control is costly and harmful to 
the plant, environment and even consumers. Breeding 
of resistant rice cultivars (often based on a single gene) 
is time-consuming and normally not durable in the field, 
partially as a result of the high degree of pathogenic vari-
ability and fast evolution of the microbial pathogens 
[9–12]. Biological control is the most cost-effective, envi-
ronment friendly and the most sustainable long-term 
solution for managing rice diseases.

In natural environment, plants can recruit a large num-
ber of microorganisms in their different parts, includ-
ing the rhizosphere, phyllosphere, and endosphere [13]. 
These microbial communities are collectively coined 
as plant microbiomes or phytobiome [14, 15]. In recent 
years, the microbial communities in each rice compart-
ment have been investigated to understand their com-
position, diversity, and possible function in rice growth 
and/or resistance to biotic stresses [16]. A previous work 
determined the difference in phyllosphere and rhizo-
sphere bacterial composition, between healthy rice and 
the rice infected by the blast fungus M. oryzae [17, 18]. 
P. agglomerans, Acidovorax wautersii, and Burkholderia 
pyrrocinia with antagonistic effect on M. oryzae were 
showed to be enriched in the infected-rice [19]. It was 
also reported that the rice root-associated Bacillus cereus 
NJ01 enhances rice resistance against Xanthomonas 
infection [20]. Therefore, microbiota analysis provides 

an efficient way for identifying rice-associated biocon-
trol bacterial resources [21]. Interestingly, recent stud-
ies report that some Pantoea spp. are capable of causing 
the symptoms of leaf blight disease to crops including 
rice [22–24], while on the other hand, Pantoea spp. also 
include some beneficial strains [25–27]. The nature of 
association (beneficial or harmful) between Pantoea spp. 
and rice is not fully understood.

Understanding the fundamental mechanism of ben-
eficial microbes will facilitate robust microbiome-based 
applications for agriculture. Beneficial microbes help 
improve plant performance by their growth-promot-
ing capacity and/or immunity-priming [28, 29]. Sali-
cylic acid (SA) and jasmonic acid (JA) represent two 
most important phytohormones in regulation of plant 
immune responses [30]. Resistance to biotrophic patho-
gens primarily involves SA-dependent pathway, whereas 
resistance to necrotrophic pathogens is often associated 
with the JA-dependent pathway [31]. OsPR10, PBZ1, and 
NPR1 genes are involved systemic acquired resistance 
(SAR) in rice, mediated by SA pathway [32]. Trichoderma 
and endophytic fungi Phomopsis liquidambaris B3 were 
found to significantly induce the expression of OsPR10, 
thereby enhance rice resistance against bacterial and fun-
gal pathogens [33, 34].

In this study, we compared the bacterial microbiota of 
rhizosphere soil, root, stem, and leaf samples between 
blast susceptible (CO39) and resistant (Y33R) rice grown 
in a blast disease nursery garden. Significant altera-
tions of microbiome composition were detected in rice 
stem, suggesting that pathogen infection changed rice 
stem microbiome. Amplicon Sequence Variants (ASVs) 
belonging to Pantoea spp. were enriched in rice phyllo-
spheric part, and 3 P. ananatis strains and 1 P. disperas 
strain exhibiting no antagonistic effect on M. oryzae 
growth were isolated. Application of a simplified syn-
thetic community (SynCom) P. ananatis consortium 
A25-11 (combination of A25-F1, A25-G1, and A25-H1) 
or the P. dispersa strain B10-A1 on the susceptible rice 
CO39 promoted resistance to blast and bacterial blight 
diseases, which may mainly depend on plant immunity 
priming. More importantly, our field trials demonstrated 
that A25-H1 and B10-A1 could effectively control leaf 
and panicle blast, and thus of a great potential in trans-
lational outcomes. Overall, our study provides evidence 

production, phosphate solubilization, nitrogen fixation, and siderophore production. Under field condition, the 
consortium A25-11 and strain B10-A1 could effectively suppress leaf and panicle blast.

Conclusions  Overall, this study established a microbiome method for identifying the rice bacterial communities of 
agricultural significance, with capacity of rice disease management and/or growth promotion.

Keywords  Pantoea spp., Phyllospheric bacterial microbiota, Rice bacterial blight, Rice blast disease, Bio-control 
agents, Plant growth promoting (PGP)
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Fig. 1 (See legend on next page.)
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that pathogen-infection led to recruitment of ben-
eficial microbes rice, and offers a new strategy for the 
development of bio-control agents for maintaining rice 
productivity.

Results
Microbiota analysis and isolation of 4 Pantoea strains from 
rice phyllosphere
Following the work flow (Figure S1A-B), we sequenced 
the full-length 16S rRNA amplicons from the sampled 
rice roots, stems, leaves, and rhizosphere soil (details 
in Methods section). A total of 287,566 bacterial 16S 
rRNA amplicon sequences of high-quality were obtained, 
which could be assigned to 2,168 bacterial ASVs. Among 
them, the ASVs of rhizosphere soil, roots, stems, and 
leaves were 920, 1,186, 575, and 226, respectively. The 
alpha-diversity assessment based on Chao1 and Shan-
non index revealed that the bacterial diversity of Y33R 
stem was significantly lower than that of CO39 stem, 
and no significant difference was detected in bacterial 
microbiota of soil, root, or leaf between Y33R and CO39 
(Fig.  1A). Unconstrained principal coordinate analysis 
(PCoA) and Permutational multivariate analysis of vari-
ance (PERMANOVA) analyses revealed significantly 
different bacterial compositions in soil, root, and stem 
samples (Figs. 1B). Top 10 most abundant genera in rice 
stems include Aureimonas_A, Novosphingobium, Muci-
laginibacter, Herbaspirillum, and Pantoea (Figure S1C). 
To further determine which microbes were potentially 
associated with the health-disease status of rice, we con-
ducted a Linear discriminant analysis Effect Size (LEfSe) 
analysis, and identified a total of 17 microbial biomark-
ers in the stems of CO39 and Y33R (Fig.  1C). Among 
these, significant difference was found in Pantoea, with P. 
ananatis showing an absolute abundance of 376 in CO39 
versus 108 in Y33R, and P. dispersa showing an absolute 
abundance of 149 in CO39 but undetected in Y33R.

A total of 822 bacterial strains were isolated from the 
phyllospheric samples of Y33R and CO39 rice cultivars, 
among which 3 strains (A25-F1, A25-G1, and A25-H1) 
were identified as P. ananatis and 1 strain (B10-A1) as 
P. dispersa based on the 16S rRNA, gyrB, leuS, and rpoB 
gene sequences (Figure S2A). We selected A25-H1 and 
B10-A1 for genome sequencing. The Average Nucleotide 
Identity (ANI) analysis and the phylogenetic identifica-
tion (Fig. 1D) of these 2 strains were consistent with the 
analysis result using 16S rRNA, gyrB, leuS, and rpoB gene 

sequences for species classification (Figure S2A). P. anan-
atis strain A25-F1, A25-G1, and A25-H1 and P. dispersa 
strain B10-A1 were cultured on TSB agar plates. The 
colonies of A25-F1, A25-G1, and A25-H1 were round, 
yellow, opaque, and sticky, with neat edges (Figure S2B). 
The P. dispersa strain B10-A1 appeared round, yellow, 
opaque, smooth and shiny, and sticky and slippery (Fig-
ure S2B).

Suppressive effects of Pantoea strains on rice blast and rice 
bacterial blight diseases
Next, we tested the potential effect of Pantoea strains 
on rice blast. In the 1st test, we applied the P. ananatis 
consortium consisted of A25-F1, A25-G1, and A25-H1 
strains (hereafter named A25-11), P. dispersa strain B10-
A1, or the combination of the above Pantoea strains 
(A + B), to the soil and leaves of CO39 rice. At 24 h post 
Pantoea strains treatment, M. oryzae Guy 11 conidia 
were sprayed to the rice seedlings, and the leaf lesions 
were examined at 5 d post infection (dpi). We found that 
severe blast lesions were developed in the rice leaves 
pre-treated with LB medium (as a blank control), to 7–9 
grade (susceptible) according to the established standard 
scale [35]. However, pre-treatment with A25-11, B10-A1, 
or A + B, significantly suppressed blast lesion develop-
ment to around 4–6 grade (medium resistant) (Fig. 2A). 
We then removed the rice seedlings and kept the treated 
soils (A25-11, B10-A1, or A + B, respectively) for planting 
the rice seeds. When the rice seedlings grew to four-leaf 
stage, without soil drench or foliar application of Pantoea 
cultures, the M. oryzae conidia was directly sprayed on 
the rice seedlings and the lesion symptom was examined 
at 5 dpi. In the 2nd test, the rice seedlings grown in the 
LB pre-treated soil (from the 1st test) displayed severe 
leaf lesions (susceptible) and those grown in the Pantoea 
strain pre-treated soil (from the 1st test) were medium 
resistant to M. oryzae (Fig.  2A). We then detected the 
presence of Pantoea strains by PCR amplification of 
PANsp_atpD gene [36], using the rice leaves from the 2nd 
test. The result showed that the abundance of Pantoea 
spp. were significantly higher in the leaves of rice seed-
lings grown in Pantoea strain pre-treated soil, compared 
to those grown in LB pre-treated soil (Fig. 2B). Overall, 
these results indicated that Pantoea strains are able to 
persist in the soils and endowed the rice grown on such 
soil with better resistance to blast disease.

(See figure on previous page.)
Fig. 1  Microbiota analysis of blast susceptible and resistant rice. A Bacterial α-diversity in soil, root, stem, and leaf samples from CO39 and Y33R rice, 
shown as Chao1 (left) and Shannon index (right). The box plots indicate the median (center line), the 25th and 75th percentiles (box), and the range of 
non-outlier values (whiskers). ns: no significance (Wilcoxon Rank Sum Test analysis). B Bacterial β-diversity between CO39 and Y33R in each compartment 
(soil, root, stem, and leaf ), analyzed using PCoA. Statistical significance of the β-diversity variation was evaluated using PERMANOVA. C Differential abun-
dance of the bacterial microbiome community between CO39 and Y33R rice stems at the genus level obtained by LEfSe analysis. D Phylogenetic analysis 
of A25-H1 and B10-A1 at genome level based on ANI analysis



Page 5 of 18Sun et al. Environmental Microbiome          (2025) 20:137 

Given that Pantoea spp. include many strains reported 
as plant pathogens, e.g., SC7 strain that was reported to 
cause rice bacterial blight [6], we then tested virulence 
of A25-11 and B10-A1 towards rice, using Xoo strain 
Pxo99A and P. ananatis strain SC7 as positive controls. 
The result showed that, unlike the pathogenic strain 
Pxo99A or SC7, which caused yellowish brown lesions 
along the midvein of the infected rice leaves, neither 
A25-11 nor B10-A caused lesion on rice leaves, under 
28 °C (Fig. 3) or 22 °C (Figure S2C). Furthermore, appli-
cation of A25-11 or B10-A1 suppressed the blight lesion 
caused by Pxo99A or SC7 (Fig. 3A-B).

Taken together, the Pantoea strains isolated in this 
study are non-pathogenic to rice under experimental 
conditions. Moreover, they showed great potential as 

bio-control agents against blast and bacterial blight dis-
eases of rice.

Pantoea strains activated rice immunity
To investigate the biocontrol mechanism of these Pan-
toea strains, we determined whether A25-11 and B10-A1 
inhibited the mycelial growth of M. oryzae strain Guy11 
and Zhong1, respectively. Neither A25-11 nor B10-A1 
was capable of suppressing mycelial growth of fun-
gal strain Guy11/Zhong1 (Figure S2D). Also, they were 
unable to suppress the growth of pathogenic bacterial 
strain SC7/Pxo99A in confrontation culture (Figure S2E), 
indicating that their biocontrol effects were not due to 
direct suppression on the fungal or bacterial pathogens.

Furthermore, we noticed that when inoculated on the 
detached rice (CO39 or Y33R cultivar) leaves, A25-11 or 

Fig. 2  Pantoea strains suppressed rice blast disease. A Pathogenicity assay was performed by spraying the M. oryzae conidia (105/ml; 10 ml for each pot 
containing > 5 seedlings) to the CO39 rice seedlings. For the 1st test, A25-11 or B10-A1 (O.D.600 = 1.0), or combination (A + B) was respectively drenched to 
the soil (20 ml/pot) and sprayed to the rice leaves (10 ml/pot) at 1 d before M. oryzae infection. For the 2nd test, the germinated rice seeds were sowed in 
the pot containing the soils pre-treated with A25-11, B10-A1, or A + B from the 1st test, and spraying infected by M. oryzae conidia at 14th d of growth. For 
both 1st and 2nd tests, three biological repeats containing > 10 seedlings for each instance were performed, and disease symptoms were examined at 
5 d post infection. S: susceptible; MR: medium resistant. B qPCR for quantitatively analyzing the presence of Pantoea strains in phyllosphere of CO39 rice 
seedlings in the 2nd test. Mean ± S.D. was derived from three biological repeats. ** or ***: p < 0.01 or p < 0.001 vs LB (Student’s t-test)
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B10-A1 caused lesion mimic, which did not expand as the 
blast lesions caused by M. oryzae conidia inoculation on 
the susceptible rice CO39 (Fig. 4A; arrowheads). Further-
more, the Pantoea strains could also cause such lesion 
mimic on Nipponbare (NPB) and Zhonghua11 (ZH11) 
(Figure S2F). The lesion mimic was similar as the non-
expanded lesion caused by the fungal strain Guy11 or 
Zhong1 on the resistant rice Y33R (Fig. 4A; arrowheads). 
We infer that like incompatible interaction between M. 
oryzae and rice, inoculation of Pantoea strains may elicit 
rice immunity that restrict spread of the pathogen within 
the host cells.

To verify such, we measured transcriptional levels of 
immunity genes OsPR10 and PBZ1, in CO39 or Y33R 
leaves, inoculated with or without A25-11 or B10-A1. 
The result showed that A25-11 and B10-A1 inocula-
tion caused a significant increase in OsPR10 and PBZ1 

transcription in CO39 (Fig.  4B), which may account for 
the enhanced resistance of CO39 to blast fungus. For 
Y33R, the basal levels of OsPR10 and PBZ1 transcrip-
tion were significantly higher than CO39 (Fig. 4B), which 
may explain the higher level of blast resistance of Y33R 
compared to CO39, even without Pantoea treatment. 
Furthermore, we stained the Pantoea inoculated site 
of the CO39 or Y33R leaves with 3,3-diaminobenzidine 
(DAB) to visualize ROS accumulation. Heavy DAB stain 
appeared on the pre-treated sites of rice leaves inoculated 
with A25-11 or B10-A1 (Fig.  4C). Treatment with A25-
11 or B10-A1 triggered the ROS burst in rice (Fig.  4D). 
These results support that rice immunity is indeed 
induced by the Pantoea strains, likely contributing to rice 
resistance to blast disease.

Given that both OsPR10 and PBZ1 genes respond to 
salicylic acid (SA) signaling pathway upon pathogen 

Fig.  3  Pantoea strains suppressed rice bacterial blight. A Pathogenicity assay for A25-11 and B10-A1 strains at 28  °C, following the established leaf 
clipping inoculation method [37]. The known pathogenic strain Pxo99A and SC7 served as positive controls and LB as a blank control. Co-inoculation 
of Pxo99A + A25-11, Pxo99A + B10-A1, SC7 + A25-11, and SC7 + B10-A1, were used to test the bio-control ability of A25-11 and B10-A1 strains against 
rice bacterial blight. The inoculated leaves were cut from the seedlings and documented for blight symptoms at 14 dpi. Scale bar, 1 cm. B Quantitative 
analysis of blight lesion based on the results of (A) (n = 5). Mean ± S.D. was derived from three biological repeats. ***: p < 0.001 vs LB; ###: p < 0.001 vs Mock 
(Pxo99A); ×  ×  × : p < 0.001 vs Mock (SC7) (Student’s t-test)
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infection, to trigger programmed cell death of plant 
[33], we inferred that such immunity priming triggered 
by Pantoea strains may rely on SA pathway. To investi-
gate such, we applied the rice leaves with aminoindan-
phosphonic acid hydrochloride (AIP), the inhibitor of 
the phenylalanine ammonia-lyase (PAL) enzymes critical 
for phenylpropanoid and SA biosynthesis and thus the 
induction of plant defenses [38]. Application of AIP sup-
pressed the A25-11-based induction of OsPR10, PBZ1, 
and NPR1 genes, all of which are involved in SA-medi-
ated immunity pathway (Fig. 5A). Correspondingly, sup-
pression of leaf blast by A25-11 was compromised by AIP 
treatment (Fig. 5B), indicating that the immune priming 
function of A25-11 depends on SA signaling pathway in 
rice.

Growth promoting capacity of the Pantoea strains
To further rule out the possibility that the isolated Pan-
toea strains were pathogenic to plant, we then tested the 
enzyme activity for Peh (polygalacturonase), Cel (cel-
lulase), and Prt (protease), which are common bacterial 
virulence factors required for plant cell wall degradation, 
with the known pathogen Dickeya oryzae EC1 as a posi-
tive control and LB medium as a negative control. We 
found that A25-11 or B10-A1 did not display any enzy-
matic activity in these aspects, as no clear zones were evi-
dent at the margin of the holes inoculated with the cell 
culture of A25-11 or B10-A1 (Fig. 6A). Our results con-
firmed that these Pantoea strains are not pathogenic to 
rice, and could be used as biocontrol agents for protect-
ing rice from blast disease.

Furthermore, we found that A25-11 and B10-A1 were 
able to promote germination of rice seeds, as the rice 
shoots were obviously longer under treatment with 

Fig. 4  Pantoea strains promoted rice immunity. A Inoculation with A25-11, B10-A1, Guy11, or Zhong1, individually, on the detached rice leaves of CO39 
(susceptible to M. oryzae strain Guy11 or Zhong1) or Y33R (resistant to the 2 tested M. oryzae strains). Photographs were taken at 5 dpi. Arrowheads denote 
to the examples of lesion mimics that were not expanded. B RT-qPCR (Reverse transcription-quantitative PCR) for expression profiling of rice immunity 
genes OsPR10 and PBZ1 in the leaves inoculated with A25-11 or B10-A1. Relative expression was calculated using 2−ΔΔCT method, with OsACTIN as an 
internal control. Gene expression level in CO39 mock (rice leaves without inoculation of Pantoea strain) was set as “1”. Mean ± S.D. was based on three 
independent biological repeats. *, ***: p < 0.05, p < 0.001 respectively (Student’s t test). C DAB straining with the inoculated rice leaves. Scale bar = 100 µm. 
D ROS burst induced after treatment of A25-11 or B10-A1. Chitin (500 µg/mL) was used as a positive control. Mock: without treatment
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liquid-cultured strains (O.D.600 = 1.0), compared to those 
treated by TSB medium or H2O, at 3 d post germina-
tion (Fig. 6B; Table 1). At 7 d post germination, we found 
the rice roots were significantly longer under treatment 
of A25-11 or B10-A1, compared to un-treated seeds 
(Fig.  6C; Table  1). These results support a growth pro-
moting capacity of A25-11 and B10-A1 on rice.

A25-H1 and B10-A1 were capable of phosphate solu-
bilization, nitrogen fixation, siderophore production 
(Figure S3A) and indole-3-acetic acid (IAA) production 
(Figure S3B). The intracellular and extracellular levels 
of IAA from A25-11 and B10-A1 were further quantita-
tively analyzed by using an established LC–MS method 
[39]. The peak with the m/z ratio of 129.8 and molecu-
lar weight of 175.18, at a retention time (RT) of 4.6 min, 
corresponds to IAA (Figure S3C). A standard curve was 
generated with serial diluted IAA solutions (Fig. 6D) and 
the intracellular and extracellular IAA contents of A25-
H1 and B10-A1 were calculated (Fig. 6E).

We further examined transcriptional levels of Expan-
sin (EXP) family genes, encoding cell wall-loosening pro-
teins in response to elevated levels of IAA [40, 41], upon 
A25-11 or B10-A1 treatment. OsEXPA7, OsEXPB3, and 
OsEXPB7 were significantly up-regulated by A25-11 or 
B10-A1, to an extent comparable or even higher than 
IAA (100 µM) treatment (Figure S3D). This further con-
firmed that A25-11 and B10-A1 were able to produce and 
secrete IAA, which could be perceived by rice.

Overall, our findings indicated that the Pantoea strains 
isolated in this study possessed growth promoting ability.

Application of Pantoea consortium/strain under field 
conditions
Given that application of A25-11 and B10-A1 effectively 
suppressed leaf blast in laboratory settings (Fig.  2), we 
investigated the use of these strain/consortium under 
field conditions. Seeds of the susceptible rice CO39 were 
soaked in culture of A25-11, B10-A1, or A + B (high con-
centration: O.D.600 = 1.0, low concentration: O.D.600 = 0.5) 
before sowing and then transplanted to a blast nursery 
at the Yangjiang Baisha Experimental Station. When the 
seedlings were transplanted to the experimental plots, 
foliar spray of A25-11, B10-A1, or A + B was performed 
using high (O.D.600 = 1.0) or low (O.D.600 = 0.5) concentra-
tions. The well-known fungicide Tricyclazole was applied 
in parallel to compare its efficacy to that of A25-11 and 
B10-A1. At 21 d post transplanting, severe leaf blast 
symptoms developed on the LB-treated rice seedlings. 
However, application of A25-11 and B10-A1 at low con-
centration (O.D.600 = 0.5) significantly suppressed rice 
blast incidence, to an efficiency comparable to Tricy-
clazole treatment (Fig. 7A-C).

During the early booting stage, the A25-11 consortium 
or B10-A1 strain (O.D.600 = 0.5) was applied to the rice 
plants, and the severity of panicle blast was assessed at 
21 d post treatment. Tricyclazole was applied in parallel. 
Severe panicle blast symptoms (majority > 5 grade) were 
observed in the panicles of LB-treated rice, whereas the 
treatment with A25-11 or B10-A1 significantly reduced 
disease incidence (majority < 5 grade), exhibiting compa-
rable disease control efficacy as Tricyclazole (Fig. 7D-F).

Fig. 5  Salicyclic acid (SA) pathway mediates Pantoea strain based rice immunity priming. A RT-qPCR for expression profiling of rice immunity genes 
OsPR10, PBZ1 or NPR1 in the leaves under treatment with AIP, A25-11 or AIP + A25-11. Relative expression was calculated using 2−ΔΔCT method, with OsUBQ 
as an internal control. Gene expression level in mock (rice leaves without treatment) was set as “1”. Mean ± S.D. was based on three independent biological 
repeats. **, ***: p < 0.01, p < 0.001 vs Mock respectively; ##, ###: p < 0.01, p < 0.001 vs A25-11 respectively (Student’s t test). B The CO39 rice seedlings were 
treated with AIP (200 µM) for 24 h, then by LB (blank control) or A25-11 treatment. M. oryzae Guy11 conidia (105/ml; 10 ml for each pot containing > 5 
seedlings) were sprayed onto rice seedlings at 24 h post treatment with A25-11, and disease symptoms were examined at 5 dpi. Three biological repeats 
containing > 10 seedlings for each instance were performed, and representative images were displayed. S: susceptible; MR: medium resistant
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Fig. 6 (See legend on next page.)
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Comparative genome analysis with A25-H1 and selected P. 
ananatis strains
As P. ananatis include both pathogenic and benefi-
cial strains, we wonder whether the genomic character 
could reflect this divergence. Therefore we performed a 
phylogenomic analysis using OrthoFinder (v3.0.1) with 
A25-H1 genome and 18 P. ananatis genomes retrieved 
from the NCBI genome database. Single-copy ortholo-
gous protein sequences were extracted and aligned with 
MAFFT (v7.525). A maximum likelihood (ML) phyloge-
netic tree was subsequently constructed using IQ-TREE 
(v2.4.0) under the Q.PLANTFIR3 substitution model. 
A25-H1 is clustered with four rice endophytes and two 
rice pathogens (Figure S4A), suggesting that the close-
ness of genomic sequences is not determined by patho-
genic or non-pathogenic nature of the strains.

We further compared the genomes of four pathogens 
and four plant-growth-promoting (PGP) strains by gen-
erating a gene presence/absence matrix. The MCP II 
gene, encoding a Methyl-accepting chemotaxis protein II, 
was found to be ubiquitous present in all four PGP strains 
but absent in the four phytopathogenic strains (Table S1). 
We further detected and compare the presence of this 
MCP II gene in the three P. ananatis strains (A25-F1, G1, 
H1) obtained in this study, and the established patho-
genic strain SC7 [6], by PCR amplification. MCP II gene 
was present in A25-F1, G1 and H1 strains but not in SC7 
(Figure S4B), suggesting that this gene may potentially 
implicate functional divergence between PGP and patho-
genic P. ananatis strains.

Discussion
Plant-associated microbial communities exert profound 
impacts on soil health, plant vitality, and ecosystem sta-
bility. Driven by recent breakthroughs in multi-omics 
technologies, microbiome engineering tailored for agri-
cultural crops is rapidly evolving into a transformative 
frontier shaping the future of sustainable agriculture 
[42]. Plants can recruit beneficial rhizosphere microor-
ganisms when attacked by pathogens, a process known 
as the “cry for help” response [43, 44]. For example, 
Arabidopsis thaliana promotes or enriches the growth 
of specific beneficial microorganisms in the rhizo-
sphere following exposure to different plant pathogens 
[45–47]. After the pathogenic fungus Rhizoctonia solani 
infects sugar beets, Chitinophaga, and Flavobacterium 
are enriched in the roots to suppress the disease [48]. A 

significant enrichment of the dominant bacterium Steno-
trophomonas rhizome (SR80) was observed in Fusarium 
pseudograminearum-infected wheat. Interestingly, the 
study also showed that SR80 not only promoted wheat 
growth but also boosted wheat defenses, which occurred 
in the presence of the pathogen [49]. Current research 
has predominantly focused on the rhizosphere or root-
associated microbiomes, while studies on phyllosphere 
(leaf-associated) microbial communities remain relatively 
limited. The phyllosphere serves as a critical habitat for 
diverse microbial communities, including pathogens and 
the beneficial taxa that actively modulate host plant fit-
ness and growth resilience to abiotic or biotic stresses 
[50–54].

Rice is a major food crop for a significant population 
of the world, yet its production is threatening by blast 
disease caused by the fungal pathogen M. oryzae [55, 
56]. In this study, we attempted to investigate the func-
tion of microbial communities associated with rice in the 
occurrence of rice blast, based on microbiota analysis 
with rhizosphere soil, root, stem, and leaf of rice culti-
vars CO39 and Y33R. Our results showed that no signifi-
cant difference between susceptible (CO39) and resistant 
(Y33R) rice cultivar in bacterial microbiota associated 
with rhizosphere soil, root, or leaf, while difference exists 
in rice stem (Fig.  1A-B). Our findings suggest that the 
underground microbial communities may have less pro-
nounced impact on rice health and disease than above-
ground communities, which is consistent with what has 
been reported [57, 58]

Pantoea spp. are widely distributed in soil and may col-
onize in different plant hosts including rice [6, 26, 59]. P. 
ananatis contain beneficial strains with growth promot-
ing capacity [26, 60], by producing amino acid and useful 
secondary metabolites [61], as well as pathogenic strains 
causing plant diseases [62] including rice bacterial blight 
[6]. In this study, Pantoea spp. were found to be signifi-
cantly enriched in CO39 rice phyllosphere (Fig.  1C). 
Simultaneously, we isolated several Pantoea strains from 
rice phyllosphere, including 3 strains of P. ananatis and 
1 strain of P. dispersa (Fig.  1D, S2A-B). The P. ananatis 
consortium A25-11 and P. dispersa strain B10-A1 dis-
played suppressive effect of rice blast disease (Fig.  2) 
and rice bacterial blight (Fig.  3), but not pathogenic to 
rice (Fig.  3B and S2C). Furthermore, A25-11 and B10-
A1 were able to promote rice seed germination and root 
growth (Fig. 6B-C; Table 1), likely due to IAA production 

(See figure on previous page.)
Fig. 6  Assessment of virulence factors and growth promoting capacity of Pantoea strains. A Detection of virulence factors Cel, Prt, and Peh. Fresh cultures 
(O.D.600 = 1.0) of A25-11, B10-A1, or EC1 (positive control) was introduced to the wells in the assay plates, with LB medium as the negative control. All the 
experiments were repeated three times. Promotion of rice shoots and roots B and C by treatment with A25-11 or B10-A1. Photographs were taken at 
3 d (B) or 7 d (C) post germination, respectively. H2O and TSB medium served as blank controls. D Standard curve generated by using serial diluted IAA 
solutions (respectively containing 0.1, 0.5, 1, 5, 10, and 50 pmol IAA). E Quantification of IAA produced by A25-H1 and B10-A1. Mean ± S.E. was derived 
from three biological repeats. **, ***: p < 0.01, p < 0.001 vs Untreated A25-H1 sample respectively; ##, ###: p < 0.01, p < 0.001 vs Untreated B10-A1 sample 
respectively (Student’s t test)
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by these strains (Fig. 6E, S3B-C). Expansins are cell-wall 
loosening proteins to modulate plant cell wall flexibility 
during growth, abiotic or biotic stresses (including patho-
gen attack) [63]. Some members of EXP family genes are 
induced by elevated IAA level [41], which plays a role 
in plant resistance or susceptibility to pathogens. It has 
been reported that phytol activates EXP-A20 that medi-
ates maize defense responses against the pest Ostrinia 
furnacalis [64]. Exogenous application of IAA facilitates 
mycorrhizal symbiosis through regulation of EXP family 
gene expression [65]. Therefore, IAA may play a dual role 
in regulating plant growth and microbe-plant interaction. 
In this study, we found that both the A25-11 consortium 
and B10-A1 strain were able to significantly induce the 
expression of OsEXPA7, OsEXPB3, and OsEXPB7 in rice, 
likely contributing to colonization of the biocontrol bac-
teria and/or promoting disease resistance.

Our result further demonstrated that the biocontrol 
effect of A25-11 and B10-A1 were not based on sup-
pression of the growth of fungal or bacterial pathogens 
(Figure S2D-E), but may depend on immunity priming, 
as OsPR10 and PBZ1 genes in rice were significantly up-
regulated and ROS accumulated after treatment with 
A25-11 or B10-A1 (Fig. 4B-D). OsPR10 and PBZ1 genes 
are involved in SA-mediated systemic acquired resistance 
(SAR) to protect rice from diseases [32]. As an inhibitor 
of phenylalanine ammonia-lyase (PAL), AIP effectively 
suppresses SA biosynthesis, ROS generation, and patho-
genesis-related (PR) gene expression in Gossypium hirsu-
tum [66] and in rice [38]. Our results demonstrated that 
AIP application counteracted the A25-11 based immu-
nity priming against blast fungus (Fig. 5), suggesting that 
A25-11 activates rice defense response likely through SA 
signaling pathway.

Although both the plant and soil associated microbi-
ome have been studied over the decades, the efficiency 
of translating the laboratory and greenhouse findings to 
the field is largely dependent on the ability of the ben-
eficial microorganisms to colonize the soil and maintain 

stability in the ecosystem [67]. Our study specifically tar-
gets foliar diseases as the primary focus of pathological 
investigation. We proved that the A25-11 and B10-A1 
inoculated soil could be used for growing the next batch 
of rice, and endowed the newly planted rice with resis-
tant to blast disease without treatment of fresh A25-11 
and B10-A1 cultures (Fig. 2). Furthermore, A25-11 con-
sortium and B10-A1 strain provided substantial protec-
tion against blast disease (both leaf and panicle blast) in 
the fields, under the natural climatic conditions as air 
temperature ranging from 21 to 33  °C and mean rela-
tive humidity ≥ 80%, and slightly acidic soils in the dis-
ease plots (pH = 5.5–7.0). We conclude that the Pantoea 
strains obtained in this study could exert ideal biocon-
trol effect under such climatic and soil conditions, while 
it remains to be determined for the suitability of these 
strains in other types of soils and climatic conditions.

Conclusions
In summary, this study unveiled that the diseased rice 
recruited more beneficial phyllosphere microbes, among 
which the Pantoea strains (A25-F1, A25-G1, A25-H1, 
and B10-A1) can be used as new resources for control-
ling both rice fungal and bacterial diseases, depending 
on their significant effect in triggering rice immunity 
responses rather than direct antagonism against the 
microbial pathogens. The immunity-priming capacity 
of the Pantoea strains may lie on induction of SA-medi-
ated systemic resistance. Overall, this study advances 
our mechanistic insight into how microbes impact plant 
health and productivity.

Methods
Sample collection and 16S rRNA amplicon analysis
The blast susceptible (CO39) and blast resistant (Y33R) 
rice were grown in a rice blast nursery of Yangjiang Insti-
tute of Agricultural Sciences (Baisha) Experimental Base 
(111°50′E, 21°52′N) (Figure S1A). Analysis of bacterial 
microbiota was performed on rhizosphere soil, root, 
stem, and leaf of CO39 and Y33R using full-length 16S 
rRNA amplicon sequencing. Meanwhile, bacterial strains 
were isolated and identified from these samples (the 
working flow scheme shown in Figure S1B).

To amplify the full-length sequence of the 16S rRNA 
gene, the primers 27F (5’-AGRGTTYGATYMTG-
GCTCAG-3’) and 1492R (5’-YGRTACCTTGTTAC-
GACTT-3’) were used to perform PCR amplification [68]. 
The ddH2O was used as extraction blank control during 
DNA extraction and no template control during PCR 
amplification. The amplified products were then used 
for library construction and sequenced by the PacBio 
Sequel I high-throughput sequencing platform to obtain 
high-quality single-end full-length 16S rRNA sequence 
data. The raw sequencing data underwent preliminary 

Table 1  Growth promoting capacity of Pantoea consortium/
strain
Treatment Rice shoot lengtha (cm) Rice root lengthb (cm)
H2O CO39: 0.78 ± 0.19 B

Y33R: 0.96 ± 0.05 B
–

TSB CO39; 0.62 ± 0.06 B

Y33R: 0.90 ± 0.11 B
5.60 ± 0.12 C

A25-11 CO39: 1.44 ± 0.09 A

Y33R: 1.37 ± 0.04 A
7.25 ± 0.43 B

B10-A1 CO39: 1.75 ± 0.06 A

CO39: 1.45 ± 0.03 A
10.52 ± 0.19 A

a Rice shoot length was measured at 3 d post germination
b Rice root length was measured at 7 d post germination

For a-b, mean ± S.D. was derived from three biological repeats, and different 
capitalized letters denote statistically significant difference (p < 0.05) in each 
category
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Fig. 7 (See legend on next page.)
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quality control through fastplong (v0.2.2, with default 
settings) to evaluate the quality of the sequences and 
remove low-quality data. Subsequently, cutadapt (v4.5) 
software was used to accurately remove primers at both 
ends of the sequence to obtain filtered high-quality effec-
tive sequences. For the preprocessed effective sequences, 
DADA2 plugin with the denoise-ccs method in QIIME 
2 (v2023.9.1) was used to denoise and remove chimeras 
and redundancy. Finally, a high-resolution ASV table 
and representative sequences were generated. Taxo-
nomic analysis of ASVs was performed using the DADA2 
assignTaxonomy function with three reference databases 
(SILVA v138.1, GTDB r207, and RefSeq + RDP). The 
Naive Bayes classifier was employed to assign taxonomy, 
and the most reliable annotation was selected for each 
ASV. The R package microeco (v1.8.0) was used to cal-
culate and visualize alpha and beta diversity. The com-
position of microbial communities was analyzed at the 
genus level and the results were visualized using ggplot2 
(v3.5.1). Lefse method [69] was used to identify microbial 
genera with significant differences between groups.

Plant materials, fungal and bacterial strains, media, and 
growth conditions
Rice cultivars used in this study included CO39 (suscep-
tible to Guy11) and Y33R (resistant to Guy11). M. oryzae 
strain Guy11 was used for pathogenicity assay. M. oryzae 
strains were grown on prune agar medium (PA, 40 mL/
liter prune, 2.5 g/liter sucrose, 2.5 g/liter lactose, 1 g/liter 
yeast extract, 1.5% wt/vol agar, final pH 6.5 ± 0.2). Pantoea 
strains A25-F1, A25-G1, A25-H1, and B10-A1 were iso-
lated in this study. P. ananatis strain SC7 [6], Xoo strain 
Pxo99A [6], and D. oryzae EC1 [70] were lab collections.

Isolation of the bacteria strains from rice phyllosphere 
was carried out using an established method previously 
described [28, 71, 72]. Rice leaves were washed with ster-
ile water to remove dirt, and then cut into small pieces 
(0.5 to 1 cm2) and subjected to surface disinfection with 
70% ethanol solution for 30  s, 5% sodium hypochlorite 
for 1 min, and sterile water wash three times. The cutted 
tissues were placed onto Tryptic Soy Broth (TSB, 17  g/
liter tryptone, 3  g/liter soya peptone, 5  g/liter sodium 
chloride, 2.5  g/liter dipotassium hydgrogen phosphate 
anhydrous, 2.5  g/liter dextrose, final pH 7.0 ± 0.2) for 

incubation at 28 °C for 24 h. Bacterial colonies from the 
plates were respectively streaked onto fresh plates for 
purification and grown in TSB medium with shaking at 
200 rpm overnight for preservation.

Luria–Bertani (LB, containing 10  g/liter typtone, 5  g/
liter yeast extract, and 10 g/liter NaCl) agar (1.5% wt/vol) 
was used for culturing Pantoea strains, at 28 °C, 200 rpm 
for 12–16  h, for rice bacterial blight disease assay and 
bacteria confrontation culture.

For detection of virulence factor Peh, Cel, and Prt, the 
following assay media were used: Peh assay medium: 
0.5% polygalacturonic acid, 0.2% sucrose, 0.2% ammo-
nium sulfate, pH 5.5, 1.5% agarose. Cel assay medium: 
0.1% carboxymethyl cellulose, 0.38% sodium phosphate, 
pH 7.0, 0.8% agarose. Prt assay medium: 1% non-fat milk, 
0.5% yeast extract, 1% typtone, 1% sodium chloride, pH 
7.0, 1.5% agar.

The rice seeds were disinfected with 75% alcohol, 
washed three times with ddH2O, resuscitated in a shak-
ing platform at 28  °C for 3–4  h, and incubated under 
humid conditions for 2–3  days. The germinated seeds 
were planted in pond mud accompanied by matrix soil, 
and cultured under alternate dark: light cycle (12 h:12 h) 
in rice room at 28 °C for 2–3 weeks.

The wild-type strain of M. oryzae, Guy11, and Zhong1, 
were cultivated on rice flour (20  g/liter rice flour, 2  g/
liter yeast extract) agar (1.5% wt/vol) medium at 25 °C for 
3 days in the dark, followed by growth under a 12 h light 
/ 12 h dark photoperiod for 7 days to induce conidiation. 
The conidia suspension was adjusted to 105 conidia/mL 
before inoculation to rice leaves or seedlings.

Phylogenetic analyses of Pantoea strains
The 16S rRNA, gyrB, leuS, and rpoB gene sequences of 
A25-F1, A25-G1, A25-H1, and B10-A1 strains were 
amplified by PCR using Green Taq Mix (Vazyme, Nan-
jing, China) and the primers listed in Table  2, with the 
following amplification conditions: 1 cycle at 95  °C for 
3 min, 30 cycles at 95 °C for 15 s, 62 °C for 15 s, and 72 °C 
for 60  s/kb, followed by 1 cycle at 72  °C for 5 min. The 
amplified DNA fragments were sequenced by Sangon 
Biotech. BLAST was performed to analyze sequence 
identity between the sequenced fragments and the 
sequences retrieved from GenBank database. MEGA 

(See figure on previous page.)
Fig. 7  Control of leaf and panicle blast by Pantoea strains in field condition. A Treatment with Pantoea strains/consortium (A25-11, B10-A1, or A + B) in 
experiment plots. Fresh cultures of A25-11, B10-A1, or A + B, of high (O.D.600 = 1.0) or low (O.D.600 = 0.5) concentration were sprayed uniformly onto rice 
seedlings. Tricyclazole served as the positive control and LB medium as the negative control. Leaf blast symptoms were photographed at 21 d post treat-
ment. B Leaf blast scale for different susceptibility levels (low: 0–3 grade; medium: 4–6 grade; high: 7–9 grade) following the established standard [35]. C 
Statistical analysis of leaf blast scale for the tested rice seedlings in experiment plots. Percentage (%) represents number of leaves out of 300 leaf blades 
assessed for each instance. D Panicle blast scale for different susceptibility levels following the established standard [35]. E Treatment with Pantoea strains/
consortium (A25-11, B10-A1, or A + B) in experiment plots. Fresh cultures of A25-11, B10-A1, or A + B, of O.D.600 = 0.5, were sprayed uniformly onto rice at 
the booting stage. Tricyclazole served as the positive control and LB medium as the negative control. Leaf blast symptoms were photograghed at 21 d 
post treatment. F Statistical analysis of panicle blast scale for the tested rice in experiment plots. Percentage (%) represents number of panicles (n = 150) 
for each instance
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5.1 was used for comparison analysis, and the 4 gene 
sequences were integrated for constructing the phyloge-
netic tree using NJ method, with bootstrap set as 1000 
times. The reference species and gene accession numbers 
are listed in Table 3.

Genome of A25-H1 and B10-A1 strains were 
sequenced by the second-generation paired-end Illu-
mina sequencing platform, and MaSuRCA (v4.1.0) was 
used for genome assembly. The proteomes of 37 Pan-
toea spp. were downloaded from the NCBI database, 

and used for phylogenetic analysis with A25-H1 and 
B10-A1. Single-copy orthologous genes were identified 
using Orthofinder (v3.0.1b1), and MAFFT (v7.520) was 
used to perform multiple sequence alignments for each 
single-copy orthologous gene. The multiple sequence 
alignments were trimmed using Trimal (v1.5.0) and con-
catenated. A phylogenetic tree was then constructed with 
IQ-TREE2 (v2.3.1) to infer the evolutionary relation-
ships among the genomes. Meanwhile, in order to quan-
titatively evaluate the similarity of A25-H1 and B10-A1 
with other genomes, we used FastANI (v1.34) to calcu-
late their ANI (Average Nucleotide Identity) values. 
Finally, the visual analysis of the phylogenetic tree and 
ANI values was completed through iTOL ​(​​​h​t​t​p​s​:​/​/​i​t​o​l​.​e​
m​b​l​.​d​e​/​​​​​) for visual display and further explanation of the 
results. KEGG map of tryptophan metabolism made with 
KOALA (https://www.kegg.jp/, version 3.1, with default 
settings).

Phylogenetic analysis based on the whole genome 
sequences was conducted using OrthoFinder (version 
3.0.1). Single-copy orthologous protein sequences were 
extracted and aligned using MAFFT (version 7.525). A 
maximum likelihood (ML) phylogenetic tree was then 
constructed using IQ-TREE (version 2.4.0) with the 
Q.PLANTFIR3 substitution model and 1,000 bootstrap 
replicates. Eight selected genomes were annotated using 
Prokka (version 1.14.6) and subsequently analyzed by 
using Roary (version 3.13.0) under a strict gene cluster-
ing mode to identify homologous gene clusters among 
strains and to generate a gene presence/absence matrix. 
This matrix was used to compare gene content variation 
among different strains.

Disease assays
For blast disease assay, rice seedlings grown in the pots 
up to the four-leaf stage, and M. oryzae conidia suspen-
sion (105/mL; 80  mL/pot) was sprayed to the seedlings, 
according to the established method [73, 74]. Three bio-
logical repeats each with no less than 5 rice seedlings was 
performed. The sprayed seedlings were incubated in a 
dark dew chamber at 25 °C and 95% relative humidity for 
24 h, and subsequently transferred to a moist greenhouse 
with a cycle of 12 h light / 12 h dark at 25  °C to 28  °C. 
The disease symptoms were observed and photographed 
on the 7th day. For inoculation using the detached rice 
leaves, the 2-week-old rice leaves were cut and placed in 
clean and square petri dishes. M. oryzae conidia suspen-
sion (105/mL; 20 µL/droplet) [75] or cultures of A25-11, 
B10-A1 strain (O.D.600 = 1.0; 20 µL/droplet) were inocu-
lated onto the detached leaves, incubated at 25 °C under 
dark for 24 h and then under dark:light cycle (12 h:12 h) 
for 5–6 days before photographing.

For bacterial blight disease assay, fully expanded leaves 
of rice plants (6  weeks old) were inoculated using a 

Table 2  Primers used in this study
Gene 
name

Primer sequence (5’-3’)

16S rRNA F: AGAGTTTGATCATGGCTCAG
R: AAGGAGGTGATCCAACCGC

gyrB F: GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAARTTYGA
R: AGCAGGGTACGGATGTGCGAGCCRTCNACRTCNGCRT-
CNGTCAT

leuS F: CAGTGGTTTATCAAAATCACC
R: GGATAACCGGAAGCTGATCTT

rpoB F: GGCTGAAAACCAGTTCCGCGT
R: CCAGAGAGACACACGGCATCT

PANsp_
atpD

F: GATGAACGAGCCGCCGGGTA
R: GCCAGCGTTGGCTGATAACC

OsACTIN F: GTGGTCGCCCCTCCTGAAAG
R: GGCTTAGCATTCTTGGGTCCG

OsUBQ F: AAGAAGCTGAAGCATCCAGC
R: CCAGGACAAGATGATCTGCC

OsPR10 F: CCTCAGCCATGCCATTCAG
R: CTTGTCCACGTCCAGGAACTC

PBZ1 F: GCTACAGGCATCAGTGGTCA
R: GACTCAAACGCCACGAGAAT

NPR1 F: TGGCAGGTGAGAGTCTACGA
R: AGGTGGATTTGCACCAGAAC

OsEXPA7 F: TGCCCATGTTCCTCCACATC
R: CGTGATCAGCACCAGGTTGA

OsEXPB3 F: GTCTACCGTTCTTTCGTCCAGT
R: CCATACAATACCGAGGGAGAGC

OsEXPB7 F: CTCCATCGTCCAGTTCGACTAG
R: GCATATACGCACTGAAACGGAC

MCP II F: CACCAAATCCGATAACCTGA
R: GCTACCTGCCGAAACTATCA

Table 3  Gene sequences used for phylogenetic analysis
Species 16S rRNA gyrB leuS rpoB
P. ananatis JF756690.1 MW981331.1 MW981336.1 MW436597.1
P. 
agglomerans

AY741162.1 OR544063.1 KU168122.1 LC722493.1

P. allii OL911051.1 MZ299242.1 MN065823.1 GU458429.1
P. stewartii OR616746.1 MH300621.1 EU010051.1 MH479188.1
P. dispersa MT826239.1 OM863796.1 OR881882.1 OM792196.1
P. calida KF555071.1 KF554595.1 KF482640.1 GQ892190.1
P. vagans PQ740424.1 OP272647.1 KF482636.1 OP272662.1
E. coli AY776276.1 KJ868400.1 EU010053.1 JX471606.1

https://itol.embl.de/
https://itol.embl.de/
https://www.kegg.jp/
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leaf-tip clipping method [37]. The bacterial cells (A25-
11, B10-A1, SC7, and Pxo99A) were streaked out on TSB 
plates and incubated at 28  °C for 2–4 d. The cells were 
harvested from the plates and re-suspended in steril-
ized PBS solution (O.D.600 = 1.0). Scissor blades were 
immersed in bacterial cell suspension and used to clip 
about 2  cm from the leaf tip. All the inoculated plants 
maintained under plant growth chamber (28  °C; 80 to 
85% relative humidity). The lesion lengths were measured 
14 d after inoculation [37]. Three replications with about 
ten leaves from two to five plants per replicate were inoc-
ulated per strain.

Rice CO39 seeds were soaked with A25-11, B10-A1, or 
A + B co-culture (O.D.600 = 0.5 or 1.0) for 24  h, then the 
gernimated seeds were planted into the blast nursery of 
Yangjiang Baisha Experimental Station. At the time of 
transplanting rice seedlings to the experimental plots, 
foliar application of high-concentration (O.D.600 = 1.0) or 
low-concentration (O.D.600 = 0.5) suspensions of A25-11, 
B10-A1, or A + B were performed. Leaf blast symptom 
was documented and photographed at 21 d post treat-
ment. During the early booting stage, A25-11 consortium 
or B10-A1 strain (O.D.600 = 0.5) was applied to the rice 
plants, and the severity of panicle blast was assessed at 
21 d post treatment. Tricyclazole fungicide and LB were 
employed as the positive and negative control treatments, 
respectively, in the experiment.

Confrontation culture
Confrontations between Pantoea strains and M. oryzae 
strains were performed on PA medium. A disc of agar 
from the edge of the M. oryzae strains colony was cut and 
placed in the center of the Petri dish. An aliquot of 1.0 µL 
of Pantoea A25-11 or B10-A1 (O.D.600 = 0.6) was spotted 
evenly around the periphery of M. oryzae. The Petri dish 
was then incubated in darkness at 28 °C for 7 days before 
photograph. Confrontations between Pantoea strains and 
leaf blight strain SC7 or Pxo99A were performed on LB 
agar medium. An aliquot of 1.0 µL of bacterial suspension 
(O.D.600 = 0.6) was spotted equidistantly on the Petri dish 
with LB agar medium. The Petri dish was then incubated 
in darkness at 28 °C for 3–4 days before photograph.

ROS determination
Two-week old rice leaves were excised to four 2-mm-
diameter leaf discs and placed in a pre-filled 96-well 
microplate (black plate with white wells) containing 
ddH2O (200 µl/well). The plate was incubated statically in 
the dark at 28 °C for 8–14 h to dissipate ROS generated 
by wounding. After removing ddH2O from the micro-
plate, a 200 µL reaction mixture containing the tested 
bacterial cells (final O.D.600 = 0.1) and ROS assay buffer 
[0.2  mM L-012 (Wako, Japan), 10  µg/mL HRP (Sigma, 
USA), 50 mM Tris–HCl, and 0.03% Tween 20] was added 

to each well. Chitin at a final concentration of 500  µg/
mL was served as the positive control, while ddH2O used 
for suspending the tested bacterial cells was used as the 
negative control. Chemiluminescence was detected in a 
Varioskan LUX microplate reader (Thermo Scientific, 
USA) within 1  h. Program settings: 5-s orbital shaking 
(medium intensity, 180  rpm), kinetic cycles (120  min, 
120 s/cycle), and chemiluminescence detection (1 s/well).

Virulence factor determination
Production of Cel, Prt, and Peh was determined by using 
their assay medium respectively following the established 
methods [76] with minor modification. Briefly, the assay 
plate of Cel, Prt, and Peh was prepared by pouring about 
30 ml of their assay medium to a 100 × 100 mm petri dish. 
After solidification, 5-mm diameter wells were intro-
duced on the prepared assay plate. An aliquot of 20  µl 
of fresh cell culture of EC1 (positive control), A25-11, or 
B10-A1 grown in LB medium at O.D.600 of 1.0 was added 
to the wells in the assay plate. The LB medium was also 
added to a well in each plate as a negative control. For Cel 
assay, the plates incubated at 28 °C for 16 h were stained 
with 0.1% Congo red (wt/vol) for 10 min and then decol-
ored with 1 M NaCl for multiple times. The plates were 
photographed when the clear zone created by EC1 was 
visible. For Prt assay, the plates were photographed after 
incubating at 28  °C for 16  h. For Peh assay, the plates 
incubated at 28  °C for 24  h were treated with 1  M HCl 
for multiple times. The plates were photographed when 
the clear zone created by EC1 was visible. Each assay was 
repeated at least three times.

qPCR (quantitative PCR) and RT-qPCR (Reverse 
transcription-quantitative PCR) assays
Surbiopure Plant Genomic DNA Purification Kit (catalog 
number: 031602-1C08) was used for total DNA extrac-
tion from two-week old rice samples. Verification of 
Pantoea biomass in rice leaves were performed by qPCR 
using primers targeting PANsp_atpD gene (Table 2).

For assessment of rice immunity gene expression under 
treatment by Pantoea strains, RT-qPCR analysis was per-
formed. The culture of A25-11 or B10-A1 (O.D.600 = 0.5) 
was inoculated on detached rice leaves for 48 h, and total 
RNA was extracted from rice leaves by using Easypure® 
Universal Plant Total RNA Kit (TRANS. Catalog Num-
ber: ER302-02). RNA integrity was verified through 1% 
agarose gel electrophoresis. First-strand cDNA synthe-
sis was performed with HiScript® III RT SuperMix kit 
(Vazyme, R323-01), followed by qRT-PCR using SYBR 
qPCR Master Mix (Vazyme, Q711-02), on a QuantStu-
dio 6 Flex Real-Time PCR System (Thermo Fisher Scien-
tific). The relative fold changes were calculated using the 
2–ΔΔC(t) method [77]. At least three independent biologi-
cal repeats were performed for each instance.
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Measurement of IAA
The Pantoea strains were cultured in TSB supplemented 
with 1 mg/mL L-tryptophan. The culture was incubated 
with shaking at 180 rpm in 28 °C for 3 days to reach an 
O.D.600 of about 2.0. The supernatant collected after cen-
trifugation was adjusted to pH 3.0 and then extracted 
twice with an equal volume of ethyl acetate. Meanwhile, 
the harvested cells whose wet weight have been mea-
sured were suspended with PBS, subjected to vacuum 
disruption, and then centrifuged for collecting the super-
natant, which was also adjusted to pH 3.0 and extracted 
twice with an equal volume of ethyl acetate. The ethyl 
acetate phase was vacuum-concentrated and re-dis-
solved in methanol for LC–MS analysis of intracellular 
and extracellular IAA contents following the established 
method [39].

Chemical treatments
Aminoindan-phosphonic acid hydrochloride (AIP, CAS: 
1,416,354–35-2) was purchased from Shanghai Alad-
din Biochemical Technology Co., Ltd (catalog num-
ber: A587182-250  mg). The fungicide 20% Tricyclazole 
(CAS: 41,814–78-2) was purchased from Jiangmen Plant 
Protection Co., Ltd. (pesticide registration number: 
PD20130273). AIP was dissolved in dimethyl sulfoxide 
(DMSO) to prepare a 400 mM stock solution, and diluted 
in distilled water to reach the working concentration 
(200  μM) For foliar application, 20  ml of AIP solution 
containing 0.02% (v/v) Tween 20 surfactant was sprayed 
over ten plants. For soil drench application, 5 ml of AIP 
solution was applied to saturate the soil per plant.

Statistical analysis
Statistical analyses were performed with GraphPad_
Prism 8. DPS 9.01 software, and one-way analysis of vari-
ance (ANOVA) tests or Student’s t-test was carried out. p 
values < 0.05 were considered as statistically significance.
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