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Abstract—The structural characterization of the antigenic O-polysaccharide component of the lipopolysaccharide produced by the

fish pathogenic bacterium Edwardsiella ictaluriMT104 was undertaken by the application of NMR spectroscopy and chemical analy-

sis. The O-chain was found to be a linear polymer of a repeating tetrasaccharide unit composed of DD-glucose, 2-acetamido-2-deoxy-

DD-galactose, and DD-galactose in a 1:2:1 ratio having the structure:

[!4)-a-DD-Glcp-(1!4)-a-DD-GalpNAc-(1!3)-b-DD-GalpNAc-(1!4)-b-DD-Galp-(1!]n
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1. Introduction

Channel catfish (Ictalurus punctatus) aquaculture con-

tributes more than $2.5 billion (USD) annually to the

US gross national product and about $300 million to

the state of Mississippi alone. However, commercial cat-

fish production is heavily impacted by a severe disease

known as enteric septicemia of catfish (ESC) caused by
a Gram negative bacterium Edwardsiella ictaluri.1,2

E. ictaluri is often found commensally in the intestines

of cold-blooded animals and in fresh warm water fish

within temperature range from 18 to 28 �C. E. ictaluri
was first described as a new species in 1979 in connection

with disease of farm-raised channel catfish and currently

represents up to 85% of diagnostic isolates from catfish

farms. Consequently ESC is considered the most eco-
nomically important disease of farm-raised channel cat-

fish. The only treatments currently available are

oxytetracycline and sulfadimethoxine/ormethoprim
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delivered orally in feed; however, since the earliest clini-

cal signs associated with ESC is anorexia, antibiotic use

is only effective in limiting the spread of disease

outbreaks.

E. ictaluri isolates from ESC outbreaks at different

locations were found to be biochemically and serotypi-

cally homogeneous3–6 making feasible the prevention

of the disease by vaccination using a common immuno-
gen.7 Unfortunately, cost-effective disease protection

using killed whole bacterial vaccines have not been par-

ticularly successful in channel catfish, and although pro-

tection can be afforded with attenuated mutants there

are accompanying difficulties such as consumer resis-

tance and regulatory restrictions associated with their

application.8,9

Consequently there have been consistent efforts to elu-
cidate antigenic factors associated with E. ictaluri in the

hope of providing broadly applicable, cost-effective vac-

cines and diagnostics.10 The characterization of E. icta-

luri antigenic surface macromolecules such as

lipopolysaccharide (LPS) and outer-membrane proteins

can assist researchers in the design of modified vaccines

against ESC. Indeed, recently whole outer membrane
ier Ltd. All rights reserved.
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preparations of E. ictaluri have been shown to produce a

protective immune response in catfish.11 Specific LPS O-
polysaccharide (O-PS) is often found to be an important

bacterial surface virulence antigen, which can in princi-

ple, be used as a vaccine component and also as a

diagnostic marker.12 Recently a partial chemical

composition of E. ictaluri O-PS was determined,13,14

and herein we present the results of a complete struc-

tural characterization of the O-PS isolated from the

LPS produced by E. ictaluri MT104.
2. Results and discussion

E. ictaluri MT104 originally designated as ugA 6077 by

Shotts and Waltman,15 was one strain of twelve strains

isolated from moribund catfish from several catfish

farms in the South-Eastern USA. Strain MT104 was
designated as �typical� of several isolates and was differ-

entiated from other Edwardsiella sp. on the basis of

Gram stain reaction, microscopic morphology, physical

properties of colonies on Tryptose Soy Agar and Essen-

tial Iron Medium, biochemical properties [indole –ve,

triple sugar iron reaction, H2S –ve, Gas +ve] and motil-

ity +ve.16 Fermenter grown E. ictaluri MT104 were har-

vested at late log phase by tangential flow filtration and
LPS was extracted by the hot phenol–water procedure17

and purified by ultracentrifuging gel precipitations. The

aqueous and phenol phase LPSs (isolated in 5% and 1%

yield) were identical in composition. The O-PS was iso-

lated from the LPS by conventional mild hydrolysis with

2% AcOH (100 �C, 2 h) followed by column Sephadex

G-50 gel chromatography of the water soluble products

to yield a lipid-free high molecular mass O-PS and a low
molecular mass core oligosaccharide. GLC analysis of

alditol acetates prepared from the polysaccharide

showed the presence of glucose, galactose, and 2-amino-

2-deoxygalactose.

Quantitative analysis of monosaccharides was re-

stricted due to the presence (ca. 10%) of a high molecu-

lar mass bacterial glycogen. The absolute configuration

of the O-PS monosaccharides was determined by GLC
Table 1. 1H and 13C NMR chemical shift data for the O-PS of Edwardsiella

Glycose residue

Nucleus 1 2

[A] !4)-a-DD-GalpNAc-(1! 1H 5.11
13C 95.2 5

[B] !4)-b-DD-Glcp-(1! 1H 4.99
13C 101.2 7

[C] !3)-b-DD-GalpNAc-(1! 1H 4.75
13C 103.2 5

[D] !4)-b-DD-Galp-(1! 1H 4.46
13C 103.9 7

Acetate signals: C@O: 175.8, 175.7 ppm; Me (1H/13C): 20.5/23.2, 2.08/23.7 p
of acetylated glycosides prepared using an optically ac-

tive alcohol, for example, (R)-2-butanol, according to
the method described by Gerwig et al.18 The monosac-

charides were established as having the DD-configuration

by comparing the results of GLC analysis with those of

reference samples. The experimentally obtained values

of 13C and 1H chemical shifts (Table 1) were in good

agreement with the calculated values confirming the

identification of the O-PS component glycoses as DD-

Gal, DD-Glc, and DD-GalN in a 1:1:2 ratio in an enzyme di-
gested glycogen free O-PS sample.

2D NMR spectroscopic analyses of the O-PS were

performed using COSY, TOCSY, NOESY, HSQC,

and g-HMBC experiments (Fig. 1). The complete

assignment of spectral signals and observed correlations

were performed (Fig. 2, Table 1) using the Pronto pro-

gram.19 Spin systems of five monosaccharides were iden-

tified, one of which belonged to 1,4-substituted
glucopyranosyl residues of a bacterial glycogen impurity

and is not be discussed herein. The four systems of the

O-PS components were labeled A–D in order of their

decreasing anomeric proton chemical shifts. Monosac-

charides were identified on the basis of vicinal proton

coupling constants and 13C NMR chemical shifts. Thus

residues A, and C were identified as a- and b-DD-Galp-

NAc, respectively. The residue B was identified as
a-DD-Glcp, and the residue D as b-DD-Galp. Anomeric

configurations followed from measured J1,2 coupling

constants and chemical shifts of H-1 and C-1 signals

were supported by NOESY data, which showed the

intraresidual NOE correlations between H-1 and H-3,

H-5 for residues C and D.

The monosaccharide sequence in the polysaccharide

chain was inferred using interresidual NOE correlations
and long-range scalar correlations measured by HMBC.

The NOE contacts were observed between protons A1

and C3, B1 and A4, C1 and D4, D1 and B4, as well as

corresponding HMBC correlations. The signals of the

carbon atoms at substitution sites, that is, A4, B4, C3,

and D4 showed strong downfield shifts, further confirm-

ing the determined linkage position assignments. Taken

together these data led to the O-PS being characterized
ictulari MT104

Chemical shift (ppm)

3 4 5 6,60

4.31 3.92 4.12 3.93 3.89

0.9 68.5 79.6 71.8 61.5

3.63 3.94 3.68 4.19 3.88

2.6 72.4 79.2 71.9 60.6

4.06 3.84 4.09 3.62 3.79

2.3 76.5 65.1 75.9 60.7

3.44 3.79 4.15 3.73 3.82

2.2 73.7 77.3 75.6 61.9

pm. Measurements at 40 �C.



A1

B1

C1

D1

A12

B12

C12

D12

5.0

5.2

5.4

4.8

4.6

4.4

A1

B1

C1

D1

A1C3

B1A4

C1D4

D1B4

5.0 4.5 4.0 3.5ppm

5.0

5.2

5.4

4.8

4.6

4.4

*

*

COSY+TOCSY

NOESY

Figure 1. 1D 1H NMR, COSY + TOCSY, and NOESY spectra of the LPS O-chain produced by Edwardsiella ictulari MT 104.
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as an unbranched polymer of a repeating tetrasaccha-

ride unit having the structure:
Substitution positions were confirmed by methylation

analysis that revealed the presence of 1,4,5-tri-O-acetyl-

2,3,6-tri-O-methylglucitol-1-d, 1,4,5-tri-O-acetyl-2,3,6-tri-

O-methylgalactitol-1d, 1,4,5-tri-O-acetyl-2-(N-methylacet-

amido)-2-deoxy-3,6-di-O-methylgalactitol-1d, and 1,3,5-

tri-O-acetyl-2-(N-methylacetamido)-2-deoxy-4,6-di-O-

methylgalactitol-1d in a 1.0:0.81:0.72:0.67 ratio consis-

tent with the respective O-4 position of substitution of
the DD-Glcp and DD-Galp residues and the O-4 and O-3

glycosyl substitutions of the DD-GalpNAc residues.
Serological analyses using monoclonal antibodies

have indicated that different isolates of E. ictaluri appear

to be serologically homogeneous.15 However, there is

evidence that distinct strains are emerging in channel

catfish aquaculture areas20,21 suggesting that significant

antigenic structural differences between E. ictaluri

strains may exist. If new serotypes of E. ictaluri prove

to be virulent in challenge experiments with channel fish,



Figure 2. Fragment of the HSQC spectrum of Edwardsiella ictaluri MT 104 O-specific polysaccharide. Signals of starch are marked as *.
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these strains may become of economic concern in aqua-

culture, and importance will be attached to future O-PS

related serology and the structural characterization of

associated LPS antigens. Clearly, LPS is an important

pathogenesis factor in E. ictaluri since effectively attenu-
ated mutants harboring LPS compositional alterations

have been arrived at through serial subculturing. This

important pathogenesis factor has been the subject of re-

cent studies and the genes encoding its synthesis have

been identified.14
3. Experimental

3.1. Bacterial cell production

E. ictaluri MT104 (original designation ugA 607715) was

stored as stocks at �80 �C in Brain Heart Infusion

(BHI) liquid medium containing 15% glycerol. The

growth medium was optimized partly based on the liter-

ature22 and was composed of: Vegetable Peptone Broth
(Oxoid), supplemented with DD-glucose (4 g/L), and

MgSO4 (240 mg/L), both sterilized separately, and

LL-cysteine (50 mg/L sterilized separately by filtration).

For large scale production of E. ictaluri, using the above

medium, cultures were sequentially scaled up by serial

log culture on supplemented VP agar to 25 mL,

250 mL, and two 1 L cultures. These were used to inocu-

late a 100 L, stainless steel fermenter vessel (LH) fitted
with an overhead spinning disk foam breaker and bot-

tom drive agitation. Additional DD-glucose was sterilized
separately and added automatically using a pH 8.0 set

point controller and a maintained 28 �C. Cells were har-
vested at late log phase by tangential flow filtration and

frozen at �80 �C.

3.2. NMR spectroscopy

1H and 13C NMR spectra were recorded using a Varian

Inova 500 spectrometer in D2O solns at 40 �C for the

polysaccharide with acetone standard (2.225 ppm for
1H and 31.5 ppm for 13C) using standard pulse se-

quences COSY, TOCSY (mixing time 120 ms), NOESY

(mixing time 200 ms), HSQC, and HMBC (optimized
for a 5 Hz coupling constant).

3.2.1. Glycose analysis. For monosaccharide analysis,

the polysaccharide (0.5 mg) was hydrolyzed (0.2 mL of

3 M TFA, 100 �C, 2 h), followed by evaporation to dry-

ness under a stream of air. The residue was dissolved in

water (0.5 mL), reduced with NaBH4 (�5 mg, 1 h), neu-

tralized with AcOH (0.3 mL), dried, and MeOH (1 mL)
was added. The mixture was dried twice with the addi-

tion of MeOH, and the residue was acetylated with

Ac2O (0.5 mL, 100 �C, 30 min), dried, and analyzed by

GLC on a HP1 capillary column (30 m · 0.25 mm) with

a flame ionization detector (Agilent 6850 chromato-

graph) in a temperature gradient of 170 (4 min) to

260 �C at 4 �C/min.

Gel chromatography was carried out on Sephadex
G-50 (2.5 m · 95 cm column) using the 0.05 M pyridi-

nium acetate buffer (pH 4.5) as the eluent and monitor-
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ing of collected fractions using a refractive index

detector.
For the determination of the absolute configuration of

the monosaccharides, the O-PS (1 mg) was treated with

10:1 (R)-2-butanol/AcCl (0.25 mL, 2 h, 85 �C), dried

under a stream of air, acetylated, and analyzed by GC

in comparison with authentic standards prepared from

respective commercial monosaccharides with (S)- and

(R)-2-butanol.18

3.2.2. Methylation analysis. For methylation analysis,

samples of PS (2–3 mg) dissolved in Me2SO (1.0 mL)

were methylated by the Ciucanu–Kerek procedure23

and were hydrolyzed (3 M TFA, 100 �C, 1 h), reduced

(NaBD4), acetylated, and analyzed using a Varian Sat-

urn 2000 ion-trap GS-MS instrument.
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