JOURNAL OF BACTERIOLOGY, Nov. 1999, p. 6937-6947
0021-9193/99/$04.00+0

Vol. 181, No. 22

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Immunochemical Characterization and Taxonomic Evaluation
of the O Polysaccharides of the Lipopolysaccharides of
Pseudomonas syringae Serogroup O1 Strains

VLADIMIR V. OVOD,"* YURIY A. KNIREL,> REGINE SAMSON,? anp KAI J. KROHN!

Institute of Medical Technology, University of Tampere, Tampere, Finland'; N. D. Zelinsky Institute of
Organic Chemistry, Russian Academy of Sciences, Moscow, Russia’; and Pathologie Vegetale,
Institut National de la Recherche Agronomique, Beaucouze Cedex, France®

Received 7 May 1999/Accepted 30 August 1999

The O polysaccharide (OPS) of the lipopolysaccharide (LPS) of Pseudomonas syringae pv. atrofaciens IMV
7836 and some other strains that are classified in serogroup O1 was shown to be a novel linear a-p-rhamnan
with the tetrasaccharide O repeat —3)-a-p-Rhap-(1—3)-a-D-Rhap-(1—2)-a-p-Rhap-(1—2)-a-p-Rhap-(1—
(chemotype 1A). The same a-D-rhamnan serves as the backbone in branched OPSs with lateral (a1—3)-linked
p-Rhap, (B1—4)-linked p-GlcpNAc, and (a1—4)-linked p-Fucf residues (chemotypes 1B, 1C, and 1D, respec-
tively). Strains of chemotype 1C demonstrated variations resulting in a decrease of the degree of substitution
of the backbone 1A with the lateral p-GlcNAc residue (chemotype 1C-1A), which may be described as branched
regular <> branched irregular — linear OPS structure alterations (1C<>1C-1A — 1A). Based on serological
data, chemotype 1D was suggested to undergo a 1D < 1D-1A alteration, whereas chemotype 1B showed no
alteration. A number of OPS backbone-specific monoclonal antibodies (MAbs), Ps(1-2)a, Ps(1-2)a,, Psla,
Psla,, and Psla,, as well as MAbs Ps1b, Pslc, Pslc,, Ps1d, Ps(1-2)d, and Ps(1-2)d, specific to epitopes related
to the lateral sugar substituents of the OPSs, were produced against P. syringae serogroup O1 strains. By using
MAbs, some specific epitopes were inferred, serogroup O1 strains were serotyped in more detail, and thus, the
serological classification scheme of P. syringae was improved. Screening with MAbs of about 800 strains
representing all 56 known P. syringae pathovars showed that the strains classified in serogroup O1 were found
among 15 pathovars and the strains with the linear OPSs of chemotype 1A were found among 9 of the 15
pathovars. A possible role for the LPS of P. syringae and related pseudomonads as a phylogenetic marker is

discussed.

More than 50 infraspecies taxa, so-called pathovars, of
Pseudomonas syringae have been described on the basis of their
distinctive pathogenicity to one or more host plants (67).
Known phenotypic and genomic characters of P. syringae
strains yield much information on the homogeneity of patho-
vars and their relatedness but cannot define the pathovar sta-
tus of most strains (9, 12, 18, 35, 38, 41, 53, 59). Some progress
in classification of P. syringae and related phytopathogenic
pseudomonads has been achieved by DNA-DNA hybridization
and ribotyping that resulted in delineation of nine genomospe-
cies (12-14, 21, 47, 48, 56). However, these genomospecies
cannot be differentiated systematically by phenotypic tests, and
therefore, new phenotypic characters are necessary for this
purpose and for more accurate allocation of strains to P. sy-
ringae pathovars. We suggest that the chemical structure and
immunological specificity of the lipopolysaccharides (LPSs) of
P. syringae could be reliable characters of this sort. The sug-
gestion is based on the unique chemical structure, molecular
biology, and biochemistry of the LPS molecule (see Discus-
sion) (4, 20, 40, 49, 50, 62).

The LPSs of most gram-negative bacteria, including pseudo-
monads, are composed of three independently synthesized
moieties: lipid A, core oligosaccharide, and O polysaccharide
(OPS), with the structural conservatism decreasing in the order
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lipid A > core >> OPS (20, 40). A cascade of strongly con-
joining genetic and biochemical events are related to LPS
synthesis, transport, polymerization, and folding (4, 49, 50, 62).
Thus, any replacement, gain, or loss of a sugar substituent and
any change of a glycosidic linkage within the LPS structure has
to be preceded by profound changes within the LPS-encoding
genes. Therefore, the chemotypes and, correspondingly, sero-
types of P. syringae LPSs may be suggested as a conservative
phenotypic character (phylogenetic marker) having a high tax-
onomic impact.

Strains of different pathovars of P. syringae produce LPSs
with linear or branched OPSs having L-, D-, or both L- and
D-rhamnose (Rha) residues in the backbone and different lat-
eral substituents (24-26, 58, 68). A number of branched P.
syringae OPSs of chemotypes 1B, 1C, and 1D have the back-
bone 1A, composed of oligosaccharide repeating units (O re-
peats) with four a-p-Rhap residues (the structures of the
chemical O repeats are shown in Table 1). However, until
recently, no linear OPS of chemotype 1A had been described.
Some other P. syringae OPSs are linear, irregular branched, or
regular branched, composed of an O repeat backbone with
three a-D-Rha residues (chemotype 2A) and a lateral (a1—4)-
linked D-fucose residue (chemotype 2D) (references 29 and 58
and our unpublished data).

Immunochemical studies of P. syringae LPSs with known
OPS structure by using monoclonal antibodies (MAbs) re-
vealed a correlation between the OPS structure and the im-
munospecificity and allowed the inference of some group- and
type-specific epitopes within OPSs (44-46). Strains with the
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TABLE 1. Structures of linear and regular branched OPSs of P. syringae serogroups O1 and O2

OPS P. syringae pathovar

chemotype and strain Structure of the O repeat Reference
1A atrofaciens IMV 7836 —3)-a-D-Rhap'-(1—3)-a-D-Rhap"'-(1—2)-a-D-Rhap"'-(1—2)-a-D-Rhap'V-(1—  This work
1B atrofaciens IMV K-1025 —3)-a-D-Rhap'-(1—-3)-a-D-Rhap"'-(1—-2)-a-D-Rhap"'-(1—>2)-a-D-Rhap'V-(1— 30
(3<-1)-a-D-Rhap
1C atrofaciens IMV 4394 —3)-a-D-Rhap'-(1—-3)-a-D-Rhap"'-(1—-2)-a-D-Rhap"'-(1->2)-a-D-Rhap'V-(1— 27
L (41)--p-GlepNAc
1D phaseolicola IMV 120a, —3)-a-D-Rhap'-(1—-3)-a-D-Rhap"'-(1—-2)-a-D-Rhap"'-(1—>2)-a-D-Rhap'V-(1—  28; our unpublished data
tagetis ICMP 6370 (4<-1)-a-p-Fuct
2A morsprunorum GSPB 883 —3)-a-D-Rhap'-(1—-3)-a-D-Rhap"'-(1—-2)-a-D-Rhap"'-(1— 58
2D morsprunorum CFBP 1650  —3)-a-D-Rhap'-(1—3)-a-p-Rhap"'-(1—2)-a-D-Rhap"'-(1— 29; our unpublished data

L (41)-a-D-Fuct

backbone O repeats 1A and 2A were classified in serogroups
O1 and O2, respectively, as a variety of serotypes (45, 46).

Recently, we described some peculiar immunological fea-
tures of the LPS from P. syringae pv. atrofaciens IMV 7836
(46). In particular, this LPS (i) did not cross-react with any
MAD specific to the lateral substituents of P. syringae OPSs, (ii)
induced synthesis of antibodies that cross-reacted with
branched OPSs having the backbone O repeat 1A and different
lateral substituents, and (iii) induced production of MAbs
which were specific to the homologous OPS only. Based on
these findings, we suggested that this strain had a hitherto-
unknown linear a-pD-rhamnan OPS of chemotype 1A (Table 1).
It was also suggested that in some P. syringae strains branched
OPSs with the 1A backbone are irregular due to the presence
of both linear and branched O repeats in various ratios.

Now we report the elucidation of the primary structure of
the OPS of P. syringae pv. atrofaciens IMV 7836 and some
other strains, which has confirmed our previous suggestion. We
also report the results of serological and immunochemical
studies of P. syringae LPSs with known OPS structure by the
use of a panel of MAbs.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A total of around 800 P. syringae
strains belonging to all 56 known pathovars (aceris, actinidiae, aesculi, amygdali,
antirrhini, apii, aptata, atrofaciens, atropurpurea, avellanae [= Pseudomonas
avellanae], berberidis, cannabina, ciccaronei, coriandricola, coronafaciens [=
Pseudomonas coronafaciens], delphinii, dendropanacis, dysoxyli, eriobotryae, fi-
cuserectae, garcae, glycinea [= Pseudomonas savastanoi pv. glycinea], helianthi,
japonica, lachrymans, lapsa, maculicola, meliae, mellea, mori, morsprunorum,
myricae, oryzae, panici, papulans, passiflorae, persicae, phaseolicola [= Pseudo-
monas savastanoi pv. phaseolicola], philadelphi, photiniae, pisi, porri, primulae,
ribicola, savastanoi [= Pseudomonas savastanoi pv. savastanoi|, sesami, striafa-
ciens, syringae, tabaci, tagetis, theae, tomato, tremae, ulmi, viburni, and zi-
zaniae), 82 P. syringae strains of unknown pathovars, and 59 strains of other
species, including Pseudomonas (Pseudomonas aeruginosa, Pseudomonas cichorii,
Pseudomonas fluorescens, Pseudomonas marginalis, and Pseudomonas viridiflava),
Burkholderia (Burkholderia cepacia, Burkholderia gladioli, and Burkholderia glu-
mae), Ralstonia solanacearum, Agrobacterium tumefaciens, and Xanthomonas
campestris, were studied. The pathotype strains with all listed pathovars of P.
syringae and related pseudomonads were screened. The bacteria were obtained
from different collections of plant-pathogenic microorganisms (ATCC, CFBP,
GSPB, ICMP, IMV, IPGR, ISPaVe, NCPPB, and PD). Despite the fact that not
all of the pathovars listed above are valid (67), they are listed in a recent paper
describing DNA relatedness among the pathovars of P. syringae and related
pseudomonands (14) and therefore are used in this paper as well. A number of
the strains used in this study have been characterized serologically and by some
other phenotypic as well as genomic characters (2, 9, 21, 32, 35, 41, 42, 44-46, 54,
56, 61, 65). The bacteria were cultivated on solid potato dextrose agar (Difco
Laboratories, Detroit, Mich.) at 20 to 22°C for 24 h.

Preparation of LPSs, OPSs, and Smith-degraded and synthetic polysaccha-
rides. For immunoassays, the LPSs were prepared as described previously (44,
46). For structural analysis, LPSs were produced in the preparative scale. The
bacterial mass was harvested from solid medium with 0.5% NaCl solution con-
taining 0.01% phenol, washed three times with the same solution, and separated
by centrifugation. The washed cells were extracted with Tris-EDTA buffer (0.02

M Tris-HCI [pH 7.5 to 8.0], 0.0025 M EDTA, 3% NaCl, 0.1% NaNj,) by stirring
at 8,000 rpm for 4 h at room temperature. Insoluble material was removed by
centrifugation, and the supernatant was intensively dialyzed against distilled
water. The LPS and LPS-Opr complexes were precipitated by solid ammonium
sulfate at 50% saturation. The precipitate was dissolved in 0.02 M Tris-HCl
buffer (pH 8.0) containing Mg?" and Ca®*. To deproteinize the LPSs, proteinase
K was added (0.05 mg/ml) and the solution was dialyzed against several changes
of the same buffer for 10 h. The deproteinized LPS was precipitated with
ammonium sulfate. The precipitate was dissolved in a minimal volume of dis-
tilled water, dialyzed against distilled water, and lyophilized.

LPSs were degraded by hydrolysis with aqueous 2% acetic acid for 1.5 h at
100°C. High-molecular-mass OPSs were obtained by gel permeation chromatog-
raphy of the water-soluble carbohydrate portion on a column (70 cm by 2.6 cm)
of Sephadex G-50 with 0.05 M pyridinium acetate (pH 4.5) as the eluent and
monitoring with a Knauer (Berlin, Germany) differential refractometer. Smith-
degraded polysaccharides were prepared by oxidation of OPSs with 0.1 M NalO,
for 36 h at room temperature in the dark followed by reduction with an excess of
NaBH,, acidification with acetic acid, dialysis against distilled water, and lyoph-
ilization (15). A linear polysaccharide, 2A,, composed on average of 10 trisac-
charide O repeats (2A) (Table 1) was synthesized as described previously (60).

Chemical analyses. Hydrolysis was performed with 2 M trifluoroacetic acid
(120°C; 2 h), and p-rhamnose was identified by gas-liquid chromatography as
alditol acetate (55) and acetylated (+)-2-octyl glycosides (33, 57) on a Hewlett-
Packard 5880 instrument equipped with a DB-5 fused-silica capillary column
with a temperature gradient of 160°C (1 min) to 250°C at 3°C/min. Methylation
was performed with methyl iodide in dimethyl sulfoxide in the presence of solid
sodium hydroxide (8); the methylated polysaccharide was recovered by extrac-
tion with ethyl acetate after dilution of the reaction mixture with water and
hydrolyzed, and partially methylated alditol acetates were derived and analyzed
by gas-liquid chromatography as described above.

NMR spectroscopy. Samples were deuterium exchanged by lyophilization from
’H,0. One- and two-dimensional 'H and 'C nuclear magnetic resonance
(NMR) spectra were recorded with a Bruker (Karlsruhe, Germany) DRX-500
spectrometer for solutions in 2H,O at 60°C. Bruker XWINNMR 1.2 software
was used to acquire and process the NMR data. Chemical shifts are reported

TABLE 2. Murine MAbs against P. syringae LPSs with
linear and branched OPSs

MAb Produced against P. syringae

Name Former name® Isotype” pathovar and strain:
Ps(1-2)a Psla 1gG3 atrofaciens IMV 7836
Ps(1-2)a, 1gG1 helianthi CFBP 2149
Psla Psla’ 1gG3 atrofaciens IMV 7836
Psla, 1gG1 avellanae ISPaVe C4
Psla, Pslx IgG1 atrofaciens IMV 7836
Pslb Pslb IgM atrofaciens IMV K-1025
Pslc Pslc IeM atrofaciens NCPPB 2612
Pslc, 1gG3 atrofaciens NCPPB 2612
Psld Ps1d 1gG3 phaseolicola IMV 120a
Ps(1-2)d 1gG1 phaseolicola IMV 120a
Ps(1-2)d, IgM tagetis ICMP 6370
Ps2a, 1gG3 morsprunorum GSPB 854
Ps2d 1gG2a morsprunorum CFBP 1650

“ As described in our previous report (4).
® Tg, immunoglobulin.
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FIG. 1. 'H NMR spectrum of OPS of P. syringae pv. atrofaciens IMV 7836.

with internal acetone (3, 2.225; 8., 31.45). A mixing time of 250 ms was used in
a rotating-frame nuclear Overhauser effect (ROESY) experiment.

Production and characterization of MAbs. P. syringae strains with linear and
branched OPSs of LPSs were used as immunogens to produce MAbs in mice
(Table 2). Immunization, generation of hybridomas, selection of particular cell
lines, and defining of immunoglobulin classes and subclasses of MAbs were
performed as previously described (44, 46). Initially, a number of hybridoma cell
lines which synthesized MAbs reactive in enzyme-linked immunosorbent assay
(ELISA) with the homologous antigen were produced. Based on the specificities
and affinities of MADbs in different immunoassays with different antigens, includ-
ing LPSs and OPSs with known structures of O repeats, a few suitable clones
were selected which might vary slightly in affinity. After repeated recloning, most
stable specific cell lines retaining the ability to produce MAbs were finally
selected. Some cell lines with similar affinities and specificities were chosen based
on the production of MADs of different murine immunoglobulin classes and
subclasses.

MABbs (i.e., hybridomas) were designated as follows: Ps, P. syringae; 1, 2, (1-2),
3, and 4 indicate the O serogroup specificity [(1-2) indicates that the epitope is
shared by serogroups O1 and OZ2]; a, a,, and a, are epitopes localized within the
OPS backbone; b, ¢, ¢, d, and d; are epitopes that include lateral sugar sub-
stituents (44, 46). The symbols | and 1 show weak and strong exposure of the
epitope in ELISA. The designations of some MADbs produced earlier (46) were
changed (Table 2).

Immunoassays. Agglutination, ELISA, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and Western immunoblotting were performed
basically as described previously (44, 46). Crude and proteinase K-digested LPSs,
purified OPSs, Smith-degraded OPSs, and synthetic polysaccharide 2A, were

used to coat Nunc-Immuno MaxiSorp surface ELISA plates (Nunc, Roskilde,
Denmark).

RESULTS

Structural studies of a linear O polysaccharide of chemo-
type 1A. Sugar analysis of a chemotype 1A OPS from LPS of P.
syringae pv. atrofaciens IMV 7836, including determination of
the absolute configuration, revealed p-rhamnose as the only
OPS component. Methylation analysis resulted in identifica-
tion of equal amounts of 2,4-di-O-methylrhamnose and 3,4-di-
O-methylrhamnose. Hence, OPS is linear, all rhamnose resi-
dues are in the pyranose form, and half of them are 3
substituted and half are 2 substituted.

The 'H NMR spectrum of OPS (Fig. 1) contained, inter alia,
signals for four anomeric protons at 8 4.96 to 5.17. Accord-
ingly, the *C NMR spectrum contained signals for four ano-
meric carbons at 8 102.1 to 103.4. Therefore, the O repeat of
OPS contains four rhamnose residues, which were enumerated
according to their sequence in the O repeat (Rha' to Rha'V;
see below).

The 'H and *C NMR spectra of the OPSs were assigned by

TABLE 3. 'H and '*C NMR data for the OPS of P. syringae pv. atrofaciens IMV 7836

Sugar residue

Chemical shift (ppm) for:

H-1 H-2 H-3 H-4 H-5 H-6 C-1 C-2 C-3 C4 C-5 C-6
—3)-a-L-Rhap'-(1— 4.96 4.15 3.83 3.56 3.76 1.27 103.1 71.1 79.1 72.5 70.6 17.9
—3)-a-L-Rhap"-(1— 5.03 4.12 3.90 3.57 3.87 1.27 103.2 71.2 79.1 72.8 70.4 17.9
—2)-a-L-Rhap™-(1— 5.17 4.07 3.95 3.49 3.82 1.30 102.0 79.2 71.2 73.4 70.4 17.8
—2)-a-L-Rhap'-(1— 5.11 4.08 3.89 3.48 3.72 1.30 101.9 79.2 71.1 73.5 70.5 17.8
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using two-dimensional correlation spectroscopy and H-de-
tected 'H,"*C heteronuclear multiple-quantum coherence ex-
periments, respectively (Table 3). The positions of the signals
for H-5 at 8 3.72 to 3.87 and C-5 at & 70.5 to 70.7 demonstrated
that all rhamnose residues are « linked (compare the H-5
chemical shift 8 3.86 in a-Rhap but 8 3.39 in B-Rhap [22] and
the C-5 chemical shift § 70.0 in a-Rhap but 8 72.3 in 3-Rhap [34]).

Downfield displacements of the signals for C-3 of Rha' and
Rha' and C-2 of Rha™ and Rha" to & 79.1 to 79.3, compared
with their positions in the spectrum of nonsubstituted a-Rhap
at 3 71.3 to 71.6 (34), demonstrated the substitution pattern of
the rhamnose residues.

A two-dimensional ROESY experiment (the spectrum is not
shown) revealed the following interresidue correlations be-
tween transglycosidic protons: Rha' H-1 and Rha™ H-3, Rha™
H-1 and Rha'"! H-2, Rha'"! H-1 and Rha'Vv H-2, Rha'¥ H-1
and Rha! H-3 at 8 5.03 and 3.83, 4.96 and 4.08, 5.11 and 4.07,
and 5.17 and 3.90, respectively. In addition, the spectrum
showed a strong cross peak, Rha'" H-1 and Rha'™ H-1, and
weaker cross peaks, Rha™ H-1 and Rha'¥ H-1, Rha™ H-1 and
Rha"™ H-5, and Rha" H-1 and Rha'™ H-5, all typical of
(a1—2)-linked rhamnose disaccharides. Intraresidue H-1-H-2
cross peaks, but no H-1-H-3, H-5 cross peaks, were present for
all rhamnose residues, thus confirming their « configuration.

Therefore, the ROESY data were in accord with the meth-
ylation and '*C NMR chemical shift data and finally confirmed
that OPS of P. syringae pv. atrofaciens IMV 7836 is a linear
OPS of chemotype 1A. The 'H NMR spectra of OPSs of P.
syringae pv. glycinea GSPB 1991, P. syringae pv. helianthi CFBP
2149, and P. syringae pv. helianthi CFBP 1732 (NCPPB 2639)
were identical to that of strain IMV 7836, and therefore, the
OPSs have the same structure. It is worth noting that P. syrin-
gae pv. atrofaciens IMV 7836 was originally isolated and char-
acterized serologically as having a chemotype 1C-1A OPS,
indicating that chemotype 1C is unstable (see below).

Structural studies of irregular branched OPS of chemotype
1C-1A. Three strains were selected for structural studies of
OPSs, namely, P. syringae pv. glycinea CFBP 3192 (United
States, 1990), NCPPB 1783 (CFBP 3211) (Yugoslavia, 1962),
and NCPPB 3318 (CFBP 3215) (Italy, 1983). The OPSs of
these strains were described by the serological formulae O1[(1-
2)a,lc,1¢,], O1[(1-2)a,(1-2)a, | ,1a,1a,,1c,1c,], and O1[(1-
2)a,(1-2)a, | ,1a,1a,1a,,1c], respectively, indicating the lack of
strict regularity in the last two. The structural heterogeneity of
the OPSs could be observed most clearly in the anomeric
regions of the '"H NMR spectra, which are shown in Fig. 2,
whereas less sensitive '*C NMR spectroscopy could not reli-
ably reveal minor structures.

The "H NMR spectrum of OPS of P. syringae pv. glycinea
CFBP 3192 (Fig. 2, bottom) was practically identical to that of
P. syringae pv. atrofaciens IMV 4394, which was reported to
have a branched structure of chemotype 1C with the backbone
1A and the lateral (B1—4)-linked D-GIcNAc residue (Table 1)
(27). The *H NMR spectrum of OPS of P. syringae pv. glycinea
NCPPB 1783 contained signals of the chemotype 1C O repeats
as the major series, including those for H-1 of four Rha resi-
dues at 8 5.04 (2H), 5.08, and 5.14 (all broadened singlets) and
one GlcNAc residue at 8 4.59 (d, J, , 8 Hz) (Fig. 2, middle).
The H-1 signals for four Rha residues of the chemotype 1A O
repeats formed a minor series in this spectrum; the content of
the minor O repeats could be estimated as 15% of the total. A
smaller amount of the same minor series (<5%) could be
detected in OPS of P. syringae pv. glycinea GSPB 3192 (Fig. 2,
bottom). On the other hand, the spectrum of OPS of P. syrin-
gae pv. glycinea NCPPB 3318 contained signals for four Rha
residues from the 1A O repeats as the major series in partic-
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ular, signals for H-1 at 8 4.99, 5.06, 5.12, and 5.18 [Fig. 2, top])
and those from the 1C O repeats as the minor series, with the
content of the latter estimated at about 10%.

Therefore, in addition to OPSs of “pure” chemotypes 1A
and 1C that are characterized by the regular linear and regular
branched O repeats, respectively, P. syringae strains can pro-
duce OPSs of a mixed (or transitional) chemotype, 1C-1A,
which contain both types of O repeats in different ratios.

Characterization of MAbs and inferring of OPS-specific
epitopes. The MAbs selected for the current study are listed in
Table 2. They had the following features in common: (i) they
agglutinated heat-killed homologous bacterial cells, (ii) they
reacted in ELISA with homologous purified OPSs and crude
and deproteinized LPSs, and (iii) they revealed ladder-like
profiles with smooth LPSs in Western immunoblotting. None
of the polysaccharides that were released from LPSs by acidic
hydrolysis reacted with MAb Pscor,, specific to the LPS core
moiety (44), whereas each corresponding nondegraded LPS
did. Specific epitopes recognized by these MADbs, except for
epitope (1-2)a,, were sensitive to Smith degradation. A num-
ber of MADs, which were designated by lowercase a, reacted
with the homologous linear OPSs (Table 4), and hence, their
specific epitopes are located within the backbone 1A (Table 1).

MADbs to the backbone 1A also showed specific binding
activity to heterologous branched LPSs and OPSs having an
a-D-thamnan backbone (Table 4) but not to those with L-
rhamnan or mixed L- and D-rhamnan backbones (data not
shown). Of these, MAb Ps(1-2)a demonstrated the widest
spectrum of cross-reactivity. It reacted with LPSs and OPSs of
both regular branched and mixed chemotypes 1B, 1C, 1D,
1A-1C, and 1A-1D in ELISA and, except for chemotypes 1C
and 1D, in Western immunoblotting. MAb Ps(1-2)a also dis-
played a marked reactivity in ELISA with a synthetic polysac-
charide, 2A (60), as well as with LPSs and OPSs of chemotype
2A and mixed chemotype 2A-2D; a weaker reactivity was ob-
served with the crude LPS of chemotype 2D (Table 4). The
crude LPSs of chemotypes 2A and 2A-2D reacted slightly in
Western immunoblotting as well. These data showed that
epitope (1-2)a occurs within both linear a-D-rhamnan back-
bones 1A and 2A containing four or three Rha residues in the
O repeat. Therefore, ELISA with crude LPS extracts and MAb
Ps(1-2)a may serve as a tool for identification of P. syringae
serogroup O1 and O2 strains having an o-D-rhamnan OPS
backbone. The wide reactivity and the lability towards Smith
degradation suggested that MADb Ps(1-2)a recognizes a trisac-
charide, a-p-Rhap-(1—2)-a-pD-Rhap-(1—3)-a-D-Rhap, which
corresponds to the fragments Rha'™-(1—2)-Rha'V-(1—3)-
Rha' and Rha'-(1—2)-Rha"™'-(1—3)-Rha' within the O re-
peats 1A and 2A, respectively. The lateral Fuc residue which is
attached to Rha™ almost completely masked epitope (1-2)a in
chemotype 2D but only partially in chemotype 1D. Other lat-
eral substituents, D-Rha and p-GlcNAc, affect the exposure of
epitope (1-2)a in chemotypes 1B and 1C insignificantly.

MAD Ps(1-2)a, cross-reacted in ELISA with LPSs and OPSs
of chemotypes 1B, 1C-1A, 2A, and 2D-2A but not with those
of chemotypes 1C, 1D, 1D-1A, and 2D (Table 4). It recognized
neither regular branched chemotype 1D nor mixed chemotype
1D-1A OPS (e.g., in P. syringae pv. phaseolicola GSPB 1552).
This could be accounted for by masking of the Rha™ residue
within epitope (1-2)a, by the lateral p-Fuc residue in chemo-
type 1D and too low a content (<5%) of the 1A linear O
repeats in chemotype 1D-1A. We could not chemically confirm
the presence of the minor 1A linear O repeats in the OPS of
strain P. syringae pv. phaseolicola GSPB 1552, but we inferred
chemotype 1D-1A serologically (see below). On the other
hand, epitope (1-2)a, is strongly exposed by both chemotypes
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FIG. 2. Resonance region of anomeric protons in the "H NMR spectra of OPSs of P. syringae pv. glycinea NCPPB 3318 (top), NCPPB 1783 (middle), and CFBP
3192 (bottom). The Roman numerals refer to Rha residues enumerated as shown in Table 1; G, GlcNAc.

2A and 2D-2A (Table 4). This is consistent with the previous
findings that the content of the 2A linear O repeats in the
mixed chemotype 2D-2A OPS is significant and could be dem-
onstrated both serologically (46) and chemically (29). Epitope
(1-2)a, is only slightly exposed in ELISA, and not in Western
immunoblotting, in OPSs of mixed chemotype 1C-1A with a
low content of the 1A linear O repeats (e.g., in P. syringae pv.
glycinea NCPPB 1783) and hence is also affected by the lateral
D-GIcNACc residue attached to Rha' (chemotype 1C). Epitope
(1-2)a, is not influenced by the lateral p-Rha which is attached
to Rha' (chemotype 1B). Remarkably, unlike MAb Ps(1-2)a,

MADb Ps(1-2)a, did not react with the synthetic polysaccharide
2A, (60) (Table 4) and a chemotype 2A OPS of Xanthomonas
campestris pv. phaseoli var. fuscans GSPB 271 (unpublished
data). This finding suggested that MAb Ps(1-2)a, is specific to
a region of the linkage between the OPS and the LPS core,
which is suggested to be the same in all P. syringae O1 and O2
LPSs but different in X. campestris GSPB 271 LPS and absent
from the synthetic polysaccharide 2Aq. This region should be
stable to periodate oxidation, since, unlike other backbone-
located epitopes, epitope (1-2)a, is resistant to Smith degra-
dation.
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=2 I T O O O B O R S| MAD Psla cross-reacted both in ELISA and Western immu-
noblotting with LPSs and OPSs of chemotypes 1A and 1B, as
Ol L+ well as those of mixed chemotypes 1C-1A and 1D-1A (Table
4). Unlike epitope (1-2)a,, the epitope 1la is exposed by OPS of
sl 00 A chemotype 1D-1A with a low content of 1A linear O repeats.
No LPS of regular branched chemotypes 1C and 1D reacted
with MAD Psla in any immunoassay. MAb Psla is most useful
for discrimination between strains with OPSs having the back-
bones 1A and 2A. It could be suggested that epitope 1la is
associated with an O repeat fragment containing two consec-
utive 2-substituted Rha residues, Rha"-(1—2)-Rha"-(1—2)-
Rha'v, which is present in the backbone 1A but absent from
the backbone 2A.

BlLLLL LI+ 4101 MADb Psla, showed strong reactivity in ELISA with some
LPSs and OPSs and a slight reactivity in Western immunoblot-
R ting with crude LPS of linear chemotype 1A (e.g., with those of
the P. syringae pathovars atrofaciens IMV 7836 and helianthi
o I A B A I N O N B NCPPB 2639 but not helianthi CFBP 2149). In addition, it
reacted similarly with LPSs and OPSs of mixed chemotype
N R R R R A 1C-1A with a high content of the linear O repeat 1A (e.g., P.
syringae pv. glycinea NCPPB 1783 and NCPPB 3318) but did
0000 0+ not react with those of chemotypes 1B, 1C, and 1D. Thus,
epitope la, is influenced by any lateral substituent. MAD Psla,
o R T S A R B reacted in ELISA with LPSs, but not with OPSs, of chemotype
1A only. Hence, this epitope is completely masked by any
o R R R R lateral substituent. Like epitope 1a, epitopes 1a, and la, are
not exposed by any OPSs with the backbone 2A, whether linear
or branched, and are destroyed by Smith degradation. Re-
markably, despite the fact that the 1A O repeats of OPSs of P.
syringae pv. atrofaciens IMV 7836 and P. syringae pv. helianthi
CFBP 2149 were shown to be chemically identical (see above),
epitopes la, and la, are exposed only in the former (Table 4).
These findings suggested that the exposure of epitopes 1a, and
la, depends not only on the primary O repeat structure but
also on the whole OPS conformation.

MADb Ps1b was produced against P. syringae pv. atrofaciens
IMV K-1025 with an OPS of chemotype 1B (Table 4) (30).
This MAD is specific to an epitope which includes the lateral
(a1—3)-linked p-Rhap as the immunodominant sugar residue
and has been characterized previously (46).

MAD Pslc reacted strongly in any immunoassay with LPSs
and OPSs of chemotypes 1C and 1C-1A independent of the
content of 1A linear O repeats (Table 4). This finding con-
firmed the inference of epitope 1C as specific to the lateral
(B1—4)-linked D-GlcpNAc residue (27, 46). The newly pro-
duced MAD Pslc, showed strong reactivity with OPS of che-
motype 1C and weak reactivity with OPS of chemotype 1C-1A
with a low content of 1A linear O repeats. Hence, like epitope
1c, epitope 1c, is related to the lateral b-GlcNAc residue but,
unlike epitope 1c, it alternates with epitopes (1-2)a,, 1a,, and
la,. The reactivity of epitope lc, in Western immunoblotting
was affected by treatment of LPS by proteinase K, suggesting
that its exposure depends on the presence of LPS-associated
proteins. These findings suggested that epitope 1c, includes
not only the lateral p-GIcNAc residue but also one or more
D-Rha residues of the backbone 1A and is more influenced by
the protein-dependent conformation of the OPS chain than
epitope 1lc.

MADbs Psld and Ps2d have been produced previously (46)
and shown to be related to the lateral («1—4)-linked p-Fucf
residue in OPSs of chemotypes 1D (28) and 2D (29), respec-
tively (Tables 1 and 4). The newly produced MAb Ps(1-2)d
reacted strongly with LPSs of chemotypes 1D and 1D-1A.
Epitope (1-2)d is coexposed with epitope 1d in all LPSs of
chemotypes 1D and 1D-1A (Table 4) and with epitopes 2d and

Reactivity of proteinase K-digested LPSs in ELISA and Western immunoblotting with MADb:
Ps(1-2)a,; Psla Psla, Psla, Ps1b Pslc Pslc, Ps1d Ps(1-2)d Ps(1-2)d, Ps2d

E
+
+
+
+
+
+
+

Ps(1-2)a

B¢
+
+
+
+
+
+
+
+
+
+
*
+

+l

TABLE 4. Immunochemical characterization of P. syringae LPSs with known OPS structures by using OPS-specific MAbs

P. syringae pathovar
and strain
phaseolicola GSPB 1552
morsprunorum GSPB 883
morsprunorum CFBP 1650
morsprunorum GSPB 854

atrofaciens IMV 7836

helianthi CFBP 2149
atrofaciens IMV K-1025
atrofaciens IMV 4394
glycinea NCPPB 1783
glycinea NCPPB 3318
phaseolicola IMV 120a

tagetis ICMP 6370
“E, ELISA. Symbols: +, *, and — correspond to optical densities at 492 nm of 1.5 to 2.0, 0.4 to 0.8, and 0 to 0.2, respectively.

bW, Western blotting. Symbols: +, =, and — correspond to strong, weak, and no reactivity, respectively.

¢ The content of 1A linear O repeats is ~15%.
& A synthetic polysaccharide containing ~10 2A O repeats.

¢ The content of 1A linear O repeats is <10%.

@ The content of 1A linear O repeats is ~90%.
/The content of 2A linear O repeats is ~60%.

OPS
chemotype

1C-1A°¢
1C-1A?
1D
1D
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FIG. 3. Western immunoblot analysis of proteinase K-digested LPSs from P.
syringae pv. glycinea NCPPB 3318 (A) and NCPPB 1783 (B) with MAbs Ps(1-2)a
(lanes 1), Ps(1-2)a, (lanes 2), Psla (lanes 3), Psla, (lanes 4), and Pslc (lanes 5).

(1-2)d, in some LPSs of chemotypes 2D, 2D-2A, and 1D (data
not shown).

Another new Mab, Ps(1-2)d,, was produced against P. syrin-
gae pv. tagetis ICMP 6370, which belongs to serotype O1[(1-
2)a1,(1-2)d;,1d] and has OPS of chemotype 1D. It reacted
with LPS of chemotype 1D in ELISA and Western immuno-
blotting. In the latter immunoassay, MAb Ps(1-2)d,; revealed
ladder-like profiles of smooth LPS identical to those revealed
by MAb Psld (data not shown), indicating that their epitopes
are located within the same LPS molecules. Epitopes (1-2)d
and (1-2)d, strictly alternate in LPSs of strains of P. syringae pv.
tagetis. Differences in the specificity of D-Fucf-containing
epitopes may have the same nature as those of epitopes 1c and
1c, (see above).

Western immunoblotting. Proteinase K-digested LPSs from
P. syringae pv. glycinea NCPPB 1783 and NCPPB 3318 having
irregular OPSs of mixed chemotype 1C-1A with ~15 and
~90% 1C O repeats, respectively, were analyzed by Western
immunoblotting with MAb Pslc specific to the lateral (B1—4)-
linked D-GlepNAc and backbone-specific MAbs. As can be
seen from Fig. 3, each of the LPSs showed practically identical
ladder-like banding patterns with both types of MAbs. This
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finding suggested that in chemotype 1C-1A OPSs both O re-
peats 1C and 1A enter into the same polysaccharide chain.

OPS chemotypes of strains classified in serogroup O1 and
their distribution in P. syringae pathovars. The structure of the
LPS core oligosaccharide of P. syringae pathovars and related
phytopathogenic pseudomonads has not been elucidated yet.
However, most of the bacteria listed in Materials and Methods
cross-reacted with a panel of core-specific MAbs (44, 45), in-
dicating structural similarities of their LPS core moieties. Since
the core structure is known as a conservative part of LPS (19),
this finding indicated a close relatedness of these bacteria. A
serological screening of P. syringae strains with OPS-specific
MADbs showed that strains with linear and branched OPSs
having the backbone 1A (Table 1) emerged among pathovars
actinidiae, aptata, atrofaciens, avellanae, glycinea, helianthi,
japonica, panici, phaseolicola, philadelphi, pisi, primulae, tage-
tis, striafaciens, and syringae (Table 5 [only the most represen-
tative pathovars are shown]). No strain of other P. syringae
pathovars, related pseudomonads, or other bacterial species
tested cross-reacted with any serogroup O1-specific MAD, and
therefore, they are not shown in Table 5.

Different numbers of strains with the linear OPS of chemo-
type 1A (Table 1) were found within pathovars actinidiae,
aptata, atrofaciens, avellanae, glycinea, helianthi, philadelphi,
pisi, and syringae (Table 5). However, despite the fact that
their OPSs were inferred to have the same chemotype, 1A,
serologically they are not identical. Some strains of pathovars
glycinea and helianthi were characterized by two serotypes,
O1[(1-2)a,(1-2)a,,1a,1a,1a,] and O1[(1-2)a,(1-2)a,,1a], whereas
some strains of pathovars avellanae and syringae belonged to
the former serotype only. Remarkably, when isolated, strains
P. syringae pv. atrofaciens IMV 7836 and P. syringae pv. gly-
cinea CFBP 3187, CFBP 3190, and CFBP 3360 exposed
epitope 1lc (54), characteristic of branched OPSs with the lat-
eral D-GIcNAc residue (chemotypes 1C and 1C-1A). Later,
during cultivation under laboratory conditions, they altered to
the linear OPS chemotype 1A, as was also proved chemically
for strain IMV 7836 (see above).

In contrast, OPS chemotype 1B (Table 1) showed no alter-
ation. Strains of the corresponding serotype O1[(1-2)a,(1-
2)a,,la,1b] were found mainly in P. syringae pv. atrofaciens and
to a lesser extent in pathovars japonica, striafaciens, and syrin-
gae. Since pathovars japonica and striafaciens are no longer

TABLE 5. Serotyping in ELISA of strains of different P. syringae pathovars classified in serogroup O1

No. of strains of P. syringae pathovar’:

O1 serogroup serotype”

actinidiae aptata atrofaciens avellanae glycinea helianthii pisi phaseolicola tagetis syringae

(12) (41) (94) (61) (80) (19) (€Y (71) (©) (73)
(1-2)a,(1-2)a,1a,1a,,1a, 1 21 5 3 7
(1-2)a,(1-2)a;1a 2 1 20 12 1
(1-2)a,(1-2)ay,1a,1b 45 17
(1-2)a | ,1c,1c, 2 19 2 5
(1-2)a,1a,1c,1c, 35 22 7 27 16
(1-2)a,(1-2)a,1a,1a;,1c,1c, 5 3 15
(1-2)a,(1-2)a,,1a,1a,,1a,,1c | 13
(1-2)a | ,(1-2)d,1d 6 10 3 46
(1-2)a,(1-2)d,1a,1d 19 16
(1-2)a 1 ,(1-2)d,,1d 5
Rough 2 14 1 1 1 4

“ Epitopes 1b, Ic, and 1d correspond to serogroups SYRI1, APTPIS, and PHA, respectively; serotypes O1[(1-2)a,(1-2)a,1a,1a;,1a,] and O1[(1-2)a,(1-2)a,1a]
correspond to serogroups HEL1 and HEL2 of the classification scheme of Saunier et al. (54).

® Only the strains classified in serogroup O1 are shown. A limited number of strains from pathovars panici, philadelphi, primulae, and striafaciens were classified in
serogroup O1, and therefore they are not shown. The total number of strains in each pathovar is shown in parentheses.
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valid (67), we suggest reclassifying the corresponding strains in
pathovar atrofaciens.

OPSs of chemotype 1C and mixed chemotype 1C-1A (Table
1) are broadly spread among P. syringae pathovars classified in
serogroup O1. They emerged to different extents in pathovars
aptata, atrofaciens, glycinea, japonica, panici, pisi, and syringae
(Table 5). A common feature of the corresponding strains is
their tendency to alter the OPS chemotype from branched
regular 1C to linear 1A via a cascade of transitional serotypes
corresponding to mixed chemotype 1C-1A with different ratios
of the O repeats 1C and 1A (Tables 1 and 4). The extent and
completeness of the alteration varies from pathovar to patho-
var. Thus, strains of pathovars aptata, atrofaciens, and pisi
exhibited a restricted cascade of the transitional serotypes
O1[(1-2)a | ,1c,1¢y], O1[(1-2)a,1a,1¢c,1c,], and O1[(1-2)a,(1-
2)a, | ,1a,1c,1c,], the most typical being serotype O1[(1-2)a,1a,
1c,1c,]. Strains of P. syringae pv. glycinea demonstrated the
widest spectrum of transitional serotypes, which can be de-
scribed as follows: O1[(1-2)a | ,1¢,1¢,]«<>O1[(1-2)a,1a | ,1a, | ,
1c,1¢,J«01[(1-2)a,(1-2)a, | ,1a,1a;,1c,1¢, [«01[(1-2)a,(1-2)a,,
la,1a;,1a,,1¢,1¢y | ]«<O1[(1-2)a,(1-2)a;,1a,1a,,1a,,1¢c | |—
0O1[(1-2)a,(1-2)a,,1a] or O1[(1-2)a,(1-2)a,,1a,1a,,1a,]. How-
ever, most strains of P. syringae pv. glycinea belonged to sero-
types O1[(1-2)a | ,1c,1¢,] and O1[(1-2)a,(1-2)a;,1a,1a,,1a,,1c | ].
The serotype of some strains varied, depending on the growth
conditions (data not shown), and therefore only the most typ-
ical transitional serotypes are shown in Table 5. P. syringae pv.
glycinea CFBP 3187, CFBP 3190, and CFBP 3360, which had
been originally described as exposing epitope 1lc (chemotype
1C) (54), were shown later to convert under laboratory condi-
tions into chemotype 1A (52a). We have found the culture
conditions under which some OPS serotypes, including 1C and
1D, can be altered, and these data will be published elsewhere.
Previously, based on the elucidation of a partial OPS structure,
a variable content of the lateral p-GIcNAc residue has been
reported in OPSs of a number of P. syringae pv. glycinea strains
(3, 63). Together, these findings allowed the final conclusion
that chemotype 1C is susceptible to 1C<>1C-1A—1A alter-
ations under both natural and laboratory conditions.

OPS chemotype 1D and mixed chemotype 1D-1A (Table 1),
as well as the corresponding two serotypes O1[(1-2)a | ,(1-
2)d,1d] and O1[(1-2)a,(1-2)d,1a,1d], are typical of most strains
of pathovar phaseolicola and some strains of pathovars actin-
idiae, atrofaciens, avellanae, helianthi, and syringae (Table 5).
Under laboratory conditions, O1[(1-2)a | ,(1-2)d,1d]<>O1[(1-
2)a,(1-2)d,1a,1d] serotype alterations have been observed only
for pathovar phaseolicola. However, no strain of this pathovar
belonged to serotype O1[(1-2)a,(1-2)a;,1a] (chemotype 1A).
Most likely, the difference between the two serotypes is asso-
ciated with the absence (chemotype 1D) or the presence (che-
motype 1D-1A) of minor 1A linear O repeats in their OPSs
(Tables 1, 4, and 5). The ability of chemotype 1D strains to lose
the lateral a-D-Fucf residue from the OPS may account for the
origin of chemotype 1A among strains of pathovars actinidiae,
avellanae, and helianthi (see above).

Strains of a new stable serotype, O1[(1-2)a 1 ,(1-2)d,,1d],
were described in P. syringae pv. tagetis (Table 4). In addition,
P. syringae CFBP 4091, one of two strains of pathovar primulae
tested, fell into the same serogroup (data not shown in Table
5). As in pathovar phaseolicola, the OPS of pathovar tegetis
was of chemotype 1D (Table 1). The serological difference
between strains of these two pathovars could be related to a
minor modification of the OPS structure, which remains to be
elucidated by additional chemical analyses.

To sum up, strains of P. syringae pathovars and other phy-
topathogenic pseudomonads within serogroup O1 can be char-
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acterized by a short or extended serotype, and it seems rea-
sonable to characterize all collection strains by such a
“serological passport.” Using a panel of MAbs specific to the
LPS core, OPS backbone, and lateral substituents, certain
strains can be classified in serologically homogeneous or het-
erogeneous pathovars. Together with the data on the host
plant and the specific symptoms, the serotyping of freshly iso-
lated strains may have a high practical impact. Therefore,
MADs against P. syringae LPSs may serve as tools in broad
epidemiological and ecological studies of P. syringae pathovars
and related bacteria.

DISCUSSION

Chemical studies of OPSs of LPSs of P. syringae pathovars
and related pseudomonads have revealed a limited composi-
tional and structural diversity (24-30, 58, 68). Using specific
MADbs, a correlation between the molecular structure (chemo-
type) and the immunospecificity (serotype) of P. syringae OPSs
has been demonstrated (24, 25, 44-46). These and the present
data show that MADs are a useful tool for inferring P. syringae
OPS primary structures. In particular, the use of a panel of
MAbs allows one (i) to identify strains with OPSs having an
a-D-rhamnan backbone, (ii) to distinguish between OPSs of
chemotypes 1A and 2A characterized by four or three a-p-Rha
residues in the backbone O repeat, respectively, (iii) to deter-
mine linear, branched regular, and branched irregular OPS
primary chemotypes, (iv) to estimate the degree of heteroge-
neity in branched irregular OPSs, and (v) to identify lateral
substituents and the modes of their linkage in branched OPSs.

The data obtained also allowed a better understanding of
the immunospecificity of P. syringae OPSs on the molecular
level. Some backbone-associated epitopes depend strictly on
the primary structure of the OPS O repeat. They are tightly
colocalized or even overlapped within backbones 1A and 2A
but seem to have different immunodominant rhamnose resi-
dues. Other epitopes may be conformation dependent or lo-
cated in an intermediate region of the attachment of the OPS
to the core of LPS. In branched OPSs, the immunodominant
groups are the lateral sugar substituents. In OPSs of chemo-
types 1B and 1C, these are (a1—3)-linked p-Rha and (B1—4)-
linked p-GlcNAc, which define epitopes 1b and 1c (1c,), re-
spectively (45, 46). Epitopes (1-2)d, (1-2)d,, 1d, and 2d in OPSs
of basic chemotypes 1D and 2D are associated with the lateral
(a1—4)-linked p-Fuc residue but seem to also include differ-
ent neighboring rhamnose residues of the backbone that could
be immunodominant for the particular epitopes. The possibil-
ity that some of these epitopes appeared as a result of post-
polymerization modifications in LPS cannot be excluded.

Immunochemical studies of branched and linear OPSs by
using MAbs demonstrated 1C (regular branched)—1C-1A (ir-
regular branched)—1A (linear) chemotype alterations which
correlated with the appearances of the backbone-located
epitopes in the order (1-2)a—la—1la,—(1-2)a;—1la,. Chemi-
cal studies showed that these serological variations are related
to changes in the degree of substitution of the backbone 1A
with the lateral p-GlcNAc residues. The same mechanism was
proposed for 1D<>1D-1A chemotype alterations in branched
OPSs with the lateral D-Fuc residues. However, the
1D<1D-1A alterations were demonstrated only serologically
and could not be confirmed chemically. More detailed chem-
ical studies of serotype O1[(1-2)a,(1-2)d,1a,1d] OPS (suggest-
ed chemotype, 1D-1A) from P. syringae pv. phaseolicola GSPB
1552 are in progress. A similar phenomenon of nonstoichio-
metric glucosylation has been described for OPSs of some
members of the family Enterobacteriaceae (17, 20, 43). It has
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been shown that the p-glucose residues are transferred to the
OPS chain after polymerization and that the corresponding
genes are located in the bacterial chromosome distant from the
wbz (formerly rfb) cluster (16, 39, 43, 50).

A wide spectrum of P. syringae pathovars and some related
phytopathogenic pseudomonads (14, 21, 67) from genomospe-
cies 1 (pathovars aptata, atrofaciens, japonica, panici, and sy-
ringae), 2 (pathovars glycinea and phaseolicola), 7 (pathovars
helianthi and tagetis), and 8 (pathovars avellanae and theae)
were classified in serogroup O1. All of these bacteria revealed
a cross-reactivity with a panel of core-specific MAbs, indicating
a significant structural similarity of the LPS core moieties (44,
45). Furthermore, independent of the chemotype (1A, 1B, 1C,
or 1D), all OPSs of this group possess identical backbone 1A
and react with backbone-specific MAbs. Such relatedness of
the LPS phenotypes of strains classified in serogroup O1 im-
plies the relatedness of the corresponding LPS-encoding genes
(20, 40, 49, 50). Even closer relatedness of these genes could be
expected for the bacteria classified in each individual serotype
within serogroup O1. Four basic serotypes, O1[(1-2)a,(1-
2)ay,la], O1[(1-2)a,(1-2)a,,la,1b], OI1[(1-2)a,1c,1c;], and
0O1[(1-2)a,(1-2)d,1d], were described within this serogroup,
which correspond to OPS chemotypes 1A, 1B, 1C, and 1D,
respectively. Independently of the pathovar and even the geno-
mospecies (14), OPSs of chemotypes 1C and 1C-1A may un-
dergo branched regular <> branched irregular — linear che-
motype alterations. The OPS alteration to chemotype 1A may
either reflect a natural mechanism of OPS diversification or be
a case of “atavism” at the OPS structure level. Chemotype 1D
undergoes only a branched regular — branched irregular al-
teration to chemotype 1D-1A. Chemotype 1B, which is char-
acteristic mainly of pathovar atrofaciens (67), included in
genomospecies 1 (14), did not show any alteration and thus
may be considered most conservative.

A related homopolymer of a-p-rhamnose with a 2A trisac-
charide O repeat (Table 1) also occurs widely in LPSs from
different P. syringae pathovars; the corresponding strains are
classified in serogroup O2. Remarkably, a linear OPS having
the same structure of the chemical repeating unit (biological O
repeats are unknown) has been found in LPSs from some
strains of Burkholderia (formerly Pseudomonas) cepacia (7),
Stenotrophomonas maltophilia (64), and X. campestris (30a).
Moreover, it has also been described as a common, LPS-asso-
ciated antigen called A-band polysaccharide (1, 31, 66) in P.
aeruginosa strains of different serotypes, which are defined by
another LPS-associated antigen, B-band polysaccharide or O-
antigen (23, 36, 37). It is worth noting that in P. aeruginosa
A-band and B-band polysaccharides are synthesized by two
different pathways, one characteristic of homopolysaccharides
(the Wzy [formerly Rfc]-independent pathway) and the other
characteristic of heteropolysaccharides (the Wzy-dependent
pathway) (5, 10, 52). A-band polysaccharide is assembled at
the cytoplasmic face of the plasma membrane, and its poly-
merization is thought to occur by sequential sugar transfers by
three a-p-rhamnosyl-transferases, WbpX, WbpY, and WbpZ,
to a lipid intermediate (51). ATP-binding cassette transporter
(or traffic ATPase) then translocates the polymerized polysac-
charide across the plasma membrane prior to its ligation to
core lipid A at the periplasmic space (52). The chromosomal
genes wbpX, wbpY, and wbpZ are located in the A-band bio-
synthetic gene cluster (51). The genes encoding transferases
for B-band LPS are localized in a different gene cluster. B-
band O repeats (blocks) are synthesized on the cytoplasmic
face of the inner membrane and then translocated by Wzx
(formerly RfbX) to the periplasmic space, where they are po-
lymerized by Wzy polymerase (the Wzy-dependent pathway).
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The B-band OPS length is modulated by Wzz (Rol, regulator
of O-antigen length) (5, 6, 10). Recently, one gene, wbpL for
transferase WbpL, that has been suggested to be required for
initiation of both A-band and B-band LPS synthesis has been
elucidated (6, 52).

Since B-band OPSs of P. aeruginosa (23) on the one hand
and OPSs of P. syringae and related phytopathogenic pseudo-
monads (24-26, 68) on the other hand are structurally differ-
ent, there is no reason to expect a close similarity in the genes
encoding glycosyltransferases. In contrast, the A-band polysac-
charide of P. aeruginosa is identical or similar to the OPS
backbones of P. syringae strains classified in serogroups O2 and
O1 with three and four a-p-Rha residues in the backbone O
repeat (chemotypes 2A and 1A, respectively). Therefore, one
can expect relatedness of the genes involved in biosynthesis of
the corresponding LPSs in these two groups of bacteria. In
future, it will be important to establish (i) by which basic
pathway (Wzy independent or Wzy dependent) the synthesis of
OPSs from serogroups O1 and O2 proceeds in P. syringae, (ii)
whether there is any relatedness among the corresponding
genes and enzymes, (iii) how close to each other the genes
encoding assembly and transport of OPSs of P. syringae O1 and
02 are, and (iv) by which mechanism the lateral substitutions
(Table 1) are transferred to the chemotype 1A and 2A OPS
backbones.

The answers to these questions will shed light on the phylo-
genetic relatedness of the bacteria and on the origin of the
A-band polysaccharide in P. aeruginosa and a-D-rhamnan-
based OPS in P. syringae. For instance, could A-band polysac-
charide be an ancient OPS which has been preserved during
the evolution of P. aeruginosa strains and coexists now with
diverse B-band polysaccharides as an example of molecular
atavism? Could it be that OPS chemotype 1A in P. syringae,
and later a number of branched OPS chemotypes 1B to 1D
(Table 1), originated from OPS chemotype 2A as a result of
vertical divergent evolution of LPS-encoding genes? A number
of strains of P. syringae pathovars and some related phyto-
pathogenic pseudomonads that have recently been delineated
in different genomospecies (14) belong to serogroups O1 and
02 and synthesize OPSs of chemotypes shown in Table 1. If
their LPS-encoding genes are related, the appearance of the
corresponding phenotypes within different genomospecies
could be a result of a horizontal transfer of the corresponding
genes. Finally, it should be mentioned that the evolution of
OPSs cannot be completely elucidated without an understand-
ing of the molecular biology and biochemistry of the core
moiety of LPS and its association with OPS.
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