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as a type 9 secreted effector of Riemerella anatipestifer (Niu 
et al. 2019). R. anatipestifer is a bacterial causal agent of 
duck septicemic and exudative diseases. Recently, metal-
lophosphoesterase, a T9S effector of R. anatipestifer, was 
identified as a crucial virulence factor. However, to our 
knowledge, metallophosphoesterase is not known as a viru-
lence factor in plant pathogenic bacteria. CR-3 (RS28255 
to RS20760) contains three type III effector (T3E) genes 
(hopF1: RS20695, hopT1: RS20735, and hopO1: RS20740). 
It is known that Pta6605 harbors at least 22 T3E genes 
(Kuroe et al. 2025). Kuroe et al. (2025) reported that ∆hopF1 
and ∆hopO1∆hopT1 caused severe disease symptoms in 
Nicotiana benthamiana comparable to those induced by the 
Pta6605 wild type (WT). Furthermore, it has been reported 
that mutant strains lacking more than 14 effector genes, 
including these three, exhibit reduced disease symptoms 
(Kuroe et al. 2025). However, the virulence of the strains 
lacking only three effector genes has not been investigated. 
Furthermore, Kuroe et al. investigated the effector genes of 
Pta6605 in their role in virulence in N. benthamiana but not 
in N. tabacum. Therefore, the importance of three genes in 
the interaction with N. tabacum cv. Xanthi remains unclear. 
The CR-4 (RS20815 to RS20880) is a tabtoxin biosynthetic 
gene cluster (Fig. 1). Tabtoxin is a non-specific phytotoxic 
dipeptide composed of tabtoxinine-β-lactam and either 

GI-1Pta6605, one of the genomic islands (GIs) in Pseudomo-
nas syringae pv. tabaci 6605 (Pta6605), is a pathogenic-
ity island required for virulence because its deletion almost 
completely eliminated disease symptoms in an inoculation 
assay (Watanabe et al. 2025). GI-1Pta6605 is 110 kb in size 
and possesses a pseudogene and an intact tRNALys gene 
at both borders. Genes in GI-1Pta6605 can be classified into 
core genes (hereafter referred to as backbone regions) and 
accessory genes (hereafter referred to as cargo regions; CR). 
Backbone regions are conserved in a wide range of bacte-
rial GIs that are essential for their transfer and maintenance, 
while the CR determine the function of GIs. GI-1Pta6605 con-
tains three type III effector genes, a tabtoxin biosynthetic 
gene cluster, and other unknown genes.

There are four cargo regions (CR) in GI-1Pta6605. CR-1 
(Pta6605_RS20475 to RS20530) encodes an integrase and 
several hypothetical proteins, and CR-2 (RS20590) shows 
homology to a gene for the metallophosphoesterase known 
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Abstract
One of the genomic islands in Pseudomonas syringae pv. tabaci 6605 (GI-1Pta6605) has been identified as a pathogenicity 
island required for virulence because the deletion almost completely eliminated disease symptoms in inoculation tests at 
4 × 105 CFU/ml. GI-1Pta6605 contains four cargo regions (CRs) named CR-1 to CR-4. The ∆CR-4 mutant did not produce 
tabtoxin like ∆GI-1 and disease symptoms did not develop in tobacco. However, it grew, although to a lesser extent than 
the wild-type strain. These results indicate that the tabtoxin biosynthetic gene cluster in GI-1 is required for virulence but 
not for establishment of compatibility.
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serine or threonine (Arrebola et al. 2011). Tabtoxin is pro-
duced by some P. syringae pathovars including pvs. tabaci, 
coronafaciens, and garcae (Bender et al. 1999; Arrebola 
et al. 2011). Pta6605 WT produces tabtoxin, but its ∆GI-1 
does not (Watanabe et al. 2025). Therefore, the tabtoxin bio-
synthetic genes are functional. Although deletion of GI-1 
nearly abolished virulence, it remains unclear which CR is 
necessary for virulence. To identify the genes essential for 
GI-1 virulence, we generated a series of deletion mutants 
for each CR of GI-1.

To generate deletion mutant strains, we first amplified 
0.5–0.6 kb DNA fragments at the left and right borders of 
each CR using set of PCR primers (Table S1), then cloned 
them into universal cloning vectors, pUC118 or pGEM-T 
Easy (Table S2). The left and right border DNA fragments 
of each CR was excised from the plasmids by EcoRI/BamHI 
digestion and inserted them into pK18mobsacB (Schäfer et 
al. 1994; Fig.  1) at EcoRI or BamHI sites. The resultant 
plasmids (Table S2) were introduced into Escherichia coli 
S17-1 for conjugation with the Pta6605 WT to obtain each 
CR-specific deletion mutant (Table S2). The target transcon-
jugant was further selected by sucrose, and deletion mutants 
were confirmed by PCR and sequencing.

Production of tabtoxin was examined as described 
(Watanabe et al. 2025). Tabtoxinine-β-lactam, a compound 
converted from tabtoxin by peptidase, irreversibly inhibits 
glutamine synthetase, leading to abnormal ammonia accu-
mulation and glutamine deficiency. In a bioassay of tab-
toxin, the growth inhibitory effect of tabtoxin on E. coli 
is eliminated by the addition of exogenous glutamine. In 
our bioassay, clear growth inhibition zones of E. coli were 
appeared around Pta6605 WT, ∆CR-1, ∆CR-2, and ∆CR-3, 
indicating production of tabtoxin, but not around ∆GI-1 and 
∆CR-4, as expected (Fig. 2).

The virulence of Pta6605 WT and mutant strains was 
assessed using N. tabacum cv. Xanthi by flood inoculation 
and infiltration methods as described (Fig. 3, Watanabe et 

al. 2025). For flood inoculation, tobacco seedlings grown 
on Murashige Skoog (MS) plates supplemented with 1% 
sucrose and vitamins for 2  weeks were transplanted into 
0.1% sucrose MS plates and grown for a further 3 days. A 
bacterial suspension in 10 mM MgSO4 at an OD600 of 0.004 
(8 × 106  CFU/ml) supplemented with 0.025% (v/v) Silwet 
L-77 (OSI Specialties) was used for flood inoculation. Pho-
tos of seedlings were taken at 3, 5, and 7 days post-inocula-
tion (dpi), as shown in Fig. 3A. Pta6605 WT caused severe 
symptoms, but the ∆GI-1 mutant remained healthy, as previ-
ously reported (Watanabe et al. 2025). On the other hand, the 
growth of seedlings inoculated by WT and all ∆CR strains 
was suppressed. Furthermore, tobacco seedlings inoculated 
with Pta6605 WT, ΔCR-1, ΔCR-2, and ΔCR-3 showed yel-
lowing and necrosis at 5 and 7 dpi, whereas those inoculated 
with ΔCR-4 remained healthy without yellowing (Fig. 3A).

Bacterial growth of ∆GI-1 in tobacco leaves of cv. Xanti 
inoculated with flood assays was significantly lower than 
that of WT at 3 dpi, as previously reported (Fig. 3B). How-
ever, bacterial growth of ∆CR-1, ∆CR-2, and ∆CR-3 was 
also as high as that of WT strain at 3 dpi, and that of ∆CR-4 
was significantly lower than that of WT strain. Because 
tobacco seedlings of cv. Xanthi inoculated with ∆GI-1 and 
∆CR-4 appeared healthy, the bacterial growth was measured 
at 5 and 7 dpi. The population of ∆GI-1 and ∆CR-4 further 
increased at 5 dpi, but they subsided at 7 dpi (Fig. 3C).

Tobacco leaves of cv. Xanthi were also inoculated 
by infiltration of these bacteria as described previously 
(Watanabe et al. 2025). At a low inoculum concentration 
(OD600 = 0.0002, 4 × 105 CFU/ml), inoculated areas with WT 
and ∆CR-1, -2, and -3 turned yellow at 9 dpi and necrotic at 
11 dpi; however, little change was observed in ∆GI-1- and 
∆CR-4-inoculated areas up to 11 dpi (Fig. 3D). Similarly, at 
a high inoculum concentration (OD600 = 0.02, 4 × 107 CFU/
ml), ∆CR-1, -2, -3, and -4 caused necrotic regions as well 
as WT at 4 dpi, and necrosis was also observed at 9 dpi in 
∆GI-1 (Fig. 3D). These results indicate that although ∆GI-1 

Fig. 1  Generation of each deletion mutant of cargo region in GI-1Pta6605. 
A schematic model of GI-1Pta6605 is shown. Backbone (core) regions 
and cargo (accessory) regions are categorized and shown with different 
colors as indicated. A pseudogene and an intact gene of tRNALys are 

indicated by vertical lines at the boundaries of GI-1Pta6605. To generate 
deletion mutants of each cargo region (CR), red DNA fragments were 
amplified by PCR, ligated, and inserted into a conjugative plasmid 
vector, pK18mobsacB (Schäfer et al. 1994) as shown below GI-1
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loses most of its virulence due to the GI-1 deficiency, it still 
exhibits symptoms upon inoculation at high concentrations, 
so it retains its pathogenicity. Furthermore, inoculation with 
∆CR-4 caused symptoms earlier than inoculation with ∆GI-
1, and flood inoculation caused a slight growth defect in 
tobacco seedlings (Fig. 3A), suggesting that in addition to 
CR-4, CR-1 to -3 may also contribute to virulence. In this 
study, we demonstrated the importance of CR4 in virulence. 
However, we have not confirmed that virulence is restored 
by complementation, because the region is over 16  kb in 
size. It will be an important future challenge to perform 
HGT of GI-1, with or without CR-4, into a strain that does 
not have GI-1.

These results indicate that tabtoxin production-defective 
Pta6605 is still compatible with tobacco plants, and that 
tabtoxin is required for the virulence of this pathogen. P. 
syringae BR2, a causal agent of bean wildfire, is also known 
to produce tabtoxin (Kinscherf et al. 1991). In this report, 
a tabtoxin-deficient BR2 derivatives did not cause disease, 
suggesting that tabtoxin is the major virulence factor of P. 
syringae BR2 in common beans. Furthermore, tabtoxin pro-
duction was not required for growth of P. syringae BR2 in 
planta, and tabtoxin-producing P. syringae epiphytic bac-
terium Cit7 was non-pathogenic to both tobacco and bean, 
indicating that tabtoxin production alone is not sufficient to 
cause disease (Kinscherf et al. 1991).

Tabtoxin-deficient P. syringae pv. tabaci was reported as 
the P. syringae pv. tabaci variant ‘angulata’, a causal agent 
of angular leaf spot of tobacco (Tanaka 1973; Willis et al. 

1989). Turner and Taha (1984) reported that a non-toxigenic 
mutant (Tox−) of P. syringae pv. tabaci was isolated after 
repeated in vitro culture. The Tox− mutant might be gener-
ated by spontaneous deletion of GI-1. Recently, Pta8018, 
which lacks GI-1, was found to be a hypovirulent bacte-
rium for tobacco plants (Hiraki et al. unpublished). Pta8018 
did not cause any symptoms at low inoculation concentra-
tion like Pta6605 ∆GI-1 and ∆CR-4 mutant strains. How-
ever, different from these mutant strains, Pta8018 WT 
grew better than Pta6605 WT after inoculation (Hiraki et 
al. unpublished). These results suggest that, in compatible 
tobacco-Pta interactions, tabtoxin significantly contributes 
to disease development but plays a lesser role in bacte-
rial proliferation. We have ever attempted to characterize 
pathogenicity and virulence factors of P. syringae and con-
cluded that three bacterial abilities are necessary to cause 
disease (Ichinose et al. 2013). The three bacterial abilities 
are: (1) the ability to invade the host, (2) the ability to sup-
press the host's resistance, and (3) the ability to harm and 
cause disease in the host (Ichinose et al. 2013). In the case 
of P. syringae, type III effectors (T3Es) are thought to be 
the primary factors of the ability to suppress host resistance, 
and compatibility is thought to be primarily determined by 
T3Es, whereas toxins such as tabtoxin are a major factor in 
host harm and disease induction.

Fig. 2  Tabtoxin assay. Tabtoxin production of Pta6605 WT and mutant 
strains was assessed using E. coli DH5α as the indicator bacterium. 
E. coli suspension in MG (mineral salts–glucose) medium with 0.7% 
agar and with/without glutamine is overlaid onto the 1.5% agar MG 
plate. Five microliters of cultured Pta6605 WT and each mutant was 
put on the sterilized filter paper. Although tabtoxin irreversibly inhib-
its glutamine synthetase, exogenous addition of glutamine (Gln) can 

eliminate the growth inhibitory effect of tabtoxin on E. coli. MG + Gln 
and MG indicate the presence (34  µM at final concentration) or 
absence of glutamine in MG media. Photographs were taken after 48 h 
of incubation at 37℃, and representative results obtained from two 
independent experiments are shown. Red arrows indicate the growth 
inhibition zone
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Fig.  3  Virulence assay. Nicotiana tabacum cv. Xanthi was used in 
all experiments. a Tobacco seedlings were inoculated by flooding 
8 × 106 CFU/ml of the bacterial suspension of each strain, followed by 
incubation at 22 °C. Photographs taken at 3, 5, and 7 dpi show repre-
sentative results from three independent experiments. b The bacterial 
population after flood inoculations (8 × 106 CFU/ml) was counted at 0 
dpi (3 hpi) and 3 dpi. Bars represent standard errors from 4 indepen-
dent experiments. Bacterial CFUs for each strain in one experiment 

from 4 individuals were pooled (**p < 0.01; ***p < 0.001 by a one-
way ANOVA followed by Dunnett’s multiple comparisons test). c The 
bacterial population of ∆GI-1 and ∆CR-4 was counted at 0 to 7 dpi in 
flood inoculations (8 × 106 CFU/ml). Whiskers represent the maximum 
and minimum values from three independent experiments. d Infiltra-
tion inoculation at OD600 = 0.02 (left) and OD600 = 0.0002 (right). Pho-
tos were taken at 4 dpi and 9 dpi after the inoculation of OD600 = 0.02, 
and at 9 dpi and 11 dpi after the inoculation of OD600 = 0.0002
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