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Abstract—Edwardsiella tarda, a Gram-negative bacterium, is an important cause of hemorrhagic septicemia in fish and also of gastro-

and extraintestinal infections in humans. The lipopolysaccharide produced by the fish pathogenic strain E. tardaMT 108 was isolated

and the structure of its antigenic O-polysaccharide component determined by the application of chemical analyses, high-resolution 1D

and 2D nuclear magnetic resonance spectroscopy, and mass spectrometry. The polysaccharide was found to be a polymer of a repeat-

ing pentasaccharide unit composed of 2-acetamido-2-deoxy-DD-glucose (DD-GlcNAc), 2-acetamido-2-deoxy-DD-galactose (DD-GalNAc),

DD-galactose (DD-Gal), LL-rhamnose (LL-Rha), DD-galacturonic acid (DD-GalA) and (2S,3R)-threonine (1:1:1:1:1:1) having the structure:

[→3)-β-D-GlcpNAc-(1→4)-β-D-GalpNAc-(1→3)-α-D-Galp-(1→4)-α-L-Rha p-(1→]

α-D-GalpA6Thr -(1→3)

� 2004 Published by Elsevier Ltd.
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1. Introduction

The genus Edwardsiella includes two species of bacteria

of the family Enterobacteriaceae that cause disease in at

least 20 species of warm water fish and are opportunistic

pathogens of humans. Edwardsiella tarda1 infects fish

and other animals and Edwardsiella ictaluri2,3 infects fish
only. E. tarda is common to tropical and subtropical

environments and causes a variety of fish diseases collec-

tively referred to as Edwardsiella septicemias.4 Of partic-

ular economic interest are the substantial losses through

disease, encountered in the commercial pond culture

of catfish,5 caused by both E. tarda and E. ictaluri

infections.6,7 However, E. tarda is also known to cause

gastrointestinal infections8 and extraintestinal infections
such as myonecrosis,9 bacteremia,10 septic arthritis,11,12

wound infections13 in humans and has been associated

with septic shock with high mortality.14 It is reasonable
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to assume that control of these environmental patho-

gens would naturally reduce the risk to humans as well

as provide a commercial benefit to aquafarms.

In this regard, control of infections would be aided

by the development of diagnostic agents and/or

effective fish vaccines. In furthering our understanding

of the pathogenesis of Edwardsiella septicemias, the
extraction, purification, and structural characterization

of Edwardsiella immunodominant antigens is important

and of obvious potential benefit to both the aquaculture

industry and to human health. In this context, we now

report the characterization of the O-polysaccharide anti-

gen of the lipopolysaccharide produced by a clinically

isolated typically pathogenic E. tarda strain (MT 108).
2. Experimental

2.1. Growth of E. tarda

E. tarda (strain #MT 108) was the gift of Dr. Emmett B.

Shotts, University of Georgia, and was provided by

mailto:malcolm.perry@nrc-cnrc-gc.ca
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J. Barlow of Microtek Research and Development,

Saanichton, BC MT 108 was a typical isolate from a cat-
fish having succumbed to edwardsiellosis and was con-

firmed biochemically and serologically. The strain was

stored at �70 �C in tryptic soy broth (TSB) and streaked

onto tryptic soy agar at 25 �C prior to scale up for fer-

mentation. The scale-up procedure was also in TSB at

25 �C and began from a loop of culture to 50mL then

to 500mL after growth overnight at each stage. The

500mL inoculum was then used for the final fermenta-
tion in a 35L Chemap fermenter, again at 25 �C in

TSB with the initial addition of 0.5% glucose. Once cells

had reached late log phase (�8 A650) cells were har-

vested by ultrafiltration and finally by centrifugation

at 10,000g and frozen at �70�C. The completed ferment-

ation was subsequently checked for purity of the pro-

duction strain, by Gram stain and serologically.

2.2. Extraction of LPS and preparation of O-PS15

A thawed wet paste of E. tarda cells (�80g) was ex-

tracted with stirred 50% (w/v) aq phenol (800mL) at

65 �C for 15min and on cooling (4 �C) and low speed

centrifugation (10,000g), the top aq and lower phenol

phases were separated by aspiration, the separated

phases were dialyzed against running water until free
from phenol, and the retentates were lyophilized. The

two products were each dissolved in 0.02M sodium ace-

tate (pH7.0, 80mL) and treated sequentially for 2h each

at 37 �C with DNase, RNase and proteinase K, and after

the removal of precipitated material, were subjected to

ultracentrifugation (105,000g, 4 �C, 12h). The precipi-

tated gels were dissolved in distilled water and lyophi-

lized to yield 4.70g aq phase LPS and 420mg phenol
phase LPS.

The aq phase LPS (1.0g) was treated with 2% (v/v)

AcOH (100mL) at 100 �C for 2h and following removal

of precipitated lipid A, the concentrated water soluble

products were fractionated by Sephadex gel G-50 column

chromatography to yield a high molecular mass fraction

of O-polysaccharide (Kav 0.02, O-PS), a core fraction

(Kav 0.68), and a fraction (Kav 0.97) containing Kdo.

2.3. Chromatography

Gas chromatography (GC) was performed using a HP-1

capillary column (30m · 0.25mm) in an Agilent 6850

chromatograph fitted with a flame-ionization detector,

and a temperature program 170 �C (4min delay) to

260 �C at 4 �C/min. GC–MS was made with a Varian
Saturn 2000 ion-trap GC–MS instrument using a pro-

gram 180–260�C at 3.5�C/min. Mobilities are quoted rela-

tive to hexa-O-acetyl-DD-glucitol (TG = 1.00) or 1,5-di-O-

acetyl-2,3,4,6-tetra-O-methyl-DD-glucitol (TGM = 1.00).

Preparative paper chromatography was made on

Whatman 3MM paper using n-butanol/pyridine/water
(6:3:1 v/v top layer) as the mobile phase and detection

was made by 2% p-anisidine HCl ethanolic spray reagent.
For the determination of glycose configurations, acet-

ylated 2-(R)- and (S)-butyl glycosides of isolated mono-

saccharides were made by the procedure of Gerwig

et al.16 and analyzed by GLC–MS with comparison to

authentic reference samples.

Column chromatography was made using Sephadex

G-50 (2.5 · 100cm) and 0.025M pyridinium acetate

(pH4.5) as the eluant.

2.4. Methylation analysis

Samples (2–3mg) in Me2SO (0.5mL) were methylated

by the Ciucanu–Kerek procedure17 and were hydrolyzed

(3M TFA, 100 �C, 2h), reduced (NaBD4), converted to

their alditol-1-d acetate derivatives and analyzed by

GC–MS.

2.5. Periodate oxidation

O-PS was oxidized by periodate and subjected to the

Smith degradation procedure18 following previously de-

scribed experimental details.19

2.6. Gel electrophoresis

Deoxycholate-polyacrylamide electrophoresis (DOC-

PAGE) was performed on separating gels of 14% acryl-

amide and 9% sodium deoxycholate and detection was

made by silver staining after oxidation with periodate.19

2.7. NMR spectroscopy

1H and 13C spectra were recorded using a Varian

400MHz spectrometer with samples in D2O at 50 �C
for the polysaccharide and at 25 �C for oligosaccharides

and referenced to internal acetone standard (1H

2.225ppm, 13C 31.07ppm). COSY, TOCSY, NOESY,

HSQC, and HMBC experiments were used as previously

described.19

2.8. Amino acid analysis

Separation was performed on a Phenomenex Chirex (D)

penicillamine column (250 · 4.60mm) in 2mM CuSO4

in 15% aq MeOH at a flow rate of 1mL/min and detec-

tion was made using a UV detector at 254nm.

2.9. HF solvolysis

O-PS (30mg) contained in a plastic vial was treated with

anhyd HF (2mL) for 1h at 25 �C and then dried in a

stream of dry N2. The residue dissolved in water

(2mL) was adjusted to pH7 with dilute ammonium

hydroxide and lyophilized.
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Figure 1. 1H–13C HSQC correlation spectrum of E. tarda O-specific

polysaccharide.
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3. Results and discussion

Cells of E. tarda MT 108 (80g wet paste) were extracted

using a modified hot aqueous phenol method15 and fol-

lowing sequential digestion of the separated and concen-

trated dialyzed water and phenol phase extracts with

DNase, RNase, and proteinase K, ultracentrifugation

gave precipitated aqueous phase LPS (�5.9% yield)

and phenol phase LPS (�0.8% yield). DOC-PAGE anal-

ysis of both LPS products gave typical S-type banding
patterns in which the ladder spacing bands were indica-

tive of an LPS with an O-PS composed of a repeating

pentasaccharide unit.20 Both LPS products were chemi-

cally identical, however all subsequently described ana-

lyses were made on the aqueous phase LPS preparation.

The aqueous phase LPS (1.0g) on mild hydrolysis (2%

AcOH, 100 �C, 2h) afforded an insoluble lipid A

(80mg) and Sephadex G-50 chromatography of the sol-
uble products afforded O-PS (Kav 0.02–0.04, 440mg),

core oligosaccharide (Kav 0.68, 130mg) and a fraction

(Kav 0.07, 40mg) containing Kdo. The phenol phase

LPS proved to be identical to the aqueous phase LPS
Table 1. NMR data for the E. tarda O-PS and derived oligosaccharides 3 a

Unit, compound 1 2 3

[A] O-PS, 3, 4 1H 5.40 4.07
13C 96.7 68.4 7

[B] O-PS 1H 5.04 3.91
13C 100.8 68.4 7

[B] 3-a 1H 5.21 3.86
13C 93.7 68.6 8

[B] 3-b 1H 4.55 3.53
13C 97.8 72.2 8

[C] O-PS 1H 4.89 3.83
13C 102.1 71.8 6

[D] O-PS 1H 4.89 3.91
13C 102.1 56.2 8

[D] 3, 4 1H 4.86 3.82
13C 102.8 56.5 7

[E] O-PS, 3 1H 4.66 4.03
13C 104.3 52.0 7

[E] 4-a 1H 5.15 4.29
13C 92.5 49.7 7

[E] 4-b 1H 4.66 3.99
13C 96.6 53.3 7

Thr, all 1H 4.40
13C 176.3 59.9 6
and the latter LPS was used in all further studies. The

O-PS had [a]D +66 (c 0.2, water).
nd 4

4 5 6 (6a) 6b

3.89 4.35 4.43

0.2 70.4 72.7 171.2

3.89 4.20 4.27 3.72 3.72

9.9 70.1 71.1 61.6

3.88 4.16

0.1 70.4

3.71 4.11

3.1 69.8

3.86 3.50 4.11 1.32

9.9 81.6 69.1 17.8

3.48 3.55 3.45 3.78 3.95

3.1 69.6 76.8 61.8

3.41 3.47 3.43 3.80 3.80

5.8 71.0 77.0 61.9

4.08 4.36 3.67 3.79 3.85

6.3 73.6 74.7 61.7

4.17 4.41 4.11

4.2 74.5 70.8

4.02 4.36 3.69

6.8 73.5 75.0

4.40 1.23

8.7 20.0
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The set of 2D NMR spectra of the O-PS (COSY,

TOCSY, NOESY, HSQC, and gHMBC were recorded
and completely interpreted (Table 1, Fig. 1). For the

NMR analysis, the glycose lycoses were arbitrarily labe-

led (A–E) in the order of decreasing anomeric proton

chemical shifts. 2D NMR spectra identified the glycose
units to be in the pyranose form, and the presence of sig-

nals from a threonine residue, and two N-acetyl substit-

uents were observed. Anomeric configurations were

deduced from the J1,2 coupling constants and the chem-

ical shifts of the H-1, C-1, and C-5 signals. The glycose

residues a-Galp (J1,2 3.5Hz), a-Rhap (J1,2 � 2Hz), b-
GlcpNAc (J1,2 8.0Hz), a-GalA (J1,2 3.5Hz), and a-Galp-

NAc J1,2 3.4Hz) were identified on the basis of their
vicinal coupling constants and 13C NMR chemical

shifts.21,22

Acid hydrolysis of the O-PS (3M TFA, 100 �C, 3h)
and GLC analysis of the reduced (NaBH4) and acetyl-

ated products identified the acetylated derivatives of

rhamnitol, galactitol, and 2-amino-2-deoxyglucitol in a

1:1:1 ratio. Preparative paper chromatography of the

hydrolyzate afforded LL-rhamnose (RG 3.25), and DD-gal-
actose (RG 1.02). The LL-Rha had [a]D +8 (c 0.1, water)

and onmethanolysis gave methyl-a-LL-rhamnopyranoside

having [a]D �59 (c 0.1, MeOH) whose 1H NMR spec-

trum was identical with that of an authentic reference

sample. The DD-Gal had [a]D +78 (c 0.1, water) and on re-

duction (NaBH4) and acetylation afforded hexa-O-acetyl-

galactitol having mp and mixed mp 168 �C and [a]D 0

(CH2Cl2). 2-Amino-2-deoxy-DD-glucose isolated from
the above hydrolyzate by adsorption on Rexyn 101

(H+) ion-exchange resin and subsequent elution with

0.1M HCl, had [a]D +68 (c 0.12, water). The DD-configu-

ration of galactose and 2-amino-2-deoxy-DD-glucose were

confirmed by the GLC analysis of the 2-(R)-butyl glyco-

sides comparing with those of reference derivatives. The

amino acid component released from the O-PS by HCl

hydrolysis was identified as (2S,3R)-threonine (LL-threo-
nine) by separation made using a Phenomenex Chirex

(D) penicillamine column and reference samples. The

characterization of the above glycose components as

1:1:1 LL-Rha, DD-Gal, and DD-GlcN, at this point leaves

two unidentified O-PS glycose residues, which were how-

ever determined from 2D NMR analysis of O-PS.

Connections between the glycose residues were deter-

mined on the basis of observed interresidue NOE and
HMBC correlations (H-1of D to C-4 of E, H-1 of E to

C-3 of B, H-1 of B to C-4 of C, H-1 of A to C-3 of E,

and H-1 of C to C-3 ofD). The linkage between the carb-

onyl C-6 of the DD-GalpA residue (A) to Na of the Thr
residue followed from a HMBC correlation between

Thr H-2 and GalA C-6. From the NMR data the O-
PS was concluded to be a repeating unit having the

structure as shown below, the DD-configuration of the

GalA and GalNAc residues being defined from the re-

sults of subsequent analyses:
Methylation analysis of the native O-PS followed by

hydrolysis, reduction (NaBD4), acetylation, and GC–

MS analysis identified the products as 1,4,5-tri-O-ace-

tyl-2,3-di-O-methyl-rhamnitol-1-d (TG 0.89), 1,3,5-tri-

O-acetyl-2,4,6-tri-O-methyl-galactitol-1-d (1.39) and

1,5,3-tri-O-acetyl-2-deoxy-2-(N-methylacetamido)-4,6-

di-O-methyl-glucitol-1-d (2.60) (ca. 1:1:1). The analysis

is consistent with the NMR evidence and confirms
the presence in the O-PS chain of the respective

units !4)-LL-Rhap-(1!,!3)-DD-Galp-(1! and !3)-DD-

GlcpNAc-(1!.

The failure to detect GalN [E] and GalA [A] in the

initial O-PS hydrolysis experiment is no doubt due to

the acid stability of the glycoside linkage of the GalpA

residue. The identity of these residues and their linkage

positions were confirmed from the results of subsequent
methylation and periodate oxidation studies made on

the O-PS.

Periodate oxidation of the O-PS followed by reduc-

tion (NaBH4) and mild hydrolysis afforded an oligosac-

charide (1), which on hydrolysis, reduction (NaBD4),

acetylation, and GC–MS analysis, showed three major

peaks identified as hexa-O-acetyl-galactitol-1-d (TG

1.05), 1,3,4,5,6-penta-O-acetyl-2-acetamido-2-deoxy-
glucitol-1-d (TG 1.28), and 1,3,4,5,6-penta-O-acetyl-2-

acetamido-2-deoxy-galactitol-1-d (TG 1.32) (ca. 1:1:1).

The identification of the residual O-PS glycoses Gal,

GlcN, and GalN is consistent with the proposed O-PS

structure in which the (1!4)-linked Rhap [C] residues

and GalpA [A] residues would have been oxidized by

periodate. The removal of the GalA residue facilitated

the release of the GalN residue whose identity was con-
firmed from the GLC identification of its acetylated ald-

itol derivative.

Oligosaccharide 1 subject to further periodate oxida-

tion, reduction (NaBH4), and mild hydrolysis yielded a

second oligosaccharide (2) that on hydrolysis afforded



D                        E                            B
β-GlcNAc-(1→4)-β-GalNAc-(1→3)-α,β-Gal 3

α-GalA6Thr-(1→3)
A

       D                             E
β-GlcNAc-(1→4)-α,β-GalNAc 4

α-GalA6Thr-(1→3)
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Gal and GalN (1:1). The aminoglycose was identified as

DD-GalN by GC–MS analysis of its acetylated 2-(S)-but-

anolysis products with reference to a standard.6

Methylation analysis of the product 1 identified the

acetylated methyl ethers of 1,3,5-tri-O-acetyl-2,4,6-tri-

O-methyl-galactitol-1-d (TGM 1.41), 1,5-di-O-acetyl-2-

(N-methylacetamido)-2-deoxy-3,4,6-tri-O-methyl-gluci-

tol-1-d (TGM 2.15), 1,4,5-tri-O-acetyl-3,6-di-O-methyl-2-
(N-methylacetamido)-2-deoxy-galactitol-1-d (TGM 2.55)

(1:1:0.8), and a minor amount (�0.2mol) of 1,3,4,5-tet-

ra-O-acetyl-2-(N-methylacetamido)-2-deoxy-6-O-methyl-

galactitol-1-d (resulting from incomplete removal of

O-3 linked residual oxidation product), thus identifying

the linkage positions and the presence of the respective

units !3)-DD-Galp-(1! and !4)-DD-GalpNAc-(1!, in

the O-PS.
Confirmation of a (1!4) linkage to the DD-GalpNAc

[E] residue in the backbone chain and its (1!3) linkage

substitution by an a-DD-GalpA residue was obtained

from methylation analysis of the periodate oxidized

and reduced (NaBH4) O-PS product (without subse-

quent mild hydrolysis) in which the oxidation fragment

of the DD-GalA was attached at its O-3 position. The

GLC–MS characterization of 1,3,5-tri-O-acetyl-2,4,6-
tri-O-methyl-galactitol-1-d (TGM 1.41), 1,3,5-tri-O-acet-

yl-2-(N-acetamido)-2-deoxy-4,6-di-O-methyl-glucitol-1-d

(TGM 2.15), and 1,3,4,5-tetra-O-acetyl-2-(N-methyl-

acetamido)-2-deoxy-6-O-methyl-galactitol-1-d (TGM 3.22)

(1:1:1) as the major products provides confirmatory

evidence that the DD-GalA [A] residue is linked to the

O-3 position of the DD-GalNAc residue [E] in the O-PS

repeating pentasaccharide repeating unit.
The DD-configuration of the GalA O-PS component

was established by GLC–MS analysis of the 2-(R)-butyl

glycoside derivatives of the 2-(R)-butyl ester of the gal-

acturonic acid made by butanolysis of the HPLC iso-

lated corresponding methyl glycoside methyl ester of

DD-GalA (A) present in the methanolysis product of the

native O-PS.

Further confirmation of the proposed O-PS structure
was obtained by its depolymerization with anhydrous

hydrogen fluoride that led to the formation of numerous

products, among them two oligosaccharides 3 and 4,

which were isolated by reverse phase chromatography

and analyzed by NMR spectroscopy (Table 1). The re-

sults show that, as expected, the glycoside bonds of

the Rha and Gal residues were the most unstable in

HF and were completely cleaved; some minor cleavage
also occurred however at the glycoside linkage of Gal-

NAc [E].

The combined NMR and chemical analysis results

have given an unequivocal characterization of the anti-

genic O-chain of the LPS produced by E. tarda. To

the best of our knowledge, this paper records the first

structural characterization of an E. tarda LPS O-

antigen. Lipopolysaccharide structural elucidation
of another important fish pathogen, Flavobacterium psy-

chrophilum23 has recently been shown to facilitate the

development of a rapid diagnostic test24 for this patho-

gen. Early serological typing systems for E. tarda25,26

recognized multiple serotypes for both O-antigens and

flagella-based H-antigens. There is little information

however regarding possible relationships between O-

antigen serotypes, their predominance, contribution to
virulence, or for the geographic distribution of patho-

genic strains of the bacterium.27 Further investigation

of the chemical nature of the O-antigens of E. tarda iso-

lates would be useful in establishing a facile, structurally

based typing system, in indicating the feasibility of O-

antigen based vaccine development, and establishing

the role of LPS in pathogenesis. While the present char-

acterization of the O-antigen of a single serotype LPS of
a fish pathogenic strain of E. tarda provides little assist-

ance to the overall development of a structurally based

antigen serological typing system, the currently obtained

chemical information can be used for quantitative exper-

imental studies in pathogenesis and in polysaccharide-

based vaccine development related to experimental fish

infections with the studied strain of E. tarda the results

of which could forseeably be used to diminish the envi-
ronmental persistence of E. tarda and be reflected in a

reduction of both fish and human infections.
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