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The deduced amino acid sequences of the flagellins of Pseudomonas syringae pv. tabaci and P. syringae pv.
glycinea are identical; however, their abilities to induce a hypersensitive reaction are clearly different. The
reason for the difference seems to depend on the posttranslational modification of the flagellins. To investigate
the role of this posttranslational modification in the interactions between plants and bacterial pathogens, we
isolated genes that are potentially involved in the posttranslational modification of flagellin in P. syringae pv.
glycinea (glycosylation island); then defective mutants with mutations in these genes were generated. There are
three open reading frames in the glycosylation island, designated orfl, orf2, and orf3. orfl and orf2 encode
putative glycosyltransferases, and mutants with defects in these open reading frames, AorfI and Aorf2, secreted
nonglycosylated and slightly glycosylated flagellins, respectively. Inoculation tests performed with these mu-
tants and original nonhost tobacco leaves revealed that Aorfl and Aorf2 could grow on tobacco leaves and
caused symptom-like changes. In contrast, these mutants failed to cause symptoms on original host soybean
leaves. These data indicate that putative glycosyltransferases encoded in the flagellin glycosylation island are
strongly involved in recognition by plants and could be the specific determinants of compatibility between

phytopathogenic bacteria and plant species.

Flagellin is an essential component of the flagellum filament
of bacteria. In recent years, there has been increasing evidence
that flagellin is posttranslationally glycosylated (4, 20). How-
ever, workers have just started to elucidate the molecular basis
of this modification. Thus, little is known about its biological
significance.

The isolates of the phytopathogenic bacterium Pseudomonas
syringae can be classified into more than 50 pathovars on the
basis of virulence for host plant species. In a previous study, P.
syringae flagellin was found to elicit hypersensitive reactions
(HR) in nonhost plants (27). Several studies to characterize
elicitor flagellins have been performed with Pseudomonas ave-
nae (Acidovorax avenae) (5) and P. syringae pv. tabaci (7).
These flagellins have been reported to induce plant defense
responses in cultured cells of rice (5), tomato, and Arabidopsis
thaliana (7). A 22-amino-acid peptide (flg22) of a conserved
domain near the N terminus based on the sequence of Pseudo-
monas aeruginosa flagellin has been reported to induce plant
defense responses but not hypersensitive cell death (7). Thus,
flg22 is known as a general elicitor of an innate immune re-
sponse in plants (10). However, flagellins from P. avenae (5)
and flagellins from P. syringae pv. glycinea and P. syringae pv.
tomato (27) are known to induce plant cell death in nonhost
rice and tobacco plants, respectively. These results indicate
that the flagellin proteins have roles both as nonspecific elici-
tors of general defense responses and as specific elicitors of

* Corresponding author. Mailing address: Laboratory of Plant Pa-
thology & Genetic Engineering, Faculty of Agriculture, Okayama Uni-
versity, Tsushima-naka 1-1-1, Okayama 700-8530, Japan. Phone and
fax: (81) 86-251-8308. E-mail: yuki@cc.okayama-u.ac.jp.

6658

HR cell death in defined plant-bacterium interactions. Fur-
thermore, a flagellin-defective mutant (AfliC) of P. syringae pv.
tabaci lost both the ability to cause HR in nonhost tomato
plants (24) and virulence for host tobacco plants (13). These
results suggest that flagella are indispensable for establishing
both incompatible and completely compatible relationships.

It has recently been reported that the deduced amino acid
sequences of the flagellin proteins of P. syringae pv. tabaci and
P. syringae pv. glycinea are identical; however, the flagellin
protein of P. syringae pv. glycinea caused cell death in nonhost
tobacco cells, whereas that of P. syringae pv. tabaci did not (27).
Actually, the flagellin proteins of these two pathovars were
shown to be glycosylated (28). Furthermore, a study performed
with a AfliC mutant of P. syringae pv. tabaci and mutants with
complements of fliC genes of different pathovars showed that
any flagellin modified in a P. syringae pv. tabaci-specific manner
did not induce HR death of tobacco cells (28). These results
suggest that posttranslational modification of the flagellin de-
termines the ability to induce HR. Recently, a genomic island
that is necessary for flagellin glycosylation in P. aeruginosa was
identified directly upstream of the fliC gene (1). This report
provided a clue to the identity of the gene(s) involved in the
posttranslational modification of the flagellin protein of P.
syringae. It has also been found that part of a sequence homol-
ogous to the glycosylation island of P. aeruginosa is present
upstream of fliC in P. syringae pv. tabaci (24).

Here, we describe genetic and functional analyses of the
genes in the glycosylation island involved in the posttransla-
tional modification of flagellin in P. syringae pv. glycinea. In
particular, we found that the putative glycosyltransferases de-
termined the ability to induce HR in nonhost tobacco plants
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TABLE 1. Bacterial strains and plasmids used in this study

Bacterial strain or plasmid

Relevant characteristics®

Reference or source

E. coli strains

DHb5a F™\" $80dlacZAMI5 A(lacZYA-argF)U169 recAl endAl hsdR17(ry~ myg™") Takara, Kyoto, Japan
supE44 thi-1 gyrA relAl
S17-1 thi pro hsdR hsdM™ recA [chr::RP4-2-Tc::Mu-Km::Tn7] 22
P. syringae pv. glycinea strains
race 4 Wild type, Nal" A. Collmer
race 4-d1 race 4 Aorf] This study
race 4-d2 race 4 Aorf2 This study
race 4-d3 race 4 Aorf3 This study
Plasmids
pUC18 2.7-kb cloning vector, Ap* Takara, Kyoto, Japan
pUCSacl 1.8-kb SaclI-Sacl fragment in pUCIS, Ap” This study
pUCSac2 13.4-kb Sacl-Sacl fragment in pUCIS8, Ap* This study
pUCSall 1.5-kb Sall-Sall fragment in pUC18, Ap" This study
pCR-blunt II-TOPO 3.5-kb cloning vector for PCR blunt end product, Km" Invitorgen
pK18mobsacB Small mobilizable vector, Km", sucrose sensitive (sacB) 22
pM1 2.18-kb chimeric PCR product deleting orfI cloned into pK18mobsacB at This study
EcoRI site, Km*
pM2 1.79-kb chimeric PCR product deleting orf2 cloned into pK18mobsacB at This study
EcoRI site, Km*
pM3 1.69-kb chimeric PCR product deleting orf3 cloned into pK18mobsacB at This study

EcoRI site, Km"

“ Ap', ampicillin resistance; Km', kanamycin resistance, Nal’, nalidixic acid resistance.

and also affected the virulence for host soybean plants. To our
knowledge, this is the first report that shows that glycosyltrans-
ferases of bacterial flagellin influence pathogenicity for eu-
karyotes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. P. syringae pv. glycinea (race 4) was grown
principally on King’s B (KB) medium (15) at 27°C. For the inoculation test,
bacteria were cultured in Luria-Bertani (LB) medium with 10 mM MgCl, at
25°C. For purification of flagellin proteins, bacteria that had been cultured
overnight were incubated in minimal medium containing 10 mM mannitol and
fructose as carbon sources for 24 h at 23°C (12). Escherichia coli strains were
grown on LB medium at 37°C.

The following antibiotics were added to the growth media when appropriate:
ampicillin (50 pg/ml), kanamycin (25 pg/ml), and nalidixic acid (30p.g/ml).

Plant material and inoculation procedures. Tobacco (Nicotiana tabacum cv.
Xanthi NC) and soybean (Glycine max cv. Shirofumi) plants were grown in a
growth chamber at 25°C and 30 to 40% relative humidity with a 12-h photope-
riod. To carry out plant inoculation, P. syringae pv. glycinea was suspended in 10
mM MgSO,-0.02% Silwet L77 (OSI Specialties Inc., Danbury, Conn.) at a
density of 2 X 10® CFU ml~". Five-week-old tobacco plants or three-week-old
soybean plants were spray inoculated with an airbrush until both the abaxial and
adaxial leaf surfaces were uniformly wet. For the investigation of bacterial
growth on tobacco leaves, 10 pl of bacteria (2 X 10° CFU) was put on needle-
pricked leaves, and the bacterial populations were measured. At different times,
leaf disks (diameter, 0.5 cm) were punched out from inoculated areas and
homogenized in 10 mM MgSOy,; then serial dilutions of the homogenate were
plated on KB agar plates. For the investigation of bacterial growth on soybean
leaves, bacteria (2 X 108 CFU ml~") were spray inoculated as described above.
Before the bacterial populations were measured, the surfaces of inoculated
soybean leaves were sterilized with 15% hydrogen peroxide.

Isolation of glycosylation island. A genomic DNA library of P. syringae pv.
glycinea was constructed by using a lambda FIX II vector kit (Stratagene, La
Jolla, Calif.). Because the glycosylation island in P. aeruginosa has been reported
to be linked to a flagellin gene (f7iC) (1), a clone containing the fliC gene was
isolated by using the fliC gene as a probe.

Generation of mutant strains. P. syringae pv. glycinea strains with each open
reading frame (ORF) in the glycosylation island deleted were generated based
on homologous recombination by using the method described previously (24).
Approximately 1-kb DNA fragments located on each side of the orfl, orf2, and
orf3 genes were amplified by PCR with primers PIUF (5'-TACGACTCACTA

TAGGGCGT-3") and PIUR (5'-CGGGATCCGGAAGTTACCGGTCAAGTA
A-3’") for the upstream region of orfl; primers PIDF (5'-CGGGATCCTGTTT
AATGCGCTCCAGT-3') and P1DR (5'-GGAGTAGTGTGCATAGGCTT-3")
for the downstream region of orfl; primers P2UF (5'-TCAGCTCAATGAAGT
GCAGG-3') and P2UR (5'-CGGGATCCTGGAGCGCATTAAACAGGT-3')
for the upstream region of orf2; primers P2DF (5'-CGGGATCCTCCGCCAA
TAATCGCAAA-3") and P2DR (5'-CTGCATCGCCAAACAACATG-3") for
the downstream region of orf2; primers P3UF (5'-CCGAATTATCGACGTGG
CTT-3’) and P3UR (5'-CGGGATCCGATGAGTAAACAGGTCAT-3') for the
upstream region of orf3; and primers P3DF (5'-CGGGATCCGTCATGTTGG
TTTGGTTTC-3") and P3DR (5'-TATCTTGTACGCGACCCAGT-3') for the
downstream region of orf3 (underlining indicates artificial BamHI sites) (Fig.
1B). Each amplified DNA fragment for upstream and downstream regions was
ligated at the BamHI site, and the resulting fragments were amplified by PCR by
using the pair of primers PIUF and PIDR for deletion of orfl, P2UF and P2DR
for deletion of orf2, and P3UF and P3DR for deletion of orf3. The PCR products
were inserted into pCR-blunt II-TOPO vectors (Invitrogen, Carlsbad, Calif.),
and we confirmed the expected deletion of each ORF and the absence of
nucleotide substitutions in the amplified regions. The constructs were digested
with EcoRI for generation of the orfl and orf2 mutants or with HindIII for
generation of the orf3 mutant and then introduced into the mobilizable cloning
vector pK18mobsacB (5.7 kb, Km") (22). The resulting plasmids, designated
pM1, pM2, and pM3, were electrotransformed into E. coli S17-1 and then
transferred by conjugation from E. coli S17-1 to P. syringae pv. glycinea. After
conjugation, the plasmids were excised on a KB agar plate containing 10%
sucrose, and specific deletions were confirmed by PCR by using the pairs of
primers described above. The resulting bacteria were designated race 4-d1, race
4-d2, and race 4-d3 for the Aorfl, Aorf2, and Aorf3 mutants, respectively.

Motility testing. The motility of each mutant was compared with that of the
wild-type strain on semisolid (0.3%) MMMTF agar plates as previously described
(24).

Growth comparisons. The optical density at 600 nm of each bacterial culture
was adjusted to 0.1, and the cultures were grown in LB medium with 10 mM
MgCl, with shaking at 25°C. The optical density at 600 nm was determined after
3, 6,9, and 24 h.

Purification of flagellin proteins. Flagellin proteins were purified as previously
described (27), with a minor modification. Bacteria that had been cultured
overnight were collected by centrifugation at 5,000 X g for 10 min. The bacterial
pellet was resuspended in phosphate buffer (50 mM sodium phosphate, pH 7.0),
and flagella were sheared off from the cells by vortexing for 1 min. Cells and cell
debris were removed by centrifugation at 10,000 X g for 30 min. The resulting
supernatant was filtered through a 0.45-pm-pore-size filter and centrifuged at
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FIG. 1. Flagellum gene structure of P. syringae pv. glycinea (A) and generation of the Aorfl, Aorf2, and Aorf3 mutants (B). Restriction sites in
the flagellum gene cluster and fragments subcloned into the plasmid vector are indicated by horizontal bars. Pentagons labeled with gene
designations represent ORFs found in the genomic clone. The glycosylation islands composed of three ORFs are indicated by black (orfI), gray
(orf2), and striped (orf3) pentagons. To generate mutants with deletions in orfl, orf2, and orf3, two sets of DNA fragments were amplified with the
appropriate primers and ligated with artificial BamHI sites as described in Materials and Methods. Sc, Sacl; Sl, Sall; H, HindIlI; B, artificial

BamHI.

100,000 X g for 30 min. The resulting pellet was suspended in water and used as
purified flagellin.

SDS-PAGE analysis and Western blotting. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed by the method of Lae-
mmli (16). For detection of flagellin proteins, the bacterial pellet was solubilized
in a sample buffer and then subjected to 12% acrylamide gel electrophoresis.
After electrophoresis, proteins were transferred to a polyvinylidene difluoride
membrane (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire,
England) for immunological detection as previously described (27).

Detection of glycoproteins. For detection of glycoproteins, the SDS-PAGE gel
was stained by using a GelCode glycoprotein staining kit (Pierce, Rockford, Il1.)
as previously described (28).

NBT reduction assay. O,  was detected by the nitroblue tetrazolium (NBT)
reduction assay as described previously (28), with a slight modification. Cells of
the wild-type strain or each mutant bacterium, which had been grown in LB
medium with 10 mM MgCl,, were resuspended in 10 mM MgSO, at a concen-
tration of 1 X 10° CFU ml™'!, and they were used as a bacterial suspension.
Two-milliliter aliquots of a reaction mixture containing 50 mM Tris-HCI (pH
7.6), 2.5 mg of NBT (Wako Pure Chemical Inc., Osaka, Japan) ml~!, and 0.1
volume of the bacterial suspension were poured into six-well plates. Tobacco leaf
disks were floated on the reaction mixture with the abaxial leaf surface down and
incubated at 25°C with gentle agitation. During this incubation, O, generation
was monitored by determining the concentration of blue formazan converted
from NBT at 560 nm.

Sequencing. For DNA sequencing, DNA fragments of the flagellum gene and
the glycosylation island were subcloned into plasmids as shown in Fig. 1A. DNA
sequencing was performed with a DNA sequencer (ABI PRISM TM3100; PE
Applied Biosystems, Chiba, Japan) by using a BIG Dye terminator cycle se-
quencing kit. Amino acid sequence similarities were investigated by using the
Blast search protocol and Genetyx-Mac (Software Development, Tokyo, Japan).

Nucleotide sequence accession number. The nucleotide sequence of the fla-
gellum gene cluster with the glycosylation island has been deposited in the
DDBJ, EMBL, and GenBank nucleotide sequence databases under accession
number AB106910.

RESULTS

Structural analysis of putative glycosylation island. To ob-
tain the genomic sequence of the region surrounding a fliC
gene of P. syringae pv. glycinea, we screened a genomic clone
from a DNA library. One phage clone containing an fliC gene
was isolated by using the PCR product of the fliC gene (27) as
a DNA probe, and then the nucleotide sequence of a 15.3-kb
region of the phage clone was determined. The sequence data
revealed three ORFs, designated orf1, orf2, and orf3, between
the flagellum structural genes figL and fliC. These three ORFs
are thought to be transcribed in the same direction as the fliC
gene (Fig. 1). The spacer regions between flgL and orfI, be-
tween orfl and orf2, and between orf2 and orf3 are 88, 141, and
283 bp long, respectively. We searched for promoter sequences
in the spacer regions by using Genetyx-Mac and found that
each of these ORFs has its own promoter.

The annotation of these ORFs is summarized in Table 2.
The predicted numbers of amino acids encoded and molecular
masses are 1,191 amino acids and 134 kDa for orfI, 968 amino
acids and 107 kDa for orf2, and 308 amino acids and 33 kDa for
orf3, respectively. orfl and orf2 are homologous to each other,
and there is 27.9% amino acid identity between the ca. 660-
amino-acid regions encoded by the central region of orfl and
the C terminus of orf2. Recently, the whole genome sequence
of P. syringae pv. tomato strain DC3000 was determined (http:/
www.ncbi.nlm.nih.gov/genomes/framik.cgi?’db = genome&gi
= 279). The genetic region between figl. and fliC in DC3000
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TABLE 2. Similarities of P. syringae pv. glycinea ORFs to proteins in databases

Homologue
Gene Size gf pro'duct ; - -
(amino acids) Protein and function Bacterium % Amino acid Accession no.
homology (reference)
orfl 1,191 Putative glycosyltransferase P. syringae pv. tomato 92.9 AE016862-221
(unpublished data)
OrfN, putative glycosyltransferase P. aeruginosa 31.7 AF332547 (1)
RfbC, O-antigen biosynthesis Myxococcus xanthus 30.1 U36795 (11)
Y4gl, biosynthetic protein for rhamnose-rich  Rhizobium sp. strain NGR234 30.3 AE000074 (8)
lipopolysaccharide
orf2 968 Putative glycosyltransferase P. syringae pv. tomato 91.6 AE(016862-222
(unpublished data)
OrfN, putative glycosyltransferase P. aeruginosa 37.8 AF332547 (1)
RfbC, O-antigen biosynthesis Myxococcus xanthus 29.9 U36795 (11)
Y4gl, biosynthetic protein for rhamnose-rich  Rhizobium sp. strain NGR234 28.3 AE000074 (8)
lipopolysaccharide
orf3 308 Putative 3-oxoacyl-(acyl carrier protein) P. syringae pv. tabaci 100 AB061230-1 (24)
synthase III (partial sequence)
Putative 3-oxoacyl-(acyl carrier protein) P. syringae pv. tomato 98.7 AE(016862-223
synthase III (unpublished data)
Putative 3-oxoacyl-(acyl carrier protein) P. putida KT2440 82.7 AE(016790-134 (19)
synthase I11
OrfC, unknown P. aeruginosa 29.2 AF332547 (1)

contains three corresponding ORFs, orfl, orf2, and orf3. Each
OREF in DC3000 exhibited the highest level of homology to the
corresponding ORF in P. syringae pv. glycinea (the sequences
encoded by orfl, orf2, and orf3 had 92.9, 91.6, and 98.7%
homology, respectively, at the amino acid level). We also found
a sequence homologous to orf3 of P. syringae pv. tomato
DC3000 and P. syringae pv. glycinea in the upstream region of
fliC of P. syringae pv. tabaci (24), suggesting that in P. syringae
these ORFs are conserved at the same location in the genome.

orfl and orf2 also showed significant homology to orfN,
which was found in the glycosylation island of P. aeruginosa
strain PAK; at the amino acid level there was 31.7% homology
in an 860-amino-acid region and there was 37.8% homology in
a 577-amino-acid region, respectively (1). The proteins en-
coded by orfl and orf2 also exhibited homology to RfbC, an
O-antigen biosynthesis protein of Myxococcus xanthus (30%
homology) (11), and y4gl, a biosynthetic protein for rhamnose-
rich lipopolysaccharide in the symbiotic plasmid of Rhizobium
sp. strain NGR234 (28 to 30% homology) (8). These levels of
homology suggest that orfl and orf2 encode glycosyltransferase
proteins. The orfl and orf2 products also are similar to the
putative protein RbfC of Xanthomonas campestris pv. campes-
tris strain ATCC 33913 (37.3 and 43.5% homology, respec-
tively) (6; data not shown) and a hypothetical protein
(PA1091) of P. aeruginosa strain PAO1 (42.5 and 34.1% ho-
mology, respectively) (26; data not shown). The functions of
these hypothetical proteins of X. campestris pv. campestris and
P. aeruginosa are not clear yet. On the other hand, the orf3
product showed significant homology to putative 3-oxoacyl-
(acyl carrier protein) synthase III of Pseudomonas putida strain
KT2440 (82.7% homology) (19) and the product of orfC in the
glycosylation island of P. aeruginosa strain PAO1 (29.2% ho-
mology) (1).

Generation of Aorf1, Aorf2, and Aorf3 mutants of P. syringae
pv. glycinea. To examine whether the genes that exhibited
homology to the genes encoding putative glycosyltransferases
are responsible for flagellin glycosylation in P. syringae pv.

glycinea, we generated a defective mutant with a mutation in
each ORF based on the homologous recombination method.
To analyze the effect of the mutation in each ORF on the
molecular masses of the flagellin proteins, we performed a
Western blot analysis using whole proteins of the resulting
mutants with anti-flagellin antibody (Fig. 2A). Western blot
analysis showed that the flagellin protein of the Aorfl mutant
migrated at a position that was approximately 3 kDa lower
than the position of the protein of the wild-type strain. These
mobility data revealed that there was a ca. 29-kDa protein,
which is consistent with the predicted sizes of the protein
deduced from the sequence of the fliC gene and deglycosylated
flagellin as previously reported (28). The molecular mass of the
flagellin protein in the Aorf2 mutant was also less than the
molecular mass of the flagellin protein in the wild-type strain,

A
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Immunodetection
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FIG. 2. Glycosylation of flagellins from the wild type (WT) and the
Aorfl, Aorf2, and Aorf3 mutants of P. syringae pv. glycinea. (A) Western
blot analysis of the flagellin protein in the total proteins. (B) Coomas-
sie brilliant blue (CBB) staining of the purified flagellins. (C) Staining
of the glycosyl moiety in purified flagellin.
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FIG. 3. Inoculation tests with nonhost tobacco leaves (A) and host soybean leaves (B). Leaves were inoculated with each bacterium by spraying.
Tobacco and soybean leaves were photographed 10 and 13 days after inoculation, respectively. The tests were repeated two or three times. The

photographs show typical results. WT, wild type.

but it was a little more than the molecular mass of the flagellin
protein in the Aorfl mutant. The effect of deletion of orf3 was
not obvious in the mobility of flagellin, as determined by the
Western blot analysis. We also analyzed the molecular masses
of purified flagellins from wild-type and mutant strains of P.
syringae pv. glycinea by SDS-PAGE. As shown in Fig. 2B, the
mobilities of purified flagellins were very consistent with the
results obtained by Western blot analysis.

The glycosylation status of purified flagellin proteins from
each mutant was examined by using a GelCode glycoprotein
staining kit (Pierce). As shown in Fig. 2C, glycosylation was not
detected in flagellin from the Aorfl mutant, and only a small
amount of glycosylation was detected in flagellin from the
Aorf2 mutant. There was no difference in the intensities of
glycodetection for flagellins from the wild-type strain and the
Aorf3 mutant, suggesting that orf3 has little, if any, responsi-
bility for glycosylation of flagellin and the mobility shift in
molecular mass.

Furthermore, deletion of each ORF had no effect on the
motility on a soft agar plate, as tested by a swarming assay. It
also had no effect on the doubling time (data not shown).

Inoculation of mutant bacteria onto tobacco and soybean
leaves. To evaluate the effect of a defect in the genes in the
glycosylation island on host and nonhost plants, we inoculated
each bacterium onto tobacco (nonhost) and soybean (host)
leaves (Fig. 3 and 4). For the symptom assay, plants were spray
inoculated as described in Materials and Methods. Inoculation
of the nonhost tobacco leaves with the AorfI and Aorf2 mutants
resulted in lesion-like changes 10 days after inoculation,
whereas inoculation with the wild-type strain did not have this
effect (Fig. 3A). Furthermore, inoculation of the Aorf3 mutant

resulted in a phenotype of tobacco leaves intermediate be-
tween the phenotype of wild type-inoculated leaves and the
phenotype of Aorf2 mutant-inoculated leaves. The symptoms
caused by the three mutants differed in degree and speed.
Tobacco leaves inoculated with the Aorfl mutant exhibited the
most drastic changes compared to the leaves inoculated with
the wild-type strain. In contrast, when host soybean leaves were
inoculated with each strain of P. syringae pv. glycinea, the
wild-type strain caused symptoms 13 days after inoculation.
However, the Aorfl and Aorf2 mutants failed to cause promi-
nent symptoms, and the Aorf3 mutant caused only weak symp-
toms (Fig. 3B).

To examine whether the disease symptoms shown in Fig. 3
were accompanied by bacterial propagation, the bacterial
growth in each inoculated leaf was analyzed (Fig. 4). In to-
bacco leaves, all bacteria could transiently propagate within 1
day; however, by 2 days after inoculation, the population of
wild-type P. syringae pv. glycinea had decreased remarkably,
while the populations of the three mutants remained high (Fig.
4A). On the other hand, we observed propagation of wild-type
P. syringae pv. glycinea in soybean leaves, whereas the popu-
lations of the Aorfl and Aorf2 mutants were suppressed com-
pared to the wild-type population. However, suppression of
growth of the Aorf3 mutant was not obvious (Fig. 4B). Thus,
the reduced virulence of these mutants that we observed (Fig.
3B) on the host soybean plants was reflected in the bacterial
growth (Fig. 4B).

Effects of mutant bacteria on oxidative burst in nonhost
tobacco leaves. Oxidative burst is known to be a typical early
defense response of nonhost plants when they are inoculated
with avirulent pathogens. A previous study based on an NBT
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FIG. 4. Bacterial growth in tobacco leaves (A) and soybean leaves (B) inoculated with P. syringae pv. glycinea wild type (WT), the AorfI mutant
(A1), the Aorf2 mutant (A2), or the Aorf3 mutant (A3). The bacterial populations in the leaves were measured 0, 1, 2, and 6 days after inoculation
onto tobacco leaves and 0, 3, and 7 days after inoculation onto soybean leaves. The bars indicate means and the error bars indicate standard errors

for four independent experiments.

reduction assay showed that P. syringae pv. glycinea and P.
syringae pv. tomato caused prominent oxidative bursts when
they were inoculated onto nonhost tobacco leaves, whereas P.
syringae pv. tabaci, a bacterium with virulence for tobacco, did
not (28). To evaluate the effect of deleting each ORF on the
ability to cause oxidative burst in tobacco, O, generation was
monitored by the NBT reduction assay. As shown in Fig. 5, the
levels of O, generation caused by the mutants, especially the
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FIG. 5. NBT reduction assay on the surfaces of tobacco leaves
inoculated with P. syringae pv. glycinea wild type (WT), the Aorfl
mutant (A1), the Aorf2 mutant (A2), or the Aorf3 mutant (A3). For-
mation of blue formazan was measured 10, 50, and 90 min after
inoculation. The bars indicate the means and the error bars indicate
the standard errors for four independent experiments. OD 560, optical
density at 560 nm.

Aorfl and Aorf2 mutants, were lower than that caused by the
wild type.

DISCUSSION

Glycosylation of flagellin is found in some pathogenic bac-
teria, such as P. aeruginosa (1), Campylobacter jejuni (30),
Campylobacter coli (17), and Helicobacter pylori (14), but its
influence on pathogenicity is poorly understood, especially in
phytopathogenic bacteria. In phytopathogenic bacteria, the
ability of flagellin to elicit a plant defense response was re-
ported previously for several pathovars of P. syringae (7, 27, 28)
and P. avenae (5). Che et al. (5) and Taguchi et al. (28)
detected glycosylation in flagellin proteins in P. avenae and P.
syringae, respectively. Taguchi et al. also suggested the impor-
tance of posttranslational modification of flagellin proteins of
P. syringae in flagellin-induced hypersensitive death of tobacco
cells (27, 28). In this study, we identified the genes involved in
flagellin glycosylation and examined their influence on plant-
microbe interactions.

Three ORFs, orfl, orf2, and orf3, located between the figl
and fliC genes, were termed the glycosylation island. The pu-
tative proteins encoded by orfl and orf2 exhibited 31.7 and
37.8% similarity, respectively, to OrfN of the glycosylation
island in P. aeruginosa strain PAK (1). Interestingly, amino
acid sequences encoded by orfl and orf2 exhibited 27.9% iden-
tity to each other. Deletion of orfl and orf2 resulted in a
reduction in the molecular mass as determined by SDS-PAGE
analysis (Fig. 2A and B), indicating that both gene products are
necessary for flagellin glycosylation. The deletion of orfl com-
pletely eliminated the ability to glycosylate flagellin proteins,
whereas some glycosyl residues remained in the flagellin of the
Aorf2 mutant (Fig. 2C). In the biosynthetic pathway, several
glycosyltransferases are thought to be required to form one
mature glycoprotein. In the system which we examined, two
glycosyltransferases are thought to function in a certain order.
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Our results indicate that the orfl product seemed initially to
transfer some saccharide(s) to flagellin proteins, and this was
followed by modification by orf2. The Aorfl and Aorf2 mutants
acquired pathogenicity to originally nonhost tobacco plants
(Fig. 3A and 4A). In other words, the Aorfl and Aorf2 mutants
have reduced abilities to induce an oxidative burst in tobacco
(Fig. 5), which allows parasitic propagation of bacteria and
expansion of the disease symptoms. Thus, glysosyl moieties of
flagellins from incompatible pathogenic bacteria seem to pos-
sess the ability to induce a plant defense response. In the Aorf3
mutant, the molecular mass of flagellin was not obviously
changed, as determined by SDS-PAGE analysis. However, an
inoculation test with nonhost tobacco leaves revealed that the
growth of the Aorf3 mutant was greater than that of the wild
type (Fig. 4A). Furthermore, the level of oxidative burst caused
by the Aorf3 mutant was slightly lower than that caused by the
wild type. Thus, orf3 is also likely to contribute to formation of
an epitope for the HR-inducing elicitor. Orf3 showed signifi-
cant homology to 3-oxoacyl-(acyl carrier protein) synthase III.
The role of orf3 in flagellin modification is obscure at present,
but considering that acylation of lipooligosaccharides has been
reported to be involved in the sensitivity of nontypeable Hae-
mophilus influenzae to human B-defensins (25), acylation of
flagellin seems to have a considerable role in innate immunity.

Because the Aorfl and Aorf2 mutants failed to invade the
original host soybean plants, addition or variation of the gly-
cosyl moiety may reflect an evolutionary adaptation of flagellin
to avoid recognition by the host defense surveillance system. In
many cases, a carbohydrate modification rather than amino
acid epitopes appears to represent an immune-dominant de-
terminant (4). A previous study showed that flagellin glycosyl-
ation only in the manner found in P. syringae pv. tabaci elim-
inated HR death of tobacco cells (28). Thus, to establish a
compatible relationship, flagellin proteins need to be glycosy-
lated in the original pathogenic bacterial manner. In the case
of P. syringae pv. glycinea, the glycosyl moiety of flagellin might
interfere with efficient recognition by host soybean cells, lead-
ing to HR death of cells, and this may be the reason that P.
syringae pv. glycinea has the ability to invade soybean plants.
Further investigation of this is necessary.

Why do flagellin proteins need to be glycosylated? Although
the results of the swarming assay showed that all mutants
retain mobility, we speculate that the glycosylation of flagellin
might increase the hydrophilicity of flagella. When incompat-
ible relationships are considered, plants might have evolved by
acquisition of the ability to recognize flagellin, especially its
glycosyl moieties, and to initiate the defense responses. In
general, race-cultivar specificity in plant-pathogen interactions
is explained by the ligand-receptor model based on the gene-
for-gene theory of plant disease resistance (23, 29). In this
model, an avirulence protein encoded by a bacterial avirulence
(avr) gene is considered a ligand that is recognized by a cor-
responding receptor encoded by a plant resistance (R) gene.
Once a plant recognizes avirulent bacteria, the HR, involving
rapid plant cell death at the point of invasion, occurs. Although
the products recognized by the tobacco plant are supposedly
not putative glycosyltransferases themselves, orfl and orf2
should be defined as avr-like genes in the sense that these
genes are thought to endow P. syringae pv. glycinea with aviru-
lence for tobacco. An interesting example of an indirect aviru-

J. BACTERIOL.

lence gene is avrD of P. syringae pv. tomato (18). avrD specifies
production of a low-molecular-weight compound, syringolide,
that triggers plant defense responses via the condensation of
D-xylulose and a B-ketoalkanoic acid. Recently, Boller and
colleagues found that the FLS2 gene, encoding a leucine-rich
repeat receptor-like kinase, is involved in recognition of flg22
and leads to activation of defense responses (2, 3, 9). flg22 has
not been reported to induce HR cell death (10). On the other
hand, flagellin proteins purified from each pathovar have been
found to elicit HR in nonhost plants (27). Thus, the flagellin
molecule is thought to possess at least two epitopes that trigger
plant defense responses; one is a region that corresponds to
flg22 and induces general defense responses without cell death,
and the other is a peptide region outside flg22 and/or the
glycosylation motif in flagellin that induces HR cell death.
Further investigation is required to determine the role of
flagellin glycosylation in plant-pathogen interactions.

The glycosyl structures and their amino acid linkages that
are responsible for the observed changes in virulence and
avirulence remain to be determined. The lengths of the sugar
chains in pathogenic bacterial proteins so far are considered
shorter (mono- to trisaccharide substituents) than those of
eukaryotes (4). If this idea is applicable to our study, about 10
sugar chains would be attached to the flagellin peptide region
by a 2- to 3-kDa shift in the SDS-PAGE assay (Fig. 2). We
identified only two genes for putative glycosyltransferases;
thus, the structure of carbohydrates linked to flagellin might
not be not very complicated. Otherwise, these glycosyltrans-
ferases might be multicatalytic enzymes, because some of the
bacterial glycosyltransferases involved in polysaccharide syn-
thesis have been reported to be bifunctional (21, 31), and the
predicted molecular masses of both orf1 and orf2 are relatively
large (134 kDa for orfl and 107 kDa for orf2). However, we
cannot exclude the possibility that there may be other glyco-
syltransferases that are responsible for flagellin glycosylation.

Recently, a sequence that is highly homologous to the gly-
cosylation island in P. syringae pv. tabaci was found in the
upstream region of the fliC gene (24; F. Taguchi, K. Takeuchi,
H. Kaku, E. Katoh, K. Murata, T. Kawasaki, Y. Inagaki, K.
Toyoda, T. Shiraishi, and Y. Ichinose, unpublished data),
which suggests that glycosyltransferases are present. It is con-
ceivable that these regions of the two pathovars determine the
difference in the flagellins characterized as ligands for plant
cells. We are now investigating the role of the glycosylation of
flagellin in the specificity of pathovars for plant species by
swapping the glycosylation islands in P. syringae pv. glycinea
and P. syringae pv. tabaci. The molecular mechanisms of plant
recognition might be clarified by utilizing the mutant strains
that have been produced.
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