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Abstract 

Recent studies have revealed that certain Enterobacter species can induce rice leaf blight symptoms resembling those 
caused by Xanthomonas oryzae pv. oryzae, the primary etiological agent of bacterial blight, which poses a significant 
threat to global rice production. In this study, we refer to the leaf blight caused by Enterobacter as rice bacterial leaf 
wilt to differentiate it from other diseases. To understand the pathogenic mechanisms of these emerging pathogens, 
we sequenced the complete genomes of three representative Enterobacter spp. strains, designated FY158, RG1, 
and SC1, and performed comprehensively comparative genomic analyses. Our findings reveal that strains FY158 
and SC1, respectively isolated from Zhejiang and Sichuan Provinces, both belong to E. pseudoroggenkampii, a species 
previously known only from clinical samples. Strain RG1 isolated from Guangdong Province shares the closest phylo-
genetic relationship with E. asburiae. Moreover, we found that the secondary metabolites aryl polyenes, aerobactin, 
and enterobactin are associated with the pathogenicity of these Enterobacter strains on rice. The complete genome 
sequences provide a solid foundation for investigating the pathogenic processes of Enterobacter spp. associated 
with rice leaf wilt, and also contribute to the comparative genomic understanding of the genus Enterobacter.
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Background
Rice, a globally significant staple crop that feeds over 
half of the world’s population (Huang et al. 2012), is pre-
dominantly cultivated in tropical and subtropical regions 

where it faces persistent threats from various patho-
genic microorganisms (Baker et al. 1992; Liu et al. 2014). 
Among these pathogens, Xanthomonas oryzae pv. oryzae 
(Xoo)-induced bacterial blight (BB) represents one of the 
most devastating diseases, capable of causing severe yield 
losses up to 50% by impairing rice growth and reproduc-
tive development (Liu et  al. 2014). First documented in 
1884 in Japan’s Fukuoka region, BB was introduced to 
China in the 1930s and had spread across ten southern 
provinces by the end of the 1950s (Mew 1993). Today, 
this disease has become endemic in virtually all rice-
growing regions worldwide (Naqvi 2019).

The canonical pathogen Xoo, identified in 1911 (Mizu-
kami and Wakimoto 1969), typically invades rice leaves 
through hydathodes or wounds, colonizing the intercellu-
lar spaces of the underlying epithelium before spreading 
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systemically through xylem vessels. The bacterium then 
moves through the veins of leaves and spreads through-
out the plant. This infection process manifests as charac-
teristic water-soaked lesions at the leaf tips and margins 
progressing to chlorotic and necrotic tannish-gray to 
white streaks along the leaf veins with distinct margins 
(Lee et  al. 2011). During recent field surveys, we col-
lected multiple samples of symptomatic rice leaves show-
ing blight-like symptoms similar to those caused by Xoo. 
However, despite repeated attempts, we failed to isolate 
Xoo from these samples. Instead, our isolation consist-
ently yielded bacterial colonies identified as Enterobacter 
spp. or Pantoea ananatis (Xue et al. 2021; Yu et al. 2022).

Enterobacter spp., Gram-negative facultative anaerobes 
of the ESKAPE group, are primarily recognized as noso-
comial pathogens in clinical settings (Davin-Regli et  al. 
2019). Since the genus was first established in 1960, 22 
species have been identified, which are commonly found 
in soil and water, many exhibiting opportunistic patho-
genicity in both animals and plants. Notable plant-asso-
ciated species include E. mori (Zhu et  al. 2011; Ahmad 
et al. 2021; Zhang et al. 2021), E. cloacae (Schroeder et al. 
2010; Zaid et al. 2011; Cosmas et al. 2016; Li et al. 2022), 
E. ludwigii (Hoffmann et al. 2005), and E. asburiae (Lau 
et al. 2014; Cao et al. 2021; Xue et al. 2021). Despite these 
observations, the molecular mechanisms underlying the 
pathogenicity of Enterobacter to plants remain poorly 
understood due to limited research focus.

The advent of genomic technologies has revolution-
ized bacterial pathogen research, enabling comprehen-
sive analysis of virulence determinants and pathogenic 
mechanisms (Liu et al. 2016). Leveraging this approach, 
in this study, we sequenced three Enterobacter strains 
isolated from infected rice plants in Sichuan, Guang-
dong, and Zhejiang provinces in China. Through 

comparative genomics and functional annotation, we 
identified aryl polyenes,  aerobactin, and enterobactin 
produced by strains SC1 and RG1 as key virulence fac-
tors contributing to rice leaf wilt. These findings lay a 
crucial foundation for understanding the role of Entero-
bacter spp. in plant disease and developing targeted 
control strategies.

Results
The three Enterobacter strains exhibit varying 
pathogenicity toward rice seedlings
Rice seedlings inoculated with the three Enterobacter 
strains displayed symptoms similar to those caused by 
the typical rice bacterial blight pathogen Xoo PXO99A, 
except that the lesions caused by the former appeared 
as inverted V-shapes, while those caused by the lat-
ter were elongated V-shapes (Fig.  1a). Initially, water-
soaked lesions appeared at the leaf tips and margins, 
followed by rapid expansion into yellowish-brown to 
tannish-gray lesions with clearly defined edges. Among 
the tested strains, PXO99A was the most aggressive, 
while RG1, SC1, and FY158 showed slower disease pro-
gression, with RG1 being more virulent than SC1 and 
FY158 (Fig. 1b).

To determine whether the observed differences in vir-
ulence were attributed to variations in growth rate, we 
assessed the growth curves of these strains in LB and 
NA media. The results revealed comparable growth rates 
among the three Enterobacter strains, with faster prolifer-
ation in LB than in NA. In contrast, Xoo PXO99A exhib-
ited significantly lower growth in both media (Additional 
file 1: Figure S1). These findings suggest that the differen-
tial pathogenicity of these strains is primarily determined 
by their inherent virulence rather than growth kinetics.

Fig. 1  Pathogenicity of strains FY158, RG1, and SC1 on rice (cv. Yuexiangzhan) leaves. a Symptoms on the rice leaves after 15 days post-inoculation 
(dpi); b Diseased area on rice leaves inoculated with the tested strains. Different lowercase letters indicate significant differences (P < 0.05)
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Biochemical and fatty acid analyses of the three 
Enterobacter strains
As demonstrated in Additional file 2: Table S1, all three 
Enterobacter strains exhibited viability in 4% NaCl, but 
only strain FY158 (collected from Zhejiang Province) 
survived in 8% NaCl. Strains FY158 and SC1 displayed 
distinct carbon source utilization patterns compared to 
RG1. Specifically, FY158 and SC1 were capable of metab-
olizing β-Methyl-D-Glucoside, Fusidic Acid, L-Aspartic 
Acid, D-Salicin, and L-Glutamic Acid, whereas RG1 
showed only weak or no activity for these substrates. 
Conversely, RG1 was positive for Methyl Pyruvate, while 
FY158 and SC1 exhibited minimal response. Nota-
bly, despite belonging to the same species (see the sec-
tion below), FY158 and SC1 also differed in their carbon 
source utilization profiles. FY158 could metabolize 
D-Maltose, D-Raffinose, D-Melibiose, and L-Rhamnose, 
whereas SC1 and RG1 could not. Conversely, FY158 was 
unable to utilize D-Serine, N-Acetyl-β-D-Mannosamine, 
and N-Acetyl-D-Galactosamine, while SC1 and RG1 
showed positive reactions for these compounds.

Chemotaxonomic analysis showed that the major cel-
lular fatty acids (> 5%) in strains FY158, RG1, and SC1 
included summed feature 3 (10.82%, 12.49%, and 4.12%, 
respectively, consisting of C16:1ω7c and/or C16:1ω6c), 
C17:1 ω8c (0.74%, 1.12%, and 0.51%, respectively), 
summed feature 8 (27.23%, 34.50%, and 24.99%, respec-
tively, comprising C18:1ω7c and/or C18:1ω6c), summed 
feature 2 (7.33%, 7.10%, and 6.56%, respectively, includ-
ing C14:0 3-OH, iso-C16:1 I, and/or C12:0 aldehyde), 
and C15:0 3-OH (0.40%, 0.26%, and 0.56%, respectively) 
(Additional file 2: Table S1).

Strains SC1 and RG1 exhibit a broader antibacterial 
spectrum
To investigate the differences in virulence among the 
strains, we analyzed their production of virulence fac-
tors. The results revealed that all tested strains exhibited 
weak pectin lyase (Pel) enzyme activity. While the three 
Enterobacter strains produced no detectable polygalactu-
ronase (Peh), protease (Prt), or cellulase (Cel) enzymes, 
Xoo PXO99A was capable of producing Prt and Cel. 
Notably, SC1 and RG1 inhibited the growth of Es. coli 
DH5α (Fig. 2a). FY158 strain demonstrated slightly faster 
swimming and swarming motility than the other two 
Enterobacter strains, but obviously less biofilms, whereas 
PXO99A failed to produce biofilms altogether (Fig. 2b).

To evaluate the antimicrobial spectrum of SC1 and 
RG1, we tested their activity against various bacterial and 
fungal strains, including two Bacillus strains, three Enter-
obacter strains in this study, two P. anantis strains (SC7 
and MX3, previously isolated from diseased rice leaves) 

(Xue et al. 2021), two Dickeya strains, two Xanthomonas 
strains, Rhizoctonia  solani AG-1 1A, and Magnaporthe 
oryzae B157. The results showed that SC1 inhibited the 
growth of Bacillus, while both SC1 and RG1 suppressed 
the growth of Dickeya and Xanthomonas strains. In 
contrast, FY158 showed only minimal inhibitory effects 
on Xanthomonas, and none of the Enterobacter strains 
inhibited fungal growth. Additionally, all three Entero-
bacter strains demonstrated resistance to their own anti-
bacterial metabolites (Fig. 2c).

SC1 and FY158 were identified as E. pseudoroggenkampii, 
while RG1 was classified as E. asburiae
To elucidate the molecular basis of their pathogenic-
ity, we sequenced the genomes of strains SC1, RG1, and 
FY158 using both Nanopore PromethION and Illumina 
NovaSeq platforms. All three assemblies yielded com-
plete circular chromosomes without gaps or plasmids 
(Additional file 1: Figure S2), with the following genomic 
features: sizes of 4,814,123 bp (SC1), 4,583,407 bp (RG1), 
and 4,730,290  bp (FY158); GC contents of 55.72%, 
55.96%, and 55.61%; protein-coding genes numbering 
4521, 4257, and 4432; and RNA genes totaling 118, 116, 
and 115, respectively. Each strain contained 25 rRNA 
genes, while pseudogene counts were higher in SC1 and 
FY158 (55 and 50) compared to RG1 (38) (Table 1).

For taxonomic classifications, we calculated average 
nucleotide identity (ANI) values among the three strains 
and 23 reference Enterobacter genomes. SC1 showed 
close relatedness to FY158 (ANI 98.41%, Additional 
file  2:  Table  S2). FY158 exhibited strong similarity to E. 
pseudoroggenkampii 155,092 (GCF_026420145.1 human 
isolate from China) with ANI 98.40% and digital DNA-
DNA hybridization (dDDH) 92.20%, both exceeding 
established species thresholds (ANI ≥ 95%, dDDH ≥ 70%), 
confirming SC1 and FY158 as E. pseudoroggenkampii. 
RG1’s closest match was E. asburiae 17Nkhm-UP2 
(GCF_007035805.1) with ANI 98.36% and dDDH 91.50%, 
supporting its classification as E. asburiae.

Phylogenomic analysis of the three strains, along with 
representative Enterobacter species, further validated 
this classification. The phylogenetic tree demonstrated 
that FY158 and reference strain E. pseudoroggenkampii 
155,092 formed a monophyletic clade with SC1, while 
RG1 clustered closely with E. asburiae 17Nkhm-UP2. All 
other Enterobacter species showed significantly greater 
evolutionary distances from these strains (Fig. 3).

Comparative genomics revealed substantial divergence 
among the three strains
To further investigate the function differences at 
the genetic level, we performed BLAST analysis of 
these genomic sequences against multiple functional 
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databases, including nr, eggNOG, GO, KEGG, and Swiss-
Prot. The functional annotation results are summarized 
in Additional file  2: Table  S3. Specifically, 4113, 4171, 
and 4348 predicted genes from strains SC1, RG1, and 

FY158, respectively, were annotated in the nr database. 
For the GO and Swiss-Prot databases, the correspond-
ing gene counts were 2566, 3361, and 3556 (GO), and 
4431, 3453, and 3540 (Swiss-Prot). Approximately 2900 
genes were associated with metabolic pathways based on 
KEGG annotation (Additional file 2: Table S3). Notably, 
despite both being E. pseudoroggenkampii species, SC1 
and FY158 exhibited significant variation in the number 
of functionally annotated genes.

To explore potential pathogenic mechanisms, we com-
pared the annotated proteins of all three strains against the 
Virulence Factor Database (VFDB). This analysis identified 
162 putative virulence factors in strains FY158 and RG1, 
and 124 in SC1 (BLASTp hits with e-value < 1e − 20, iden-
tity ≥ 50%, and coverage ≥ 70%) (Additional file 3: Table S4). 
Predicted virulence-related gene clusters included those 
encoding Type I fimbriae, curli, flagella, capsule and Type 
VI secretion system (T6SS), as well as biosynthetic path-
ways for the secondary metabolites enterobactin (ent) and 

Fig. 2  Cell wall degrading enzymatic activity, motility, biofilm formation, and antimicrobial activity of strains PXO99A, SC1, RG1, and FY158. a Plant 
cell wall degrading enzymes and phytotoxins produced by the tested strains; b Bacterial swimming, swarming motility, and biofilm formation 
of the tested strains. Different lowercase letters indicate significant differences (P < 0.05). c The inhibitory effects of the tested strains against bacteria 
and fungi

Table 1  Genomic features of SC1, RG1, and FY158

Features SC1 RG1 FY158

Genome Size (bp) 4,814,123 4,583,407 4,730,290

GC content (%) 55.72 55.96 55.61

Genes (total) 4639 4373 4547

CDSs (total) 4521 4257 4432

RNA genes 118 116 115

rRNA (5S, 16S, & 23S) 9, 8, 8 9, 8, 8 9, 8, 8

tRNA 84 83 83

ncRNA 9 8 7

Pseudogenes 55 38 50

CRISPR 4 5 6
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aerobactin (iuc). Notably, SC1 lacked the capsule-coding 
gene cluster (Additional file 3: Table S4).

Orthologous gene analysis reveals strain‑specific features
Comparative genomics further delineated unique genetic 
traits among the strains. Orthologous gene cluster analy-
sis identified 15 SC1-specific genes, including four encod-
ing hypothetical proteins, three SUMF1/EgtB/PvdO family 
non-heme iron enzymes, two VgrG (T6SS tip protein), two 
FRG domain-containing proteins, two lysis proteins, and 
two PAAR domain proteins. Strain FY158 harbored nine 
unique genes, comprising five T6SS-associated genes, two 
hypothetical proteins, and two phosphotransferase sys-
tem-related genes. In contrast, RG1 exhibited the highest 
genetic distinctiveness, with 45 unique genes: 12 hypothet-
ical proteins, 10 helix-turn-helix (HTH) domain proteins, 
four RelE/ParE family type II toxin-antitoxin system tox-
ins, one T6SS protein Rhs, four AAA-family ATPases, four 
ASCH domain proteins, four HTH-type transcriptional 
regulators, two eCbtA-family toxin-antitoxin toxins, two 
bacteriophage defense1 site-specific integrases, and one 
tyrosine-type recombinase/integrase (Additional file  2: 
Table S5).

Pathogenomics analysis reveals that aryl polyenes, 
aerobactin, and enterobactin siderophores likely serve 
as major virulence factors in Enterobacter spp. infecting 
rice plants
To investigate virulence-associated factors, we first 
examined the distribution of genes encoding secretion 

systems across the three Enterobacter strains. Our anal-
ysis showed that FY158 and SC1 harbor five secretion 
systems: Type I (T1SS), Type II (T2SS), Type IV (T4aP), 
Type V (T5SS), and Type VI (T6SSi). In contrast, 
RG1 has only three systems (T2SS, T5SS, and T6SSi). 
Importantly, all three strains lack the Type III secretion 
system (T3SS) (Table 2).

Secretion system characterization
T1SS: FY158 and SC1 share conserved T1SS compo-
nents, including an ABC endomembrane transporter, 
a periplasmic membrane fusion protein (MFP), and an 
outer-membrane pore protein (OMF), which collec-
tively facilitate substrate translocation across the bacte-
rial cell envelope. RG1 lacks these homologs.

T2SS: All three strains harbor the core gspDEFHIJKMO 
genes. Additionally, FY158 carries gspL, while SC1 pos-
sesses gslCGL.

T4aP: FY158 and SC1 encode the type IV pilus machin-
ery (pilABCT, gspO), with FY158 also containing pilMQ. 
No T4SS-related genes were detected in RG1.

T5SS: SC1 encodes two autotransporter domain-con-
taining proteins, two ShlB/FhaC/HecB-family hemolysin 
secretion/activation proteins, and one YadA C-terminal 
domain-containing protein. FY158 carries an additional 
ShlB/FhaC/HecB-family protein, whereas RG1 possesses 
one more autotransporter domain-containing protein 
and two more ShlB/FhaC/HecB-family proteins.

Fig. 3  Phylogenetic relationships among the three Enterobacter strains and the 23 recognized Enterobacter species. The phylogeny 
is a maximum-likelihood tree inferred using IQ-TREE. All internal branches in the tree received 100% bootstrap support. A heatmap of the ANI values 
between FY158/RG1/SC1 and the 23 representative Enterobacter strains is shown on the right of the tree
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T6SS: The most striking divergence among strains 
lies in their T6SS, a system implicated in bacterial com-
petition and pathogenesis (Asolkar and Ramesh 2020). 
SC1 uniquely harbors two T6SS clusters, while FY158 
and RG1 each carry only one (Fig. 4). SC1 retains a full 
complement of T6SS core genes, whereas RG1 lacks the 
membrane-associated TssJ and the baseplate compo-
nent TssK (Gallegos-Monterrosa et  al. 2021). FY158 is 
deficient in TssI (VgrG), a critical structural component 
required for T6SS functionality (Yang et al. 2023).

Antimicrobial activity and secondary metabolites
Consistent with prior findings (Xue et  al. 2021), strains 
SC1 and RG1 exhibited broad-spectrum antibacterial 
activity against Es. coli DH5α, P. ananatis, Dickey spp., 
and Xanthomonas spp., with strain SC1 also showing 
mild antagonism toward Bacillus spp. In contrast, FY158 
displayed only weak inhibition against two Xanthomonas 

strains (Fig.  2a, c). antiSMASH-based analysis identi-
fied biosynthetic gene clusters (BGCs) for aerobactin, 
deschlorosetamycin A, O-antigens, and enterobactin 
in all three strains. SC1 and RG1 share a BGC for aryl 
polyenes, while SC1 and FY158 both encoded saquaymy-
cin A. FY158 uniquely harbored the microcin C7 BGC. 
Among these, only microcin C7, aerobactin, enterobactin 
and aryl polyene (APE) BGCs exhibited high similarity to 
known reference clusters (Table 3, Additional file 1: Fig-
ure S3).

Functional validation of virulence factors
Strain SC1 exhibits distinctly superior and broader-
spectrum antibacterial activity, which suggests a more 
complex and potent competitive machinery. To elucidate 
the roles of APEs, aerobactin, and enterobactin, we gen-
erated SC1 mutants (∆ape, ∆entA, ∆entC, ∆entF, ∆iucC, 
and ∆entF∆iucC). While growth remained unaffected 

Table 2  List of hit genes encoding secretion systems in the three strains

“–” Denotes absent in the genome

Model Genes in FY158 Genes in RG1 Genes in SC1

T1SS omf*2, mfp, abc – omf, mfp, abc

T2SS gspD, gspE, gspF, gspH, gspI, gspJ, gspK, 
gspL, gspM, gspO

gspD, gspE, gspF, gspH, gspI, 
gspJ, gspK, gspM, gspO

gspC, gspD, gspE, gspF, gspG, gspH, gspI, gspJ, gspK, gspL, gspM, gspO

T4aP pilA, pilB, pilC, pilM, pilQ, pilT, gspO – pilA, pilB, pilC, pilT, gspO

T5aSS T5aSS_PF03797*2 T5aSS_PF03797*3 T5aSS_PF03797*2

T5bSS T5bSS_translocator*3 T5bSS_translocator*4 T5bSS_translocator*2

T5cSS T5cSS_PF03895 T5cSS_PF03895 T5cSS_PF03895

T6SSi evpJ*2, tssA, tssB, tssC, tssD, tssE, tssF, 
tssG, tssH, tssJ, tssK*2, tssL, tssM

evpJ, tssA, tssB, tssC, tssD, 
tssE*2, tssF, tssG, tssH, tssI, 
tssL, tssM

evpJ*3, tssA*2, tssB*2, tssC*2, tssD, tssE*2, tssF*2, tssG*2, tssH*2, tssI*2, 
tssJ*2, tssK*2, tssL, tssM*2

Fig. 4  Genetic organization of the T6SS clusters in strains SC1, RG1, and FY158. Genes are plotted as arrows in order according to their genomic 
positions in the T6SS gene cluster. The direction of each arrow indicates the gene coding strand, and the length of each arrow is in proportion 
to the size of the genes
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(Fig. 5a), mutants ∆iucC, ∆entF, and ∆entF∆iucC exhib-
ited impaired swimming motility, while the other three 
mutants showed no different swimming motility from 
wild-type SC1; all the mutants except ∆entC reduced 
biofilm formation (Fig.  5b). All the mutants signifi-
cantly reduced antibacterial activity, with ∆ape and the 
∆entF∆iucC double mutant displaying the most severe 
defects (Fig.  5c). Mutants ∆ape, ∆entA, ∆entF, and 
∆entF∆iucC obviously attenuated virulence on rice leaves 

(Fig. 5d), with ∆ape and ∆entF∆iucC displaying the most 
severe defects. These findings highlight the pivotal roles 
of APEs, aerobactin, and enterobactin in the pathogenic-
ity of Enterobacter in rice.

Discussion
During recent field surveys, we collected multiple sam-
ples of diseased rice leaves showing blight-like symptoms 
similar to those caused by Xoo. Despite repeated efforts, 

Table 3  BGCs for the secondary metabolites identified in the genomes of SC1, RG1, and FY158

“–” Denotes absent in the genome

Metabolite Similarity (%) Gene loci

SC1 RG1 FY158

Microcin C7 71 – – 900,947–922,005

Aerobactin 66 452,362–484,790 2,883,397–2,915,825 1,729,309–1,761,737

Deschlorosvetamycin A/sveta-
mycin H/A

4 1,137,402–1,158,040 2,299,040–2,319,678 2,420,969–2,441,607

O-antigen 14 1,974,562–2,000,864 1,526,806–1,553,109 3,243,706–3,270,008

Enterobactin 100 2,304,051–2,357,719 1,164,731–1,218,406 3,562,637–3,616,314

Saquayamycin A 5 3,065,405–3,113,144 – 4,349,451–4,397,190

Aryl polyenes 100 3,849,334–3,892,927 4,251,366–4,294,959 –

Fig. 5  Growth patterns, swimming motility, biofilm formation, antibacterial activity, and pathogenicity of SC1 and its mutants. a The growth 
curves of SC1 and its mutants in LB medium; b Swimming motility and biofilm formation of SC1 and its mutants; c Inhibitory effects of SC1 and its 
derivatives on P. ananatis SC7; d Pathogenicity of SC1 and its derivatives on rice leaves. Different lowercase letters indicate significant differences 
(P < 0.05)
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we could not isolate Xoo from these samples. Instead, 
consistent isolation results identified bacterial colonies 
as members of Enterobacter (Xue et  al. 2021; Yu et  al. 
2022). Therefore, Enterobacter is unlikely to be a second-
ary invader after Xoo infection. This conclusion is further 
supported by our inoculation results, which show that 
Xoo infection is not necessary for Enterobacter estab-
lishment. Notably, Enterobacter species are increasingly 
recognized as pathogens on various economically impor-
tant plants, such as mulberry leaves wilt and peach fruit 
soft rot caused by E. mori (Zhu et al. 2011; Ahmad et al. 
2021), onion bulb decay caused by E. cloacae (Zaid et al. 
2011), rice bacterial palea browning, and sorghum bac-
terial leaf blight caused by E. asburiae (Cao et  al. 2021; 
Chen et al. 2023). Despite these observations, the molec-
ular mechanisms underlying the pathogenicity of Entero-
bacter to plants remain poorly understood due to limited 
research focus. To investigate their pathogenic mecha-
nisms, we sequenced the complete genomes of three 
representative Enterobacter spp. strains, designated SC1, 
RG1, and FY158, isolated from Sichuan, Guangdong, 
and Zhejiang Provinces, respectively, and performed 
comparative genomic analyses. Phylogenetic classifica-
tion revealed that SC1and FY158 belong to E. pseudor-
oggenkampii, while RG1 is an E. asburiae strain. In our 
previous study (Xue et al. 2021), strain SC1 was initially 
identified as E. asburiae based on multi-locus sequence 
analysis (MLSA) of housekeeping genes (e.g., rpoB, gyrB, 
etc.). In the present study, whole-genome sequencing and 
subsequent genomic analyses, including ANI, dDDH, 
and phylogenetic analysis, assigned SC1 to E. pseudor-
oggenkampii. This reclassification from E. asburiae to E. 
pseudoroggenkampii does not reflect an error in prior 
work but rather represents a taxonomic refinement ena-
bled by more advanced genomic methods and alignment 
with current nomenclature standards. The updated clas-
sification ensures accuracy and consistency with contem-
porary understanding of Enterobacter phylogeny.

E. asburiae is typically recognized as an epiphytic bac-
terium, with some strains functioning as plant growth-
promoting rhizobacteria (PGPR) (Liu et  al. 2023; Ning 
et al. 2024; Tran et al. 2024), enhancing plant growth and 
stress resistance. However, recent studies have also iden-
tified E. asburiae as a pathogen responsible for rice bac-
terial palea browning (Cao et  al. 2021), bacterial blight 
in rice (Yu et al. 2022) and sorghum (Chen et al. 2023), 
and radish tuber rot (Wang et al. 2023), underscoring its 
diverse pathogenic potential. To better understand the 
specific virulence genes unique to pathogenic E. asburiae 
isolates, a direct comparative genomic analysis between 
strain RG1 and PGPR isolates is essential. However, such 
analyses are currently constrained by the limited avail-
ability of genomic resources and published research on E. 

asburiae, particularly regarding well-characterized PGPR 
strains. Unlike  E. asburiae,  E. pseudoroggenkampii has, 
to our knowledge, only been reported in clinical samples 
(Wu et  al. 2023). Our study represents the first isola-
tion of E. pseudoroggenkampii from a plant host. Patho-
genicity assays demonstrated that the traditional rice BB 
pathogen, Xoo PXO99A, exhibited the highest virulence, 
followed by E. asburiae RG1, while E. pseudoroggen-
kampii SC1 and FY158 are the least pathogenic (Fig. 1). 
This variation may stem from differences in plant cell 
wall-degrading enzymatic activity between Xoo PXO99A 
and the Enterobacter strains (Fig. 2a).

To better understand the pathogenic mechanisms of 
these bacterial strains, we conducted a comparative anal-
ysis of their virulence-associated secretion systems. The 
results revealed that strains FY158 and SC1 encode five 
distinct secretion systems (T1SS, T2SS, T4aP, T5SS, and 
T6SS), whereas RG1 carries only three (T2SS, T5SS, and 
T6SS) (Table  2). Notably, none of the strains possessed 
T3SS, a key virulence determinant in many plant patho-
gens (Deng et al. 2017). Intriguingly, all strains contained 
T6SS, with SC1 uniquely possessing two copies of this 
system. Given the well-established role of T6SS in bacte-
rial competition and pathogenicity, and our observation 
that SC1 shows strong inhibitory activity against multi-
ple pathogenic strains—particularly Bacillus, P. anana-
tis, and Dickeya (Fig. 2c)—we hypothesize that the dual 
sets of T6SS in SC1 may boost its competitive advantage 
against these microbes. This hypothesis will be a major 
focus of future research.

Our previous study demonstrated that strains SC1 and 
RG1 exhibit bacteriostatic activity against Es. coli DH5α 
(Xue et al. 2021). In the present study, these strains also 
inhibited the growth of pathogenic bacteria such as 
P. ananatis, Dickeya, and Xanthomonas, whereas the 
newly isolated strain FY158 showed only weak inhibition 
against two Xanthomonas strains (Fig.  2c). antiSMASH 
analysis suggested that the observed antibacterial activ-
ity may be linked to APEs, whose BGC is present in 
strains SC1 and RG1, but absent in strain FY158. APEs 
are commonly produced by host-associated bacteria, 
including commensals and pathogens of humans, ani-
mals, and plants, and are widespread among major bac-
terial genera within the Proteobacteria and Bacteroidetes 
(Cimermancic et  al. 2014). Structurally, APEs resemble 
carotenoids, featuring an aryl group conjugated to a poly-
ene carboxylic acid tail (Johnston et al. 2021). In Gram-
negative bacteria, APEs are covalently anchored in the 
outer membrane, where they may modulate interactions 
with the surrounding environment. Functionally, APEs 
protect against photooxidative damage, akin to carot-
enoids (Schöner et al. 2014, 2016), and contribute to bio-
film formation (Johnston et al. 2021). Given that biofilm 
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formation plays a crucial role in bacterial physiology, 
influencing pathogenicity and antibiotic resistance (Cos-
terton et  al. 1999), we sought to investigate the role of 
APEs in Enterobacter pathogenicity in rice. To this end, 
we generated an ∆ape mutant in strain SC1. Compared 
to the wild type, the ∆ape mutant exhibited significantly 
reduced antibacterial activity and pathogenicity (Fig. 5c, 
d), along with a slight increase in swimming motility 
(Fig. 5b). These findings identify APEs as important fac-
tors in the virulence of Enterobacter spp. during rice 
infection.

Aerobactin and enterobactin play pivotal roles in the 
virulence of Enterobacter on rice plants (Fig.  5d). Both 
siderophores are critical for iron acquisition, a func-
tion well-documented in various plant pathogens. For 
instance, siderophores have been implicated in fungal 
pathogens (Oide et  al. 2006) as well as in bacterial spe-
cies such as Erwinia amylovora (deferrioxamine) (Dellagi 
et  al. 1998), Pseudomonas syringae (pyoverdine) (Tagu-
chi et  al. 2010), Agrobacterium tumefaciens (agrobac-
tin) (Ong et  al. 1979), and D. dadantii (achromobactin) 
(Münzinger et al. 2000).

Aerobactin, a citrate-hydroxamate siderophore, is 
produced by numerous pathogenic bacteria, including 
Escherichia, Vibrio, Salmonella, and Shigella, where it 
enhances virulence (Schçner et  al. 2016). Beyond iron 
scavenging, aerobactin contributes to biofilm forma-
tion, oxidative stress resistance, and the detoxification of 
reactive oxygen species (ROS) (Li et al. 2022). Its biosyn-
thesis is mediated by four genes (iucABCD), along with 
a transmembrane transporter gene (iutA). Enterobactin, 
another siderophore prevalent among Enterobacterales, 
functions as an antioxidant, aiding bacterial resistance 
to ROS and heavy metals (Holden et al. 2015). Notably, it 
is essential for Pectobacterium atrosepticum to establish 
plant infection (Gorshkov et al. 2021). In this study, dele-
tion of the key biosynthetic genes of aerobactin (∆iucC) 
and enterobactin (∆entF) in SC1 significantly impaired 
bacterial motility, bacteriostatic activity, and pathogenic-
ity (Fig. 5). These findings suggest that both siderophores 
contribute to virulence in Enterobacter-rice interactions, 
highlighting potential shared mechanisms among related 
pathogens. Further investigation is warranted to eluci-
date their precise roles in plant–pathogen dynamics.

Compared to each other, Enterobacter and Xoo use very 
different ways of causing disease. Enterobacter mainly 
depends on secondary metabolites, such as siderophores, 
which cause rice leaves to turn yellow and wither slowly, 
leading to a gradual progression of the disease. On the 
other hand, Xoo primarily utilizes the T3SS system to 
elicit a robust defense response from the host, accompa-
nied by the intense degradation of rice leaf cell walls by 

enzymes such as Pel, Prt, and Cel, which enables disease 
lesions to expand rapidly.

It is indeed the core of the debate that Enterobacter 
strains contributing to leaf wilt are emerging pathogens 
or opportunistic colonizers. Unlike obligate pathogens, 
Enterobacter thrives in diverse environments (soil, water, 
decaying matter, insects), suggesting they are primarily 
opportunistic colonizers. However, changing conditions 
like extreme weather and intensive monoculture are now 
enabling some strains to emerge as significant pathogens, 
for example, the emergence of E. asburiae responsible 
for bacterial palea browning in rice, and bacterial leaf 
blight in rice and sorghum (Cao et al. 2021; Yu et al. 2022; 
Chen et  al. 2023). Unlike dedicated pathogens such as 
Pseudomonas syringae or Xoo, Enterobacter lacks the full 
arsenal of specialized virulence (e.g., a T3SS), supporting 
its classification as an opportunistic pathogen. Another 
possibility is that Enterobacter acts not alone, but as a 
‘keystone pathogen’ within a pathogenic consortium—a 
‘pathobiome’. It may modify the leaf environment (e.g., 
by breaking down plant defenses or altering the surface 
pH) to aid more virulent pathogens like Xanthomonas or 
Pseudomonas, leading to more severe disease. This idea 
warrants further validation.

Overall, the involvement of Enterobacter in leaf wilt 
indicates a significant change in plant disease dynam-
ics. While not traditional primary pathogens, they rep-
resent a growing group of ‘edge pathogens’ that blur the 
line between opportunism and true pathogenicity. Their 
appearance signals ecosystem imbalance and highlights 
the adaptive potential of microbes. In summary, certain 
Enterobacter strains are opportunistic colonizers that are 
evolving into emerging pathogens.

Conclusions
In summary, our study is the first to identify E. pseudor-
oggenkampii as a causative agent of rice bacterial leaf wilt. 
We also provide the complete genome sequences of rice-
derived E. pseudoroggenkampii and E. asburiae, and fur-
ther demonstrate that aryl polyenes, and aerobactin and 
enterobactin phytotoxins serve as key virulence factors 
in rice-pathogenic Enterobacter strains. The high-qual-
ity genome assemblies presented here not only advance 
the understanding of Enterobacter pathogenesis but also 
offer a valuable genomic resource for future comparative 
studies.

Methods
Bacterial strains and growth conditions
The bacterial strains were isolated from rice plants 
infected with bacterial blight (BB)-like disease across 
different regions of China. Strain SC1 was obtained in 
June 2017 from Gaoshan Village, Chengdu City, Sichuan 
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Province; strain RG1 was collected in June 2020 from 
Daojiao Town, Dongguan City, Guangdong Province 
(Xue et al. 2021); and strain FY158 was isolated in May 
2021 from Fuyang District, Hangzhou City, Zhejiang 
Province. All strains were maintained on LB medium 
(containing 10.0 g/L tryptone, 5.0 g/L yeast extract pow-
der, 10.0 g/L NaCl, and 15 g/L agar for solid medium) at 
37°C. For comparison, the reference strain Xoo PXO99A 
was cultured at 30°C on NA medium (3 g/L beef extract, 
5 g/L peptone, 10 g/L dextrose, and 15 g/L agar for solid 
medium).

Pathogenicity tests of the tested strains
In this study, we employed the clipping method (Yang 
and Bogdanove 2013) to assess the pathogenic poten-
tial of different bacterial strains on rice seedlings. The 
experiments were conducted using the rice cultivar 
‘Yuexiangzhan’. Before inoculation, seedling leaves were 
surface-sterilized with 70% ethanol and air-dried. Bacte-
rial inoculum was prepared from overnight LB agar cul-
tures grown at 37°C. Cells from individual cultures were 
scraped and resuspended in 15  mL of phosphate-buff-
ered saline (PBS). The resulting suspensions were then 
adjusted to an optical density at 600  nm (OD600) of 0.5 
using a UV spectrophotometer. For inoculation, leaf tips 
(~ 1–2 cm in length) were clipped with scissors that had 
been dipped in bacterial suspension. After inoculation, 
the seedlings were transferred to an outdoor greenhouse 
maintained at an average temperature of 32°C. As a nega-
tive control, three sets of surface-sterilized rice seedlings 
were inoculated with PBS alone, while strain PXO99A 
served as the positive control. Disease progression was 
evaluated 15 days post-inoculation (dpi), and the infected 
leaf area was quantified using ImageJ 1.52a (Schneider 
et al. 2012).

Growth curve measurement of the strains
A single colony of each bacterial strain grown on LB or 
NA plates was inoculated into 10 mL of LB or NB (NA 
without agar) broth and cultured overnight at 37°C with 
shaking at 200  rpm. Subsequently, the overnight cul-
ture was subcultured into fresh medium at a 1% inocu-
lum ratio, and the OD600 was adjusted to approximately 
0.01. The bacteria were incubated at 37°C with shaking 
at 200  rpm, and growth was monitored by sampling to 
measure the OD600 every 4 h.

Biochemical characteristic analysis of the strains
The biochemical properties of strains FY158, RG1, and 
SC1 were analyzed using Biolog GEN III microplates 
(bioMérieux) following the manufacturer’s instructions. 
For chemotaxonomic analysis, exponentially growing 

cells of the three strains were cultivated in MB medium 
(TOPBIO, Shandong Tuopu Bioi-engineering Co., Ltd., 
Zhaoyuan, China) at 37°C for 3 days, harvested, and lyo-
philized. Cellular fatty acids were saponified, methylated, 
and extracted according to the Sherlock Microbial Identi-
fication System (MIDI) protocol. Fatty acid profiles were 
determined using an Agilent 7890B gas chromatogra-
phy (Hewlett Packard, Santa Clara, USA) equipped with 
the Sherlock Microbial Identification software (version 
RTSBA6 6.21) and the Aerobic Bacterial Database.

Cell wall–degrading enzyme activity assay of the strains
The enzymatic activities of Cel, Pel, Peh, and Prt were 
determined using previously described methods (Lv 
et  al. 2019; Xue et  al. 2021) with minor modifica-
tions. The compositions of the assay media were as 
follows: Cel medium—1.0  g/L carboxymethyl cellu-
lose, 3.8  g/L Na3PO4, and 8.0  g/L agarose (pH 7.0); Pel 
medium—10  g/L polygalacturonic acid, 10  g/L yeast 
extract, 0.1125 g/L CaCl2, 100 mM Tris–HCl, and 8 g/L 
agarose (pH 8.5); Peh medium—5  g/L polygalacturonic 
acid, 2 g/L sucrose, 2.0 g/L (NH4)2SO4, and 15 g/L aga-
rose (pH 5.5); and Prt medium—LB medium supple-
mented with an equal volume of 1% (w/v) skimmed milk. 
For semi-quantitative assays, 5-mm diameter wells were 
punched into the agar plates, and 20 μL of bacterial cul-
ture (OD600 = 1.0) was added to each well. The plates were 
incubated at 37°C for the enzymatic reaction. After 12 h, 
the Pel and Peh assay plates were treated with 1 M HCl, 
while the Cel assay plate was stained with 0.1% Congo 
red followed by 1  M NaCl. The Prt assay plates were 
evaluated after 24 h without additional treatment, as pro-
teolytic halos were directly visible. LB and PXO99A were 
included as controls. All experiments were performed in 
triplicate.

Bacterial motility assay of the strains
The bacterial motility assay was performed as follows: 
fresh cultures (1 μL) of the target strains were individu-
ally spotted onto the center of a 90 mm semisolid plate 
containing 15  mL of swimming medium (5  g/L Bacto-
Peptone, 5  g/L NaCl, and 3  g/L agar). The plates were 
then incubated at 37°C, and the diameters of the swim-
ming motility zones were measured after 12 h of inocula-
tion. Swarming assay was conducted using our previous 
studies (Lv et al. 2019; Xue et al. 2021). All experiments 
were conducted in triplicate with three independent 
replicates.

Biofilm formation assay
The bacteria were cultured in LB medium at 37°C with 
shaking at 200  rpm until OD600 = 1.0. Subsequently, 10 
μL of each culture was transferred into 990 μL of SOBG 
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medium in individual wells of a 24-well polystyrene tissue 
culture plate. The plate was incubated at 37°C with shak-
ing at 150  rpm for 48  h. After incubation, the medium 
was carefully aspirated, and the wells were stained with 
1.5  mL of 0.1% (w/v) crystal violet solution. Unbound 
dye was removed by gently washing the wells three times 
with distilled water, followed by air-drying. To solubilize 
the biofilm-bound crystal violet, 2 mL of 95% ethanol was 
added to each well. Biofilm formation was quantified by 
measuring the absorbance at 595 nm using a multifunc-
tional microplate reader (BioTek, USA). Each experiment 
was performed in quadruplicate.

Antibacterial assay of the strains
For the bacterial inhibition assay, 10  mL of molten LB 
agar was poured into a 9 cm square semisolid plate. After 
solidification, an overlay of 10 mL of 1% agarose (cooled 
to 50°C) supplemented with 100 μL of the selected bacte-
rial culture (OD₆₀₀ = 1.0) was applied. The tested strains 
included Bacillus velezensis 3–10, B. subtilis H8, Pantoea 
ananatis SC7, Dickeya zeae MS2, D. fangzhongdai RY1, 
Xoo PXO99A, and X. axonopodis Xac. Once the aga-
rose layer had solidified, wells (5 mm in diameter) were 
punched, and 20 μL of FY158, RG1, or SC1 cultures 
(OD600 = 1.0) were added to separate wells. The plates 
were incubated overnight at 30°C, and the diameter of 
inhibition zones was measured. All experiments were 
performed in triplicate.

Genome sequencing, assembly, and annotation 
of the strains
Genomic DNA was extracted from the SC1, RG1, and 
FY158 strains using the EasyPure Bacteria Genomic 
DNA Kit (TransGen Biotech, Beijing, China) according 
to the manufacturer’s protocol. DNA quality was assessed 
by agarose gel electrophoresis, and quantified using a 
Qubit 2.0 Fluorometer (Thermo Scientific, Waltham, 
MA, USA). Whole genome sequencing was carried out 
on the Nanopore PromethION platform and Illumina 
MGISEQ T7 platforms by Grandomics Biosciences (Bei-
jing, China).

For genome assembly, long-read data were processed 
using Flye v2.7, followed by polishing with both long- 
and short-read data using medaka v1.2.5 and pilon v1.2.3 
(Wick et al. 2017), respectively. Genome annotation was 
performed using the NCBI PGAP pipeline (https://​www.​
ncbi.​nlm.​nih.​gov/​genome/​annot​ation_​prok/) and egg-
NOG (http://​eggnog-​mapper.​embl.​de/). Additionally, 
BLAST comparisons were conducted against KEGG, GO, 
and SwissProt databases.

The complete genome sequences of SC1, FY158, and 
RG1 have been deposited in GenBank under accession 

numbers CP129025.1, CP129026.1, and CP129027.1, 
respectively.

Phylogenetic analysis and genomic comparison
Pairwise ANI values among strains SC1, RG1, and FY158, 
along with all 23 Enterobacter genomes available in the 
NCBI RefSeq database, were calculated using fastANI 
v1.3. Subsequently, dDDH values were determined using 
the Genome-to-Genome Distance Calculator (GGDC) 
2.1 Web server (http://​ggdc.​dsmz.​de/​distc​alc2.​php) by 
uploading the genomic sequences (Meier-Kolthoff et  al. 
2013). For orthologous gene analysis, we employed 
OrthoFinder v2.5.4 with default parameters to cluster 
annotated proteins into orthogroups.

The BGCs potentially involved in the production of 
secondary metabolites, including phytotoxins, antibiot-
ics, and antimicrobial compounds, were predicted using 
antiSMASH 7.0 (Blin et al. 2023).

Generation of in‑frame deletion mutants
In-frame deletion mutants were generated via homolo-
gous recombination following the method described 
previously (Zhou et  al. 2011). All primers used in this 
study are listed in Additional file  2: Table  S6. First, the 
upstream and downstream fragments of the target genes 
were amplified using primer pairs gene-1/-2 and gene-
3/-4, respectively, with SC1 genomic DNA as the tem-
plate. These fragments were then fused by overlap PCR 
using primer pairs gene-1/-4. The resulting amplicons 
were purified and cloned into the BamHI/SpeI-digested 
suicide plasmid pKNG101. The ligation products were 
transformed into Es. coli DH5α λpir competent cells, and 
recombinant constructs were verified by PCR amplifica-
tion using pKNG101-F/-R primers. Subsequently, the 
verified plasmids were introduced into SC1 cells by tri-
parental mating (Cheng et al. 2013) to generate in-frame 
mutants. Finally, the mutants were confirmed by DNA 
sequencing.

Statistical analysis
All values were presented as mean ± SD (n = 3 at least). 
Statistical comparisons between treatment groups were 
performed using two-way analysis of variance (ANOVA) 
in software R. A P-value ≤ 0.05 (95% confidence interval) 
was considered statistically significant for all analyses.

Abbreviations
ANI	� Average nucleotide identity
ANOVA	� Analysis of variance
APE	� Aryl polyene
BB	� Bacterial blight
BGC	� Biosynthetic gene cluster
Cel	� Cellulase
dDDH	� Digital DNA-DNA hybridization
dpi	� Days post-inoculation
ESKAPE	� Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
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Acinetobacter baumannii, Pseudomonas aeruginosa,  and Enterobac-
ter spp.

GGDC	� Genome-to-genome distance calculator
HTH	� Helix-turn-helix
MFP	� Membrane fusion protein
OD600	� Optical density at 600 nm
OMF	� Outer-membrane pore protein
PBS	� Phosphate-buffered saline
Peh	� Polygalacturonase
Pel	� Pectin lyase
PGPR	� Plant growth-promoting rhizobacteria
Prt	� Protease
ROS	� Reactive oxygen species
T1SS	� Type I secretion system
T2SS	� Type II secretion system
T3SS	� Type III secretion system
T4aP	� Type IVa pilus
T5SS	� Type V secretion system
T6SS	� Type VI secretion system
VFDB	� Virulence Factor Database
w/v	� Weight/volume
Xoo	� Xanthomonas oryzae pv. oryzae
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