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The first complete genome of Robbsia 
andropogonis reveals its arsenal of virulence 
system causing leaf spot disease of areca palm
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Abstract 

Robbsia andropogonis is one of the most destructive leaf spot disease pathogens of numerous host plants and causes 
heavy economic damage. In the present study, the complete genome of R. andropogonis strain BLB1, causing 
the leaf spot disease of areca palm, was generated using a hybrid method combining ONT PromethION long reads 
and BGISEQ-500 short reads. The resulting genome consists of seven replicons totaling 6,828,120 bp, and 5,808 genes 
were annotated, including 788 virulence-related genes. Function analysis showed that genes involved in metabolism 
were the most abundant group. Impressively, the bacteria were well-equipped with four, two, and four sets of type 
three, four, and six secretion systems, respectively, highlighting the virulence features of R. andropogonis BLB1. As 
the first complete genome sequence of the species of genus Robbsia, the BLB1 genome provides a solid foundation 
for investigation of mechanisms underlying the pathogen virulence and disease control, and will promote further 
discovery and characterization of the genus Robbsia.
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Background
Areca palm (Areca catechu L.), known as betel nut or 
areca nut, is an important tropical medicinal crop and is 
also used for masticatory and industry purposes in Asia 

countries (Henderson 2009). The areca palm is a source 
of alkaloids and flavonoids (Giri et al. 2006); the medici-
nal properties owned by areca palm have been used to 
treat leukoderma, worms, anaemia, and nasal ulcers 
(Manimekalai et  al. 2018; Yang et  al. 2021), and pro-
vide livelihood options to millions of farmers in the Old 
World tropics.

As the second largest commercial crop in Hainan 
Province, China, the susceptibility of areca palm to vari-
ous diseases caused by insects and pathogens poses a 
great economic threat. The bacterial leaf spot disease, 
caused by Robbsia andropogonis (synonym: Burkholde-
ria andropogonis), is one of the most destructive foliar 
diseases of the areca palm, which causes heavy dam-
age, especially during the rainy season (Tang et  al. 
2013; Lopes-Santos et al. 2017). In the early stage of the 
disease, radiating and water-soaking lesions with yel-
low edges appear on the leaves. The lesions spread and 
form one-centimeter-length brown stripes with yellow 
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haloes around them, and several to dozens of these spots 
can be found per leaf, leading to declined production of 
areca nut. Recently, the bacterial leaf spot disease caused 
by R. andropogonis has been especially severe in Hainan 
Province, China, raising great attention to this patho-
gen and its pathogenicity mechanisms. However, hardly 
any research progress on its virulence mechanisms and 
disease control has been reported, and the genome of 
R. andropogonis isolated from areca palm has not been 
fully sequenced. Notably, R. andropogonis can also infect 
other host plants, such as Pueraria montana var. thomso-
nii (Cui et al. 2022), Sorghum bicolor (Young et al. 2022), 
Bougainvillea spp. (Morales-Galvan et al. 2022), and Sim-
mondsia chinensis (Cother et al. 2004). Thus, R. andropo-
gonis is also a broad host range pathogen that can affect 
many crops worldwide. Due to their global importance 
as phytopathogens, we are urged to reveal their genomic 
characteristics and infection mechanisms.

In this work, we isolated R. andropogonis strain BLB1 
from areca palm, performed genome sequencing using 
the BGISEQ-500 and ONT PromethION platforms, 
obtained a complete genome assembly, and conducted 
systematic genomic analyses. Our results demonstrated 
that this phytopathogen has powerful and unique viru-
lence systems, such as four type III secretion systems, 
two type IV secretion systems, and four type VI secre-
tion systems, as well as other genomic characteristics 
among known R. andropogonis strains. Moreover, the 
draft genomes of the other five available Robbsia strains 

were also analyzed, and their main virulence factors 
were annotated. So far, the wealth of data reported here 
provides a robust reference for further research on R. 
andropogonis.

Results
General genomic features of R. andropogonis strain BLB1
From the typical leaf spot disease samples infected by 
R. andropogonis (Fig.  1a), we isolated and identified 
the pathogen strain BLB1 following Koch’s postulates. 
The quality of R. andropogonis strain BLB1 genome 
was assessed by BUSCO analysis with the enterobacte-
rales_odb10 dataset, revealing a near perfect complete-
ness of 99.8%. The resulting complete genome consists of 
6,828,120 bp, with an overall GC content of 58.78%. The 
result of whole-genome sequence-based phylogenetic 
analysis demonstrated that strain BLB1 had the closest 
relationship with R. andropogonis ICMP 2807 (Fig.  1b). 
In addition, the average nucleotide identity (ANI) value 
between BLB1 and the R. andropogonis ICMP 2807 was 
100%. Here, we also analyzed genomes of strains of R. 
andropogonis (Table  1) and Robbsia betulipollinis (iso-
lated from the pollen of Betula pendula) (Shi et al. 2023) 
and found that the BLB1 clustered with the other R. 
andropogonis strains with 100% bootstrap support (Addi-
tional file  1: Figure S1). Seven replicons were found in 
the BLB1 genome. We suggest to name the three larger 
replicons as Chromosome 1 (3,671,051  bp; GC content 
59.75%), Chromosome 2 (1,375,786  bp; 57.96%), and 

Fig. 1  a Typical leaf spot disease symptom of areca palm, b genome phylogenic cluster analysis of strain BLB1 with its closely related species. The 
conserved genes were used to perform phylogenic analysis together with the most closely related species in the Genome Taxonomy Database, 
and the ANI between genomes of BLB1 and other closely related strains was calculated with pyani v0.2.11 software and online tool GGDC3.0 
(http://​ggdc.​dsmz.​de/​ggdc.​php)

http://ggdc.dsmz.de/ggdc.php
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Chromosome 3 (1,063,849  bp; 58.05%), and the other 
four replicons as Plasmid 1 (210,877 bp; 55.80%), Plasmid 
2 (206,007  bp; 56.98%), Plasmid 3 (176,508  bp; 56.38%), 
and Plasmid 4 (124,042 bp; 56.96%) (Fig. 2). The origin of 
seven replicons were analyzed using PlasFlow (https://​
github.​com/​smaeg​ol/​PlasF​low), BLAST (Basic Local 
Alignment Search Tool, https://​blast.​ncbi.​nlm.​nih.​gov/​
Blast.​cgi), and PLSDB (a resource of complete bacterial 
plasmids, https://​ccb-​micro​be.​cs.​uni-​saarl​and.​de/​plsdb/); 
the results demonstrated that Chromosome 2 and Plas-
mid 3 have the highest identities with the genome 
sequences of Paraburkholderia caribensis (99.82%) and 
Caballeronia sp. (80.67%), respectively, and all the other 
replicons were highly similar to the genome sequences 
of Burkholderia spp.. In addition, a total of 12 rRNAs, 56 
tRNAs, 48 sRNAs (5926 bp; accounting for 0.087% of the 
genome), 54 interspersed repeats (3664 bp; 0.06% of the 
genome), and 33 tandem repeats (7293 bp; 0.13% of the 
genome) were also identified in the BLB1 genome (Addi-
tional file 2: Table S1).

Gene annotation of R. andropogonis strain BLB1
The BLB1 genome is predicted to have 5808 protein-
coding genes, and 5636 genes can be assigned to the 
Non-Redundant Protein Database. To better evalu-
ate the functional classification of annotated genes, we 
conducted functional analyses using databases of Gene 
Ontology (GO), Clusters of Orthologous Genes (COG), 
and Kyoto Encyclopedia of Genes and Genome (KEGG). 
A total of 3549 protein-coding genes (accounting for 
61.11%) were functionally annotated using the GO data-
base (Fig.  3), including 1869 genes clustered into ten 
elements in biological process (BP), 1655 genes into ten 
elements in cellular component (CC), and 2923 genes 
into ten elements in molecular function (MF). The top 
three annotated BPs were the transmembrane transport 
(GO:0055085), regulation of DNA-templated transcrip-
tion (GO:0006355), and DNA integration (GO:0015074), 
which include 106, 105, and 74 genes, respectively. The 
top three CCs, the integral component of membrane 
(GO:0016021), plasma membrane (GO:0005886), and 

cytoplasm (GO:0005737), include 878, 465, and 315 
genes, respectively. Notably, there were 336 genes anno-
tated and belonged to GO:0016021 and GO:0005886. 
Meanwhile, three MFs with the most annotated genes, 
ATP binding (GO:0005524), DNA binding (GO:0003677), 
and metal ion binding (GO:0046872), include 367, 346, 
and 224 genes, respectively.

For COG analysis, 4497 protein-coding genes involving 
24 categories were annotated (Fig. 4). Among them, 490 
(10.90%) genes were annotated as amino acid transport 
and metabolism, which was the most abundant category, 
followed by transcription (405 genes, 9.01%) and cell 
wall/membrane/envelope biogenesis (383 genes, 8.52%).

Next, KEGG pathway analysis annotated 3090 protein-
coding genes, and the main pathways were “global and 
overview maps” for metabolism, “membrane transport” 
for environmental information processing, “cellular com-
munity-prokaryotes” for cellular process, “translation” 
for genetic information processing, and “endocrine sys-
tem” for organismal systems (Fig. 5).

Genomic islands, CRISPRs and prophage sequences 
prediction
The existence of genomic islands (GIs) in bacteria sug-
gests horizontal origins (Langille et  al. 2010). We 
predicted GIs in the BLB1 genome using both Island-
Path-DIMOB and Islander. A total of 37 GIs (772,473 bp, 
accounting for 11.31% of the genome size, Additional 
file  3: Table  S2) were found, which covered 802 coding 
genes. Among these, 18, 6, 4, 4, 1, 2, and 2 GIs were found 
on the Chromosome 1, Chromosome 2, Chromosome 3, 
Plasmid 1, Plasmid 2, Plasmid 3, and Plasmid 4, respec-
tively. In particular, the largest GI (61,158  bp, GI20 on 
Chromosome 2, Additional file  3: Table  S2) contains 60 
genes encoding Hsp20 family protein, LysR family tran-
scriptional regulators, alkene reductase, oxidoreductases, 
methyl-accepting chemotaxis proteins, MCP four-helix 
bundle domain-containing protein, DUF2309/DUF1440 
domain-containing proteins, sigma-70 family polymer-
ase sigma factor, transposases, two type III effector pro-
teins, enoyl-CoA hydratase-related protein, transporters, 

Table 1  The genome statistics of newly sequenced BLB1 and the other five sequenced R. andropogonis strains

Strain GenBank Size (Mb) GC% Gene Host Completed

BLB1 6.828 58.78 5808 Areca catechu Yes

LMG2129 GCA902833845.1 6.329 58.90 5475 Sorghum bicolor 75 contigs

ICMP2807 GCA000970345.1 6.204 58.90 5498 Sorghum bicolor 272 contigs

BRIP72957a GCA024160665.1 6.429 58.80 5717 Sorghum bicolor 305 contigs

BRIP72872a GCA024160725.1 6.437 58.80 5745 Sorghum bicolor 344 contigs

Ba3549 GCA000566705.1 6.179 58.90 5408 Saccharum officinarum 301 contigs

https://github.com/smaegol/PlasFlow
https://github.com/smaegol/PlasFlow
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://ccb-microbe.cs.uni-saarland.de/plsdb/
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porin, hydrolases, oxidases, methyltransferase, and eight 
hypothetical proteins.

CRISPRs (Clustered Regularly Interspersed Short Pal-
indromic Repeats) can confer resistance to foreign plas-
mids and phages and exist in approximately 40% of the 
sequenced bacterial genomes (Barrangou et  al. 2007). 
Here, two putative CRISPR-Cas sequences were found on 

Chromosome 1 and Chromosome 2 in the BLB1 genome 
(Additional file 3: Table S2).

Furthermore, phage-related sequences in bacterial 
genomes also suggest the occurrence of horizontal 
gene transfer events, which provide resources for bac-
terial evolution. Overall, four prophages, which con-
tain 52,683 bp and account for 0.77% of the genome 

Fig. 2  Circle diagram of R. andropogonis strain BLB1 genome. Seven replicons were obtained: a–g Chromosome 1 (3,671,051 bp), Chromosome 2 
(1,375,786 bp), Chromosome 3 (1,063,849 bp), Plasmid 1 (210,877 bp), Plasmid 2 (206,007 bp), Plasmid 3 (176,508 bp), and Plasmid 4 (124,042 bp). 
The circles from outer to inner of each replicon present the information on genome size, forward strand genes, reverse strand genes, ncRNAs, 
repeat sequences, GC percent, and GC-SKEW
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size (Additional file 3: Table S2), were identified in the 
BLB1 genome; their sequence sizes are 24,316, 15,284, 
9703, and 3380 bp, which encode 28, 18, 15, and 3 
genes, respectively.

Genomic comparison analysis with other R. andropogonis 
strains
To further reveal the genomic characteristics of the 
available data, we then conducted core- and pan-
genome analyses on the strain BLB1 with the other five 

Fig. 3  Gene ontology (GO) functional annotation of the R. andropogonis strain BLB1 genome. A total of 3549 protein-coding genes were 
functionally annotated using the GO database by software blast2go (e-value: ≤ 1e-5), including 1869 genes clustered into ten elements in biological 
process, 1655 genes clustered into ten elements in cellular component, and 2923 genes clustered into ten elements in molecular function

Fig. 4  Clusters of orthologous groups of proteins (COG) functional annotation of the R. andropogonis strain BLB1 genome. A total of 4497 
protein-coding genes involving 24 categories were annotated based on the eggnog database by Diamond software (e-value: ≤ 1e-5)
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uncompleted genomes of R. andropogonis strains avail-
able (Table  1). Among which the strains LMG2129, 
ICMP2807, BRIP72957a, and BRIP72872a were isolated 
from diseased leaves of Sorghum bicolor, with 75, 272, 
305, and 344 contigs of their genome, respectively; the 
strain Ba3549 was isolated form Saccharum officinarum 
with 301 contigs. In total, 6058 distinct homolog families 
were identified across the genomes of six R. andropogonis 
strains. The final core genome (the gene families shared 
by all compared genomes) comprised 4181 gene families, 
accounting for 69.02% of the pan-genome (Fig. 6).

Genes related to virulence
As a phytopathogenic bacteria, R. andropogonis can 
infect the leaves of many host plants, which should 

have evolved their special virulence systems for leaf 
infection. In order to decipher its virulence systems, we 
performed the prediction of virulence-related genes, 
and a total of 788 virulence-related genes were anno-
tated (Fig.  7a and Additional file  4: Table  S3), which 
accounted for 13.57% of the total genes. For exam-
ple, the main virulence gene groups are nutritional/
metabolic factor (179 genes), effector delivery system 
(144 genes), motility (139 genes), immune modula-
tion (91 genes), adherence (60 genes), regulation (57 
genes), exotoxin (34 genes), and biofilm (29 genes). 
Interestingly, although exoenzymes, such as the cell 
wall-degrading enzymes (CWDEs), can help patho-
gens break the plant cell wall for invasion, no cellulases, 
pectinases, and polygalacturonases coding genes were 

Fig. 5  Kyoto encyclopedia of genes and genome (KEGG) functional annotation of the R. andropogonis strain BLB1 genome (3090 protein-coding 
genes) based on the KEGG database by Diamond software (e-value: ≤ 1e-5)
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found in the genome, and only two protease genes were 
identified.

In addition, quorum sensing (QS) is widely distributed 
in bacteria and has been shown to regulate biofilm for-
mation, secreted products, virulence factors, and extra-
cellular enzymes (Miller et  al. 2002;  Baltenneck et  al. 
2021). However, no known QS systems were found in 
the BLB1 genome, as well as the other five draft genome 
sequences of R. andropogonis. It is important to note 
that cyclic dinucleotides are highly versatile signaling 
molecules in prokaryotes. The bis-(3′-5′)-cyclic dimeric 
GMP (c-di-GMP) is the best-studied example of the 
intracellular second messenger involved in the control of 
various important biological processes in bacteria (Jenal 
et  al. 2017). Here, 22 genes encoding c-di-GMP-related 
proteins were identified in the BLB1 genome, including 
four proteins with both GGDEF and EAL domain, nine 
proteins only with EAL domain, eight proteins only with 
GGDEF domain, and one protein with both EAL and 
HDOD domains (Additional file 4: Table S3).

Moreover, we compared the groups of virulence genes 
of BLB1 with those of other three well-studied bacte-
rial phytopathogens Ralstonia solanacearum (strain 
GMI1000) (Peeters et  al. 2013), Pseudomonas syringae 
(strain DC3000) (Xin & He 2013), and Xanthomonas 
oryzae (strain PX099A) (NiÑO‐Liu et al. 2006) (Fig. 7b). 
We found that the strain BLB1 possesses a larger number 
of virulence genes functioning in adherence, antimicro-
bial activity, exotoxin production, immune modulation, 
motility, nutritional/metabolic factor, regulation, and 
stress survival.

Metabolic system analysis
Carbohydrate-active enzymes (CAZyme) are involved 
in the complex carbohydrates’ synthesis, degradation, 
and recognition (Lombard et al. 2014), and the CAZyme 
are particularly abundant in plants and plant degrading/
saprophytic/pathogenic microbes (Huang et al. 2018). In 
this study, 162 genes were found to encode CAZymes, 
including 61 glycosyl transferases, 50 glycoside hydro-
lases, 29 carbohydrate esterases, and 22 enzymes with 
auxiliary activities (Additional file 4: Table S3). To com-
pare with the well-known bacterial pathogens, we also 
listed the number of CAZyme genes of R. solanacearum 
(strain GMI1000), P. syringae (strain DC3000), and X. 
oryzae (strain PX099A), and 91, 112, and 121 CAZyme 
genes were found from their genome annotation, respec-
tively. Thus, the strain BLB1 also has a larger number of 
CAZyme genes than the three bacterial pathogens.

Furthermore, antiSMASH prediction of second-
ary metabolite biosynthetic gene clusters (SMBGCs) 
showed that nine SMBGCs were found, of which six were 
on Chromosome 1, and three were on Chromosome 2 
(Additional file 1: Figure S2). Except for the region 3 on 
Chromosome 2, which encodes a gramibactin analogue 
(80% similarity) (Hermenau et  al. 2018), all the other 
eight clusters showed no or low similarity to known 
SMBGCs.

Secretion systems
It is well known that the secretion systems are also 
crucial to the virulence of pathogens. Collectively, our 
results revealed 3, 12, 53, 20, and 43 genes encoding 

Fig. 6  Pan- and core-genome curves of R. andropogonis strains (BLB1, LMG2129, ICMP2807, BRIP72957a, BRIP72872a, and Ba3549) based on PanGP 
software (http://​PanGP.​big.​ac.​cn). For every included genome the size of the pan-genome is increasing, and the core-genome is decreasing

http://PanGP.big.ac.cn
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components of type I, II, III, IV, and VI secretion sys-
tems, respectively, and 11 and 3 genes were found to 
encode the Sec-signal recognition particle (Sec-SRP) 
secretion system and twin arginine targeting (Tat) 
systems, respectively (Fig.  8 and Additional file  4: 
Table  S3). The haemolysins, leukotoxins, bacterioc-
ins, and other effectors could be secreted via the type 
I secretion system (T1SS) and contribute to the patho-
genesis during infection of host organisms, as well as 
be involved in nutrient acquisition (Kanonenberg et al. 
2013). In the BLB1 genome, three T1SS genes encod-
ing outer membrane protein (tolC), membrane fusion 

protein (hlyD), and ATP-binding cassette protein (hlyB) 
were found on Chromosome 1 (Fig. 8). No T1SS-related 
gene has been reported so far in R. andropogonis, 
and we did not find T1SS-related genes in the strains 
LMG2129 and ICMP2807 (Additional file 5: Table S4).

The type II secretion system (T2SS) can secret a 
broad repertoire of substrates contributing to bacte-
ria adaption, which affords the bacteria a fundamental 
importance in inducing local and global modifications 
of their external environment (Shaliutina-Loginova 
et  al. 2023). In addition to the T2SS gene cluster con-
sisting of eleven genes on Chromosome 1 (Fig.  8), we 

Fig. 7  a Virulence-related gene prediction of R. andropogonis strain BLB1 based on the VFDB (virulence factor database, http://​www.​mgc.​ac.​cn/​
VFs/) by Diamond software (e-value: ≤ 1e-5). b Comparison of the virulence gene groups of BLB1 with the other three well-studied plant bacterial 
pathogens R. solanacearum strain GMI1000, P. syringae strain DC3000, and X. oryzae strain PX099A

http://www.mgc.ac.cn/VFs/
http://www.mgc.ac.cn/VFs/
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Fig. 8  Gene clusters of different secretion systems of R. andropogonis strain BLB1
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also found a homologous gene (gspE) on Chromosome 
3, but the T2SS gene cluster was not identified in the 
strain Ba3549.

Type III effectors (T3Es) secreted via the Type III 
secretion system (T3SS) are key virulence factors under-
pinning the infection strategy of many clinically and 
economically important Gram-negative pathogens 
(Sanchez-Garrido et  al. 2022). Here, four T3SS gene 
clusters were found on Chromosome 1 (two sets), Chro-
mosome 2, and Chromosome 3 (Fig. 8). The T3SS gene 
clusters on Chromosome 2 and Chromosome 3 contain 
major T3SS regulators hrpB1 and hrpB2, and are more 
conserved at both levels of sequence identity (50.9%) and 
gene order; the sequence identities among other T3SS 
gene clusters ranged from 31.7% to 38.9%. We searched 
for the T3SS gene clusters in the genomes of the other 
five R. andropogonis strains, and results showed that the 
strain LMG2129, ICMP2807, BRIP72957a, BRIP72872a, 
and Ba3549 had four, three, three, three, and two sets 
of T3SSs, respectively (Additional file  5: Table  S4). 
Meanwhile, 62, 60, 61, 63, 64, and 58 T3Es were identi-
fied in strains BLB1, Ba3549, ICMP2807, BRIP72957a, 
BRIP72872a, and LMG2129, respectively (data from the 
NCBI genome annotation). Indeed, although the Robbsia 
species have yet to be well studied, the fact that multi-
ple diverse T3SS sets exist in their genomes indicates that 
the Robbsia species should have great potential to infect 
numerous hosts.

The type IV secretion system (T4SS) can deliver DNA, 
protein, or other macromolecules to bacterial or eukary-
otic cell targets (Costa et al. 2021). In the BLB1 genome, 
one T4SS gene cluster was identified in Plasmid 2, and 
another one was in Plasmid 4 (Fig. 8), but sequences of 
both gene clusters were highly conserved with 97.6% 
identity. We also identified 2, 0, 1, 1, and 1 T4SS in the 
strains LMG2129, ICMP2807, BRIP72957a, BRIP72872a, 
and Ba3549, respectively.

The type VI secretion system (T6SS) is a potent anti-
competitor weapon and determines whether a strain 
can invade or defend its niche in both environmen-
tal and host-associated microbial communities (Smith 
et al. 2020). We identified four T6SS gene clusters in the 
genome of BLB1, two of which were on Chromosome 
1, and one was on each of Chromosome 2 and Chro-
mosome 3 (Fig. 8). The two T6SS sets on Chromosome 
1 were complete T6SS gene clusters, and they share 
52.6% sequence identity. However, each genome of the 
other five Robbsia strains only has one T6SS gene cluster 
(Additional file 5: Table S4).

Additionally, eleven genes of the Sec-SRP secretion sys-
tem were identified in the BLB1 strain, including seven 
genes of Sec pathways (secA, secB, secD, secE, secF, secG, 
and secY) and four genes of SRP pathway (ftsY, yajC, ffh, 

and yidC). The Sec-SRP section system could translocate 
unfolded proteins across the cytoplasmic membrane, 
while, the twin-arginine translocation (Tat) secretion 
system could transport folded proteins across biological 
membranes (Natale et  al. 2008). Here, three key func-
tional genes (tatA, tatB, tatC) were identified in the BLB1 
strain (Fig. 8).

Discussion
The complete genome of R. andropogonis provides 
a valuable resource to reveal the highlights of its genomic 
characteristics
The R. andropogonis was first isolated and identified as 
Bacterium andropogonis (1911), Pseudomonas andropo-
gonis (1925), and Burkholderia andropogonis (1955), 
and its taxonomic position was reassessed to Robb-
sia andropogonis based on the calculated results of 16S 
rRNA gene sequences, multilocus sequence analysis, 
average nucleotide identity, tetranucleotide frequency, 
and percentage of conserved proteins (Lopes-Santos 
et al. 2017). Although the R. andropogonis species cause 
leaf spots, streaks, or stripes in a broad range of host 
plants including Zea mays (Ullstrup 1960), Coffea ara-
bica (Rodrigues et al. 1981), Citrus sp. (Duan et al. 2009), 
Simmondsia chinensis (Cother et  al. 2004), Ruscus sp. 
(Irene et  al. 2009), and Bougainvillea sp. (Li & De Boer 
2005) with extensive geographical distribution, only five 
highly fragmented uncompleted genomes of R. andropo-
gonis were available in GenBank before our research. 
The low quality of the draft genomes reduces the reli-
ability of gene annotation and limits further studies of 
gene function, comparative genomics, and population 
genomics. By taking a hybrid assembly of both long and 
short-read sequencing data, we finally obtained a high-
quality genome of R. andropogonis. Thus, the strategy of 
integrating the data from long and short-read sequencing 
platforms is helpful for obtaining the complete genome, 
especially for the species with multiple replicons. The 
primary goal of this study was to assemble the first com-
plete genome of the species of genus Robbsia and to char-
acterize the virulence genes at the genome level, which is 
an important addition to the genomic resources of Robb-
sia species and is favorable for further studies of patho-
genic mechanisms.

The genus Burkholderia, from which the genus Robb-
sia was separated, is a large bacterial genus that englobes 
at least 31 distinct species (Coenye & Vandamme 2003). 
The Burkholderia species commonly contain two chro-
mosomes and several plasmids, whereas R. andropogonis 
BLB1, as the closely related species, has multiple repli-
cons. The origin analyses of seven replicons of the BLB1 
strain have shown that Chromosome 1 and 3, Plasmid 
1, 2, and 4 were closely related to the genome sequence 
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from Burkholderia, but Chromosome 2 and Plas-
mid 3 have the highest identities with the genome of 
Paraburkholderia caribensis (99.82%) and Caballero-
nia sp. (80.667%), respectively. A plausible explanation 
is that the obtaining of new replicons contributes to the 
genomic distinction between Burkholderia and Robb-
sia, and it may be a common feature for members of R. 
andropogonis to own multiple replicons in their genomes. 
Next, all the rRNA and tRNA coding sequences are dis-
tributed on Chromosome 1, which further indicates that 
Chromosome 1 may be the conserved replicon. Though 
most genomes of R. andropogonis species are uncom-
pleted, core- and pan-genome analyses of R. andropo-
gonis species showed that the percentage of gene families 
belonging to the core-genome is 69.02%, indicating these 
Robbsia species are experiencing highly dynamic genome 
evolution, which likely has great importance in the adap-
tation of R. andropogonis species to new host plants and 
different environmental conditions. Moreover, genome 
islands (GIs) and prophages are major drivers of genome 
evolution (Dobrindt et al. 2004). Our results showed that 
the 37 identified GIs and four prophages account for 12% 
of the gene content (Additional file  3: Table  S2), which 
is particularly interesting since they often provide adap-
tive traits that enhance the fitness of bacteria and archaea 
within a niche.

Genome sequencing reveals the powerful and unique 
virulence mechanisms of R. andropogonis for leaf infection
The prediction results showed that the BLB1 strain has 
a large number of genes (788/5808, 13.57%) encoding 
virulence factors (Additional file  4: Table  S3). However, 
unlike most phytopathogenic bacteria that infect root 
tissues in the soil, R. andropogonis commonly infects the 
leaves of host plants and causes leaf spot disease. Our 
results demonstrated that R. andropogonis BLB1 bears a 
series of interesting characteristics for leaf adaption and 
infection. For example, cellulase, pectinase, or polyga-
lacturonase coding genes were absent from its genome. 
Instead, the BLB1 strain has a higher number of main 
groups of virulence genes encoding nutritional and meta-
bolic factors, effector delivery system, motility, immune 
modulation, and adherence than the R. solanacearum, 
P. syringae, and X. oryzae (Fig. 7). Thus, our results indi-
cated that R. andropogonis has a great potential to infect 
numerous plants though it has yet to draw the attention 
broadly.

Results of GO, COG, and KEGG annotations (Figs. 2, 
4, and 5) all revealed abundant metabolism-related genes, 
suggesting that excellent nutrition and metabolism abil-
ity might have contributed to the BLB1 survival on and 
infection of host leaves. This notion was also supported 
by a higher number of CAZyme genes found in the BLB1 

genome (Additional file  4: Table  S3) than in R. solan-
acearum, P. syringae, and X. oryzae. Similarly, analysis 
of the other five Robbsia strains also revealed powerful 
metabolism abilities and genes related to adherence, anti-
microbial ability, biofilm, effector delivery systems, exo-
toxin, immune modulation, motility, nutritional factors, 
regulation, stressful survival, and multiple secretion sys-
tems (Additional file 5: Table S4).

Moreover, it has been extensively reported that in the 
Burkholderia spp. possess CepRI (Lewenza et  al. 1999) 
and CciIR (Baldwin et  al. 2004) N-acyl homoserine lac-
tones (AHLs) QS systems and BDSF-dependent QS 
system (Bi et al. 2012), which can regulate the biofilm for-
mation, as well as the expression of virulence factors and 
secondary metabolites. However, no known QS signal 
synthase gene and signal receptor gene was found in the 
BLB1 genome. Interestingly, at least 22 c-di-GMP-related 
genes were identified in the BLB1 genome. It is well 
known that c-di-GMP regulates various biological func-
tions such as motility, biofilm formation, and virulence by 
a variety of mechanisms (Yang et al. 2017), and BDSF-QS 
system receptor RpfR links QS signal perception with the 
regulation of virulence through c-di-GMP (Deng et  al. 
2012). Thus, we can predict that the c-di-GMP signaling 
systems play roles in regulating virulence-related genes, 
either alone or in cooperation with other virulence regu-
lators. Meanwhile, whether the eight SMBGCs predicted 
in BLB1 with unknown products (Additional file 1: Figure 
S1) have the functions in signaling or competition with 
other environmental microbes is still worth investigating 
in the future.

Complex secretion systems highlight the sophisticated 
virulence mechanism
The secretion system is one of the essential components 
of pathogenicity for many pathogens, playing roles in 
promoting bacterial virulence, enhancing attachment to 
eukaryotic cells, scavenging resources in environmental 
niche, and intoxicating and disrupting host cells (Green 
& Mecsas 2016). The Sec and Tat secretion systems are 
general secretion systems, commonly conserved and 
used to transport proteins, which are important for phys-
iology and survival of both pathogenic and nonpatho-
genic bacteria. Our results showed that Sec-SPR and Tat 
secretion systems of BLB1 are conserved and exist on 
Chromosome 1; the genome data will lay a valid founda-
tion for further research of the function of both systems. 
The T1SS resembles a large family of ATP-binding cas-
sette (ABC) transporters to export antibiotics and toxins 
out of the cell (Symmons et  al. 2009), which contribute 
to virulence in many pathogens. In the BLB1 genome, 
the T1SS gene cluster contains the hly genes encoding 
transporters which may secrete the substrates hemolysin 
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A proteins (HlyA) that can cause the host cells to rup-
ture (Welch et  al. 1981). T2SSs are capable of secreting 
a diverse array of substrates outside of the cell, some of 
which contribute to the virulence of pathogens (Korotkov 
et al. 2012), or play a key role in phage infection (Xavier 
et  al. 2022), which is conserved among the R. andropo-
gonis (Additional file  5: Table  S4). Undoubtedly, the R. 
andropogonis BLB1 may use the T2SS to secret enzymes 
that help it adapt to its environment.

The T3SS has a core of nine conserved proteins but 
are typically horizontally acquired; thus, the evolution-
arily distant bacteria may have closely related systems 
and vice versa (Troisfontaines & Cornelis 2005). Nota-
bly, there were four T3SS gene clusters in BLB1 genome 
(Fig. 8), and each of the other five R. andropogonis strains 
also has two to four T3SS gene clusters (Additional file 5: 
Table  S4). Thus, multiple T3SSs should be one of the 
typical characteristics of this group of bacteria. Here, at 
least 62 T3Es were predicted, nearly equaling the num-
ber of T3Es and effector delivery systems (Fig.  7b) in 
the Ralstonia solanacearum species complex, which has 
been well-studied as one of the most notorious agricul-
tural phytopathogens. We infer that the R. andropogonis 
strains have acquired multiple T3SSs through horizontal 
gene transfer, which may facilitate their infection on mul-
tiple hosts. However, little is known about the molecu-
lar basis of the interaction between R. andropogonis and 
the host plants. Therefore, the detailed function of these 
T3SSs and T3Es is still worthy of elucidation.

Impressively, two highly conserved T4SSs were iden-
tified in Plasmid 2 and Plasmid 4 (97.6% identity) of 
strain BLB1. One T4SS gene cluster was found in the 
R. andropogonis strains Ba3549, BRIP72957a, and 
BRIP72972a; two T4SSs existed in the strain LMG2129, 
while T4SS was absent in the strain ICMP2807 (Addi-
tional file  5: Table  S4). T4SSs can transfer both DNA 
and proteins and can serve a variety of functions, includ-
ing DNA uptake and release and translocation of effec-
tor proteins (Cascales & Christie 2003). Recent results 
also highlight the T4SS and T4Es function in quorum 
quenching (Liao et  al. 2023), bacterial killing, biofilm 
invasion, and biocontrol (Purtschert-Montenegro et  al. 
2022). Hence, further research on the function and 
mechanisms of the two highly conserved T4SSs in BLB1 
will enhance our understanding of host–pathogen inter-
actions and may lead to novel insights into environment 
adaption.

Furthermore, four T6SS gene clusters were found in 
the BLB1 genome, but each of the other five R. andropo-
gonis strains has only one T6SS gene cluster (Additional 
file 5: Table S4). T6SSs are capable of transporting effec-
tor proteins in a contact-dependent manner and are 
believed to play vital roles in bacterial communication 

and competition (Wang et al. 2020; Sa-Pessoa et al. 2023). 
Thus, the T6SSs of R. andropogonis may contribute to the 
virulence, delivery of effectors to host cells, and secreting 
proteins into neighboring bacteria thereby competing for 
a specific host niche.

Together, the existence of complex and multiple secre-
tion systems afforded R. andropogonis the potential 
for infecting their host plants. In addition, the detailed 
mechanism of R. andropogonis operating the multi-
ple T3SSs, T4SSs, and T6SSs during infection of plants 
still needs to be discovered. The illustration of these 
mechanisms should certainly contribute to the design of 
effective and sustainable control measures against this 
underestimated phytopathogen.

Conclusion
The first complete genome sequence of Robbsia spe-
cies presented here and comparison results with the 
other five available genomes of Robbsia strains provide 
a solid foundation for further investigation of its viru-
lence mechanisms and represent a valuable resource for 
the comparative genomics of genus Robbsia. The assem-
bly consists of seven replicons totaling 6,828,120  bp, 
and a total of 5808 genes were annotated, including 788 
virulence-related genes. Function analysis showed that 
genes of metabolism were enriched significantly and have 
evolved to suit leaf infection. Moreover, secretion sys-
tems were well equipped in their genomes, especially the 
T3SS, T4SS, and T6SS, with more than one set, which 
highlights the virulence features of R. andropogonis.

Methods
Robbsia andropogonis culture and DNA isolation
R. andropogonis strain BLB1 was isolated from the 
infected leaves of areca palm and confirmed as the causal 
pathogen following Koch’s postulates. R. andropogonis 
strain BLB1 was subsequently cultured in Luria–Bertani 
(LB, peptone 10  g/L, yeast extract 5  g/L, sodium chlo-
ride 10 g/L) medium at 30°C, 150 rpm for 12 h, and cells 
were collected for further application or genomic DNA 
extraction.

DNA extraction and sequencing
DNA was extracted using the Tiangen DNA Isola-
tion kit (TIANGEN BIOTECH, Beijing) following the 
manufacturer′s protocol. The harvested DNA was 
detected by the agarose gel electrophoresis and quan-
tified by Qubit R 2.0 Fluorometer (Thermo Scien-
tific, Waltham, MA, United States). The genome was 
sequenced using the BGISEQ-500 and ONT Prome-
thION platforms at the Nextomics Biosciences Co., Ltd., 
China.
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DNA assembly and function annotation
The resulting assembly was polished with both long and 
short reads data using NextPolish v1.4.1, then followed by 
a hybrid assembly of both long and short read sequenc-
ing data using the Unicycler 0.4.8 (Wick et  al. 2017). 
The completeness of the genome assembly was assessed 
with the Firmicutes BUSCO lineage (Seppey et al. 2019). 
The circular visualization of BLB1 genome character-
istics was created by Circos (Krzywinski et  al. 2009), 
and the plasmids were predicted by PlasFlow (Krawc-
zyk et al. 2018). The gene annotation was performed by 
using DIAMOND (Buchfink et  al. 2021), rRNAs were 
predicted using RNAmmer (Lagesen et  al. 2007), tRNA 
were predicted by tRNAscan-SE (Lowe and Eddy 1997), 
and sRNA were predicted by comparing the Rfam data-
base V14 (Kalvari et al. 2021). The tandem repeats (TR) 
were predicted using Tandem repeats finder (Benson 
1999). The interspersed repeats (IR) were predicted using 
RepeatMasker (Smit et al. 2022).

The gene ontology (GO) was performed by taking 
blast2go with GO database (http://​www.​geneo​ntolo​
gy.​org/) with e-value ≤ 1e-5, including cellular compo-
nent, molecular function, and biological process; the 
clusters of orthologous groups of proteins (COG) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
were performed by taking DIAMOND analysis with 
eggNOG (evolutionary genealogy of genes: Non-super-
vised Orthologous Groups, http://​eggnog.​embl.​de/) and 
KEGG database (http://​www.​genome.​jp/​kegg/) with 
e-value ≤ 1e-5, respectively. The genome island (GI), 
CRISPR_Cas, and prophage prediction were analyzed 
using IslandVierer 4 (Bertelli et al. 2017), MinCED (Sken-
nerton et  al. 2021), and Phigaro (Starikova et  al. 2020), 
respectively.

Virulence factors were predicted by PathoFact v1.0 
with default settings (de Nies et  al. 2021), and only the 
predictions with high confidence levels (i.e., "1: Secreted 
Virulence factor" and "2: Non-secreted Virulence factor") 
were considered. In addition, the carbohydrate-active 
enzymes and secondary metabolisms were predicted by 
blasting in the CAZy DB (http://​www.​cazy.​org/) and ant-
iSMASH v6.0 (Blin et al. 2021), respectively.

Genome phylogenic analysis and the core‑ 
and pan‑genome analyses
The genome sequence was analyzed with GTDB-tkv1.6.0 
software, and the conserved genes were chosen and 
used to perform phylogenic analysis together with the 
most closely related species in the Genome Taxonomy 
Database. Meanwhile, the ANI between BLB1 and other 
closely related strains’ genomes was calculated with pyani 
v0.2.11 software and the online tool GGDC3.0 (http://​

ggdc.​dsmz.​de/​ggdc.​php). The core- and pan-genome 
comparison analysis referenced the previously reported 
method (Zhao et al. 2014).
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